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Preface

In “Epigenetics and Epigenomics“, leading scientists and clinicians from around the world review the
latest findings and current understandings of how epigenetic mechanisms influence the development
and physiology of organ systems, how diseases and disorders may arise due to epigenetic dysregula‐
tion, and how the field of epigenomics is increasing our knowledge of biological processes. Most au‐
thors focus on the scientific foundations from which disease states are known to develop, yet whose
etiologies are still poorly understood. The book begins with a comprehensive review by Alexandra Ma‐
jerski and colleagues on the epigenetic mechanisms of the vascular endothelium, focusing on the differ‐
ent processes of DNA methylation, histone modifications, and non-coding RNA-mediated events in the
context of development and cardiovascular disease. In Chapter 2, Richard Millis and co-authors provide
a closer examination of heart failure with respect to protein kinases and their epigenetic regulation.
They discuss the current knowledge of how DNA and histone modifications influence cardiomyopathy,
detailing the mechanisms that may contribute to this leading cause of mortality worldwide. In Chapter
3, Takeo Kubota and colleagues review the role of epigenomics in the development and onset of neuro‐
developmental disorders, highlighting the contribution of environmental factors, such as malnutrition,
chemical and pharmacokinetic side effects, and mental stress. Tafari Mbadiwe and Richard Millis follow
up on this subject in Chapter 4, focusing on Autism Spectrum Disorders and the potential effects that
epigenetic modulation or dysregulation has on these neurodevelopmental diseases. In Chapter 5, Igor
Lebedev provides a review of genomic imprinting and its role in human reproduction. Evidence from
clinical studies is presented with a focus on early embryo development and reproductive failures that
occur during the first trimester of pregnancy. Minghua Wu reviews the evolution of DNA methylation
and its impact on cell differentiation, stem cell reprogramming, tumorigenesis and cancer progression
in Chapter 6, including the role of non-coding RNAs in the pathogenesis of gliomas. The book con‐
cludes with a chapter by Višnja Stepanić and co-authors examining polyphenols and their effect on gene
expression through the modulation of the epigenome (Chapter 7). The interplay between DNA methyl‐
ation and histone acetylation is discussed in the context of flavonoids and cancer prevention.

These chapters will be useful for scientists, physicians and lay readers wishing to review the current
status of knowledge regarding epigenetics and epigenomics. I hope that the chapters will provide inspi‐
ration for new ideas and novel insights of how DNA methylation, histone modifications, and non-cod‐
ing RNA-mediated events influence normal development and physiology and contribute to human
disorders and diseases. I sincerely thank all of the authors for their outstanding contributions. I am also
grateful to Ms. Iva Lipović for her managerial assistance in the preparation and publication of this book.

Christopher J. Payne
Northwestern University Feinberg School of Medicine,

Ann & Robert H. Lurie Children’s Hospital of Chicago Research Center,
Chicago, Illinois, USA
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Chapter 1

Epigenetic Mechanisms of the Vascular Endothelium

Alexandra A. Majerski, Anthony C. Quinton and
Philip A. Marsden

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58569

1. Introduction

In the same way that Watson and Crick’s breakthrough in identifying the molecular structure
of the DNA double helix revolutionized the last sixty years of molecular biology, the field of
epigenetics is set to do the same for the next sixty (or more) years! An alphabet of four letters,
and strict guidelines dictating their arrangement, comprise the genome of all known living
organisms. This same system has allowed us to unravel many of the secrets to human health
and to comprehend a great number of once-elusive conditions and diseases. Nevertheless, a
vast number of puzzles remain to be solved, and the genetic code is but one tool used to make
sense of them.

Our understanding of our genetics has grown enormously over the last several decades and
the iconic image of the DNA double helix has become a cornerstone for the field. Most certainly,
the information contained within this static DNA code is but a starting point. Yet, a number
of seemingly straightforward questions cannot be answered without going beyond the highly
conserved script. Undoubtedly, many ask: Why and how is an endothelial cell different from
a brain cell when the static DNA genome is identical? To answer this and many other complex
and fascinating phenomena, we must, instead, go over or above (epi-) genetics because the
DNA blueprint is identical in each of the abovementioned somatic cells. A term coined in the
1940s by Conrad Waddington, epigenetics refers to chromatin-based mechanisms important
in the regulation of gene expression that do not involve changes to the DNA sequence per se.
Epigenetic principles, in eukaryotic organisms, are linked by an important common thread:
DNA does not exist in a “naked” state. Figure 1 provides a visual representation of the added
layer of chemical species, as well as proteins which themselves can be modified – all of which
contribute to a layer of chemical complexity and significant implications that epigenetics
strives to classify and understand.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Division and differentiation are fundamental processes for sending cells of common origin to
different destinations. Logically, the timing and regulation of these processes must be de‐
pendent on more than an identical code contained in all body cells. Thus, the epigenome
comprises the ever-expanding repertoire of chemical alterations that regulate the expression
of genes and, hence, dictate the function of cells and the role of proteins. A number of genetic
determinants, as well as lineage-specific markings, and environmental responses are used to
construct the epigenome [1]. The existence of an epigenetic code is a highly contested topic [2]
and one which will be explored throughout this chapter. Indeed, it is not only mistakes in the
genetic code, but also deviations in the epigenome that may provide clues to understanding
the onset of detrimental conditions and diseases.

2. Three mechanisms of epigenetics

2.1. Posttranslational histone modifications

Compaction of the entire 6 billion base pair genome, 3 billion in each copy of the haploid
genome, into each one of 50 trillion human body cells is a truly breathtaking achievement! In
each cell, 2 meters of DNA are condensed by at least 10, 000 fold in order to fit into the roughly
6 µm diameter of the nucleus. In accomplishing this monumental feat, intricate folding and
wrapping are the first steps in organizing the DNA. Covalent and non-covalent interactions
further alter the three-dimensional arrangement of the chromatin. Chromatin refers to the state
of DNA when it is spooled around the fundamental repeat unit: the nucleosome [3]. Each
nucleosome consists of an octamer containing four different core histone units: histones H2A,
H2B, H3 and H4. Two of each core histone unit are present within one nucleosome such that
a tetramer of H3 and H4 joins two dimers of H2A and H2B [3]. At least one fifth of the amino
acids in each core protein are lysine or arginine – those with highly basic side chains [4].
Approximately 147 base pairs of DNA wrap around each nucleosome. Linker histones,
especially H1, interconnect each nucleosome. Structurally, each of the canonical histone core
proteins has a characteristic N-terminal tail of amino acids extending out from the core, which
is highly susceptible to modifications [3].

Contrary to what biologists believed for many years, kinetic experiments have shown that
DNA wrapping around a nucleosome is surprisingly dynamic. Open exposure for 10 to 50
milliseconds – the length of time between rapid winding and unwinding – means that DNA
is available for binding other proteins [5]. The formation of nucleosomes converts a DNA
molecule into thread-like chromatin approximately one-third of its initial length [4].

Since the initial work in histone acetylation and methylation by Allfrey and colleagues [6],
many other modifications have been documented, with the most frequently found to be, at
steady state, lysine acetylation, mono-, di-, and tri-methylation of lysines, and the phosphor‐
ylation of serines [7]. Concomitantly, a particular collection of enzymes is responsible for each
of these additions: histone acetyl transferases (HATs) and histone methyl transferases (HMTs).
Importantly, each of these modifications are reversible, the opposite reactions catalyzed by a
group of histone deacetylases (HDACs) and histone demethylases (HDMTs). Most often, the
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binding of DNA gene regulatory proteins, or transcription factors, is a pre-requisite for the
recruitment action of any of these enzymes. Such events occur at different times in the
developmental history of a cell and groups of nucleosomes may be modified in a multitude of
ways based on the status of the cell [4].

The mechanism by which histone posttranslational modifications (PTMs) occur can be broadly
categorized into 3 groups: a) altering chromatin structure with small (acetylation, phosphor‐
ylation, methylation) or large (ubiquitylation, sumoylation) chemical groups, b) inhibiting
binding factors to the chromatin, and c) attracting a particular set of proteins to the newly
modified regions. In the following, we will highlight the notable features of the well-studied
mechanisms and allude to the implications of them throughout the remainder of this chapter.

First, acetylation is a posttranslational histone mark that is known to be correlated with
transcriptional activation. Broadly speaking, chromatin structure is loosened by the acetylation
of lysine (denoted by K) residues. This modification allows for DNA binding sites to be made
more accessible, at the same time that a new collection of proteins are recruited to this region
of modified chromatin [8]. Positive charges at highly basic histone tails are neutralized with
lysine acetylation, which reduces the binding of the amino acid to the negatively charged DNA
[9]. An actual change of the physical properties of the histone tails, such as neutralization, is
an example of a cis-effect. In this instance, a segmental expansion of the chromatin allows for
easier access to transcriptional regulators. When other proteins are actively recruited to the
chromatin and read snippets of it, a trans-effect is said to occur. The example HPTM recruiting
new proteins was observed with histone tail acetylation. Bromodomain are specialized protein
domains, found in HATs such as Gcn5 and CBP/p300. [10, 11].

Figure 1. Three defining epigenetic mechanisms: DNA methylation, posttranslational histone modifications, and RNA-
based mechanisms. The four-lettered (adenine, cytosine, guanine, thymine) code that constitutes an individual’s ge‐
netic makeup is identical in all cell types and is highly conserved during mitotic and meiotic divisions, whereas the
three epigenetic modifications differ amongst cell types and are only partly conserved during mitosis and meiosis. In
the “Nurture vs. Nature” debate, genetics characterizes the latter with strong evolutionary convergence while epige‐
netics is influenced by the former, such that the dynamic patterns that classify it diverge rapidly through evolution.
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Histone methylation has proven to be more perplexing than histone acetylation due to the fact
that lysine can be mono-, di-, or tri-methylated and arginine can be mono-or di-methylated.
Knowing that there are 24 sites of lysine and arginine methylation on the four histone core
proteins, means that a tremendous number of methylated/unmethylated states are possible
[12-15]. Astonishingly, lysine methylation can result in either the activation or silencing of gene
expression. Generally, the methylation of lysines 4, 36, and 79 on histone H3 (H3K4me,
H3K36me, H3K79me, respectively) are correlated with transcriptional activation, while the
remainder have repressive activity [15]. Two of these marks, namely methylation on lysine 79
of histone H3 and 20 on histone H4, also play a vital role in DNA repair [15]. Arginine
methylation is similar, in that the process has been correlated with both negative and positive
transcriptional regulation in numerous contexts [16-19].

In contrast to the addition of small chemical species, other larger modifications of histones are
described (acetyl, phosphate, and methyl). Ubiquitylation and sumoylation, the addition of
ubiquitin (Ub) and small ubiquitin-like modifier (SUMO), respectively, increases the size of
the histone by up to two-thirds [20]. Depending on the site of ubiquitylation, this process can
result in either transcriptionally active or inactive segments of chromatin [21]. Currently, there
are no known ubiquitin chromatin binding proteins, but it is hypothesized that ubiquitin
protein is again likely involved in a more diverse array of interactions than are the smaller
chemical additions. Although much less well studied, SUMO is thought to recruit deacetylases
and/or block lysine substrates that could be acetylated. Both mechanisms are consistent with
results that have shown sumoylation to be correlated with transcriptional repression [20].

As a final note on PTMs, chromatin remodelling complexes that rely on the hydrolysis of ATP
are known to temporarily alter the structure of nucleosomes by reducing the attraction between
DNA and its neighbouring histone. This is commonly referred to as “nucleosome sliding” and
the action briefly makes the DNA more susceptible to the effects of other proteins [4]. This
sequence of events likely allows for a greater range of interactions of which we are not yet fully
aware. It is important to stress that chromatin structure is highly regulated by nucleosome
eviction and alternative histone core protein usage. This is a new area of study.

2.2. DNA methylation

The second major epigenetic pathway is DNA methylation - the addition of a methyl group (-
CH3) to the five position of the nitrogenous base, cytosine (Figure 1). Often referred to as the
“fifth base pair,” the product of this reaction, 5-methylcytosine (5mC), is the most common
mutagenic base in the mammalian genome. Mutation of methyl CpG to uracil pG then TpG
results in CpG depletion and TpG enrichment in the mammalian genome. DNA methylation
is predominantly observed at CpG sites in the mammalian genome, with the methyl modifi‐
cation at non-CpG dinucleotides unusual, except perhaps in stem cells and mature neurons.
Not to be confused with cytosine complementarily binding with guanine across the DNA
double helix, CpG sites refer to locations where cytosine and guanine are separated by a
phosphodiester bond, adjacent to one another. The vast majority, approximately 70-80%, of all
CpG sites in the mammalian genome are, indeed, methylated [22]. Distribution of methylation
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across the genome shows enrichment at centromeric heterochromatin, repetitive element
(transposon), and non-coding regions [23].

Unlike the great variability of histone modifications, DNA methylation is well known to be a
mark of transcriptional repression [24]. Having been the first epigenetic mechanism identified,
DNA methylation has been studied for the longest time and its consequences are well
entrenched in a variety of essential biochemical processes, abnormal conditions, and diseases.
X chromosome inactivation and imprinting are two such phenomena where normal DNA
methylation in early development plays a vital role in setting the stage for monoallelic
expression from chromosones during cellular maturation [25]. Deregulation of the methylation
mechanism can lead to Immunodeficiency Centromeric instability, and Facial abnormalities
syndrome (ICF) as well as being a contributing factor to cancer progression [26].

There are two main hypothesized mechanisms by which DNA methylation is proposed to
repress gene expression. The first of these is a physical interference with the binding of regular
transcription factors. The methyl group itself may physically project into the major groove of
the DNA double helix, whereby it interferes with the sequence-specific recruitment of DNA
proteins [27]. In support of this, a number of transcription factors have been found to recognize
GC rich regions of the genome – the very same regions that are most susceptible to CpG
methylation. Subsequently, these factors are unable to bind when methylcytosine takes the
place of cytosine. The second proposed mechanism is in opposition to the first, as proteins are
not repelled by the presence of 5mC, but are instead attracted to it. After the purification and
cloning of an individual methyl-CpG binding protein, MeCP2 [28], four more similar proteins
were identified and are now referred to as methyl-CpG binding domain proteins (MBDs). The
attraction of these MBDs has been shown to block the binding of activating transcription factors
and to actually recruit to the chromatin, histone-modifying enzymes, chromatin remodelers,
and RNA molecules [29-31]. Several such conglomerates have been proposed to co-operatively
silence gene expression [32].

2.2.1. DNA methyltransferases

The reaction that yields 5mC as its product is catalyzed by a family of three DNA methyl‐
transferases (DNMTs): DNMT1, DNMT3A and DNMT3B [33]. DNMT1, the first of three family
members, is a maintenance methyltransferase as it is responsible for transmitting methylation
patterns from one cellular generation to the next. Replication of DNA demands that the two
strands first be unwound, and it is during this time that DNMT1 is recruited to the replication
fork. Binding of proliferating cell nuclear antigen (PCNA) to both strands and UHRF1
(ubiquitin-like with PHD and RING finger domains 1) protein via its characteristic SET-and
RING-associated (SRA) domain, are pre-requisites for the recruitment of DNMT1 [34-36]. This
enzyme exhibits methylation preference for hemi-methylated DNA, that is, double stranded
DNA where only one strand exhibits methylation [37, 38]. Following replication, the parent
strand displays the necessary methylation patterns and is subsequently used as a template for
the DNMT1-mediated methyl addition to the nascent, naked strand of DNA. Such sites are
accurately methylated due to the palindromic nature of the CpG sequences and the fact that
methylation patterns between the two strands are symmetrical. Two other DNMTs include
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DNMT3A and DNMT3B, both of which have been shown to function as de novo methyltrans‐
ferases, displaying preferential methyl addition to unmethylated DNA [39]. These DNMTs
play a crucial role in embryonic development, during which time the methylation patterns to
be propagated in somatic cells are established [40].

The catalytic domain of the DNA methyltransferases is conserved amongst all of the DNMTs.
Despite this, very little similarity is seen at their N-terminal domain. The regulatory domain
of DNMT1 is composed of at least five motifs that are not present on the other enzymes,
whereas DNMT3A and 3B exhibit two unique motifs. DNMT1 motifs include: a PCNA-
interacting domain, a nuclear localization signal, a replication foci-targeting domain, a DNA-
binding CXXC region, and a protein-protein interaction motif called the bromo-adjacent
homology domain [26]. Those of DNMT3A and 3B include a motif essential for heterochro‐
matin association, PWWP [41, 42] or “pro-trp-trp-pro,” as well as a motif for protein-protein
interactions: the ATRX-related cysteine-rich region containing a zinc finger and an atypical
PHD domain [26].

2.2.2. CpG Islands

The fact that 5mC is the most common mutagenic base of the mammalian genome can be
explained by methylcytosine’s susceptibility to deamination [43, 44]. Upon deamination, the
modified nitrogenous base is replaced by thymine and a T:G mismatch is generated. Rather
than the rapid repair mechanism activated by cytosine deamination to uracil, T:G mismatches
tend to accumulate and are not readily removed. Consequently, the genome becomes CpG
depleted and TpG enriched. As indicated in Table 1, CpG islands (CGIs) are regions of the
genome that have been spared this phenomenon; the number of CpG sites observed (O) is
equivalent to the number that would be expected (E) based on C or G nucleotide abundance.
As a result, the ideal situation would be an O/E of 1.

The definition of a CpG island has undergone a great deal of revision since the earliest
studies dealing with these genomic regions [45] and are now rather arbitrarily defined as
being > 500 bp [46], but averaging around 1000 bp. The O/E range determines the strength
of a CpG island with the strongest having O/E > 0.75, a weak one with an O/E between
0.45 and 0.75, and a poor CGI having an O/E < 0.45. These regions are characterized by
their elevated C+G content with the %C+G content > 55% [46]. These segments are especially
fascinating due to their unusually low levels of DNA methylation marks. In essence, these
regions are very often observed to be unmethylated. Due to the lack of repressive flags,
genes  that  are  downstream of  CGI  containing promoters  are  often in  an active  state  of
expression. It has been speculated that practically all CGIs are transcription start sites (TSS),
largely of housekeeping and developmentally important genes [47, 48]. Approximately 70%
of all gene promoters are CGIs [49].

The relationship between structure and function is seen most vividly in many of the compo‐
sitional characteristics of CGIs. For instance, a recent study found that the CGI at the promoters
of a particular group of genes was relatively nucleosome-deficient [50]. That is, the underlying
DNA was highly accessible to activating transcription factors because less of it was spun
around nucleosomes. Evidence from additional studies has shown that this nucleosome
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deficiency is a feature of CGI promoters, in general [51-53]. It is not yet known whether this
phenomenon is a result of intrinsic chromatin instability or nucleosome exclusion due to the
presence of the transcription initiation complex. Interestingly, it was found early in the study
of CpG islands that, when found at promoter regions, these segments lack the canonical TATA
box that so many eukaryotic promoters possess [54, 55]. Constitutive binding of RNA poly‐
merase II is a frequently documented feature of CGIs. Presence of RNA polymerase II would
evidently be associated with transcriptional activation as it is the major player involved in
regular transcription.

Several histone chromatin features are also known to typify CpG islands, one of which is the
depletion of histone 3 lysine residue 36 dimethylation, H3K36me2 [56]. Even though no
conclusion has been reached as to why it is the absence of this dimethylation that characterizes
most CpG islands, the modification has been reported, in yeast, to inhibit transcriptional
initiation via histone deacetylase attraction. [57-59]. This absence makes way for the transcrip‐
tionally permissive state of CGIs. Furthermore, CGIs are marked by activating histone
acetylation; both H3 and H4 acetylation are frequently observed [51, 60]. Notably, Cfp1 (CXXC
finger protein 1) is a well characterized and fundamental component of the Setd1 H3K4
methyltransferase complex [61] and is drawn towards the overwhelming majority of CGIs in
the mouse genome [62]. In the context of CpG islands, this protein directs H3K4 trimethylation,
the activity of which has been shown to prevent DNA methylation of the underlying code [63,
64]. Hence, the DNA is maintained in a potentially active transcriptional state.

2.2.3. 5-hydroxymethylcytosine: the 6th base pair

The long-standing study of DNA methylation took a significant turn in 2009 with the redis‐
covery of what is now commonly referred to as the “6th base pair:” 5-hydroxymethylcytosine
(5hmC) [65]. This base is the product of an enzymatic reaction that adds a hydroxyl (-OH)
group to the methyl of 5-methylcytosine as shown in Figure 2. 5hmC was initially detected in
1972 in mammalian DNA [66], but has since been found primarily, and abundantly, in Purkinje
neurons [67], the central nervous system (in the brainstem, spinal cord, and especially the
cerebellum [67] and cerebral cortex) [68], and in embryonic stem (ES) cells [65, 69]. The highest
tissue levels of 5hmC have been consistently found in the brain [69-71]. The striking abundance
of 5hmC in ES cells and PGCs has led scientists to delve into the possibility that 5hmC is linked
with the removal of 5mC in such settings, in vivo. There is evidence to suggest that, unlike
5mC, 5hmC may be correlated with transcriptional activation, after having been found at
euchromatic regions in mice [72, 73]. In essence, while 5mC is known to be a mark of tran‐
scriptional repression, 5hmC may be associated with turning genes back on. Since 2009, a large
quantity of research has been generated, dedicated to studying the potential role of 5hmC in
gene expression regulation. Despite this, we have only just scratched the surface of discovery
as the role of 5hmC in the genome continues to remain highly elusive.

A vital question regarding 5hmC is whether it functions as an intermediate in enzymatic
reactions or as a stable entity unto itself. In this chapter, considerable space will be dedicated
to discussing the possible demethylation pathways in which 5hmC is speculated to be
involved. In this and many contexts, demethylation is defined to be the removal of 5mC and
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(eventual) replacement by cytosine. In the majority of these pathways where 5hmC is required,
it is often thought to act as an intermediate, rapidly replaced by another chemical species.
Levels of 5hmC are substantially lower than 5mC in the genome, at approximately 10% of 5mC
and 0.4% of all cytosines [74]. These minute levels are thought to be consistent with the short-
lived species hypothesis as elevated levels would indicate a longer duration. If 5hmC gener‐
ation is merely a pre-requisite for subsequent demethylation pathways regardless of what form
they take, then 5hmC would be considered a transient species.

Evidence is also emerging which supports the notion of 5hmC as an entirely new landmark in
the epigenetic gene regulatory landscape. In fact, the modified nitrogenous base may even be
responsible for attracting a unique panel of chromatin and transcriptional modifiers. Numer‐
ous mechanisms have been proposed based on preliminary observations. Methyl-CpG binding
domain protein 1 (MBD1) specifically recognizes methylated DNA and attracts histone
deacetylases and H3 lysine 9 methyltransferases (also repressive in action) [75-79]. 5hmC has

CpG islands are regions of the genome that have remained CpG, rather than TpG rich, the latter being the product of
CpG deamination that has taken place over evolutionary time. O/E indicates the ratio of observed CpG sites: expected
number of CpG sites. Strong CGIs tend to have a high O/E meaning that the number of observed CpG sites is approaching
the expected number of CpG sites, making for a maximum O/E of 1. Often unmethylated, these regions of the genome
are associated with transcription start sites. A number of epigenetic patterns have been found to characterize CGIs
(H3K36me2=dimethylation of lysine 36 on histone H3 and H3K4me3=trimethylation of lysine 4 on histone H3).

Table 1. Characteristics of CpG Islands (CGIs)
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been shown to greatly inhibit the binding of these MBDs to DNA [80-82]. On the same note,
DNMT1 is also well known to recruit H3K9 methyltransferases, but the enzyme is blocked by
the very presence of 5hmC, so the likelihood of H3K9 methyltransferase binding is also
reduced. Methylation has also been implicated in nucleosome compaction, making DNA less
accessible to transcription factors [83]. Conversely, the effect of 5hmC on nucleosome com‐
paction has yet to be determined, but the nuclei of Purkinje neurons have been reported to
exhibit marked decondensation [84].

This figure is adapted from Matouk CC, Turgeon PJ, Marsden PA. Epigenetics and stroke risk-beyond the static DNA
code. Advances in Genomics and Genetics. 2012;2012:2:67-84.

Figure 2. Methyl modification to cytosine and hydroxyl addition to 5-methylcytosine. The addition of a methyl group
at the 5-position of cytosine is mediated by the DNA methyltransferase (DNMT) family, where S-adenosylmethionine
serves as the methyl donor. Notes: The ten-eleven translocation (TET) family of enzymes is able to oxidize 5-methylcy‐
tosine to 5-hydroxymethylcytosine in an oxygen-dependent reaction requiring adenosine triphosphate and 2-oxoglu‐
tarate. Cytosine can then be generated from the action of putative demethylases on 5-hydroxymethylcytosine, but has
not yet been fully described.

2.2.4. Ten eleven-translocation (TET) enzymes

The 2009 seminal paper by Tahiliani et al. identified the TET (ten-eleven translocation) enzymes
as being those responsible for the generation of 5hmC by the hydroxylation of 5mC [65].
Adding yet another layer of complexity to uncovering the role of 5hmC in the genome, TET
enzymes are also responsible for the further oxidation of 5hmC into new products: 5-formyl‐
cytosine (5fC) and 5-carboxycytosine (5caC) (70, 85, 86). TET enzymes are present throughout
the Metazoa and the three forms, TET1, TET2, and TET3, are thought to have arisen as a result
of a triplication event that occurred in jawed vertebrates [87]. All three murine forms have
been seen to oxidize 5mC to 5hmC in vitro and in vivo [88, 89]. Moreover, the presence of 5mC
consistently appears to be a pre-requisite for the generation of 5hmC in vivo [69, 72], suggesting
that TET-mediated oxidation is the only means of formation. All of the TET proteins are Fe+2

and 2-oxoglutarate dependent dioxygenases (65, 88, 90). The term, dioxygenase, refers to an
enzyme that catalyzes the addition of both oxygen atoms from molecular oxygen to another
organic substrate. The iron ion is utilized as a co-factor, whereas 2-oxoglutarate is a co-
substrate.
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The mammalian TET enzymes all exhibit a high degree of homology amongst their C terminal
domains. It is the Cys-rich and double stranded-helix DSBH region (CD domain) [87] belong‐
ing to the Cupin-like dioxygenase superfamily, that contains the catalytic domain for 2-
oxoglutarate and iron (II) activity [65, 88]. Further oxidation of 5hmC into 5fC and 5caC also
takes place at this same active site [85]. This CD domain also contains the largest identifiable
portion of the enzyme: the spacer region. For the most part, the function of this region is
unknown, although some leads for future research do exist. For instance, Upabhyay et al. noted
remarkable sequence overlap between the spacer region of TET1 and the C-terminal domain
of RNA polymerase II of S. cerevisiae [91]. Likely of most significance are the conserved residues
that are key sites for posttranslational modifications such as histone methylation and phos‐
phorylation [92]. Located on the N terminus (~60 amino acids) of TET1 and TET3 (not TET2)
enzymes is the CXXC zinc finger domain [65, 87]. Even though its function has not been
conclusively determined, the CXXC domain in TET1 has been shown to bind to unmodified
cytosine, as well as 5mC and 5hmC [93, 94]. Speculation has tended towards this domain
serving as the functional unit responsible for directing the enzymes to particular genomic
regions, almost always CpG sites, so they can execute their oxidative action [92]. A similar
CXXC domain on DNMT1, the enzyme on which it was first discovered, possesses comparable
DNA binding properties [95], initially having suggested an equivalent role for the domain in
TETs.

2.3. Long non-coding RNA

Contrary to the central dogma of biology, in which RNA plays a passive role in transmitting
genetic information to be translated into proteins, recent advances have shown RNA to play
a much more active role in cellular regulation. Long non-coding RNAs (lncRNAs) are the most
recent and least well characterized of functional “non-coding” RNAs. The distinction between
lncRNAs and miRNAs is arbitrary, but has been defined as greater than 200 nucleotides for
an lncRNA [96]. Unlike miRNAs, however, which seem to function through similar pathways,
lncRNAs have been shown to play a diverse assortment of regulatory roles, including
posttranscriptional repression, RNA splicing, and RNA degradation [97]. Despite this variety,
perhaps the most interesting and well-studied mechanism is the ability of many lncRNAs to
act as epigenetic modulators, interacting with chromatin remodeling complexes and other
epigenetic machinery [98].

Xist was one of the first lncRNAs to be discovered [99] and, consequently, is the most well
described. The Xist gene is found in the X chromosome inactivating center (XIC) where it plays
a major role in the inactivation of one of the two X chromosomes in females [100], a process
which equalizes X chromosome dosage to that of a male karyotype. Xist acts in cis to repress
the transcription of the chromosome on which it is transcribed [101]. Xist’s function as an
epigenetic regulator was confirmed with the discovery of an interacting factor, the polycomb
repressive complex 2 (PRC2) [102], a complex that mediates the repressive histone trimethy‐
lation mark H3K27me3. PRC2 is recruited to the inactive X chromosome (Xi) by a short
repetitive sequence, Repeat A (RepA), conserved on the Xist transcript [102]. Tethering of Xist
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to the chromosome from which it was transcribed allows for allele specific recruitment of the
PRC2 complex and subsequent inactivation [101].

Another important lncRNA in X chromosome inactivation is the Xist antisense RNA, Tsix. Tsix
is expressed on the active chromosome and blocks Xist expression, thereby preventing its
inactivation [103]. The action of Tsix illustrates another mechanism of epigenetic regulation in
which lncRNA can take part: DNA methylation. Recently, evidence has suggested that Tsix
mediates DNA methylation at the Xist promoter, silencing the Xist gene [104]. Tsix may
activate DNA methyltransferase 3A (DNMT3A), one of the de novo methyltransferases, and
guide it to the Xist promoter where it is involved in maintaining the silencing of the Xist gene
after initial repression.

X chromosome inactivation is not the only cellular process in which lncRNA is involved, and
there are numerous other examples of lncRNAs as epigenetic regulators. For example,
HOTAIR is an lncRNA located in the homeobox C (HOXC) cluster of genes [105]. The HOX
genes are a family of genes that serve as developmental cues in the embryo [106]. The expres‐
sion pattern of different HOX genes corresponds to specific tissue development and ensures
the correct relative positions of body parts. The 39 HOX genes are present in 4 gene clusters,
HOXA-D, each present on a separate chromosome [107]. HOTAIR is expressed in the HOXC
cluster where it acts in trans to suppress expression on the HOXD cluster. In this way, HOTAIR
is required to maintain the specific expression pattern of HOX genes throughout embryonic
development. Like the Xist RNA, HOTAIR achieves this repression through the recruitment
of the PRC2 complex, which then catalyzes the repressive H3K27 trimethylation mark. Indeed,
knockdown of HOTAIR has shown loss of H3K27 trimethylation in the HOXD gene cluster,
as well as an absence of the PRC2 complex. This suggests that ncRNA may be a global
requirement for activation of PRC2 H3K27me3.

3. DNA methylation and development

Most methylation patterns are stably inherited, remaining static throughout the lifetime of an
organism. Specific cellular processes as well as cell-lineage specificity require activation or
elimination of these patterns. Fluctuations in 5mC and 5hmC levels are most vividly seen in
the cases of pre-implantation development and primordial germ cell formation (Figure 3). In
order to understand the significance of the rapid changes in modified cytosine levels, a number
of recent and vital observations must be taken into account.

a. Pre-implantation embryo

Throughout the duration of development, especially cellular differentiation, somatic-cell
lineages acquire specialized DNA methylation and histone modification patterns. Even in the
earliest stages, both sperm and oocyte are known to contain appreciable levels of DNA
methylation. Many of the methylated regions are shared between oocyte and sperm, such as
intracisternal A particles (IAPs) [108], although there are differentially methylated regions
(DMRs) which is oocyte-or sperm-specific. Active and repressive histone modifications are
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present in the oocyte at this time [109], and it is maternally inherited proteins that will direct
the events of early cleavage divisions. On the other hand, sperm arrive with temporary histone
substitutes, protamines, which play a similarly functional role in packaging [110].

Upon fertilization, the sperm genome is the earliest to undergo major modifications, the first
of which is protamine removal and substitution with histones [111]. Prior to the fusion of the
maternal and paternal pronuclei, a vast genome-wide demethylation event occurs in the
paternal pronucleus [112-115], whereby its methylation patterns are erased almost in their
entirety. This event can occur in as few as six hours following fertilization [112, 113, 116]. This
demethylation has been assessed repeatedly via immunostaining with antibodies specific for
5mC [112, 113, 116] as well as bisulfite sequencing which has clearly shown that one of two
genomes becomes demethylated. A recently discovered and intriguing fact is that this genome-
wide demethylation is actually a mass oxidation event [117-119]. 5mC specific antibodies do
not recognize 5hmC or any other oxidized cytosine, yet it has been repeatedly and conclusively
demonstrated that the male pronucleus does exhibit a marked increase in 5hmC levels at this
time [117-119]. Complimentary antibody staining has taken place in order to deduce this.
Regions unaffected by this event include paternal DMRs in imprinted genes [120, 121] and
IAPs [108]. It is now well known that it is the maternal TET3 enzyme that executes the oxidative
action on the paternal pronucleus [119]. In contrast to the other TET enzymes, TET3 knock‐
down has been demonstrated to result in the near deficit of 5hmC.

The presence of histone modifications unique to the maternal pronucleus is linked to its spared
erasure at this time of otherwise mass oxidation. Developmental pluripotency-associated 3
protein (DPPA3, also known as stella), has been identified as the key protector of the maternal
pronucleus as well as that of a few paternally imprinted genes [122]. As a matter of fact, the
protection offered by this protein is almost indisputable, as experiments have shown that an
absence of DPPA3 results in the hydroxymethylation of both paternal and maternal genomes
[117, 122]. This protein was originally identified as a result of the upregulation of its encoding
gene during initial PGC development [123]. Dimethylation of H3 histone at lysine 9, a mark
that is restricted to these sites [122], has been reported to be responsible for the attraction of
DPPA3 to these regions.

As indicated in Figure 3, the 2-16 cell stage exhibits a substantial decrease in both maternal‐
ly  dominant  5mC and paternally  specific  5hmC levels.  It  is  a  well  known fact  that  the
maternal  genome  also  loses  all  methylation  marks  during  early  embryogenesis.  This,
however, has not been attributed to a mass oxidation event, hence, no generation of 5hmC
takes  place  at  this  time.  The  cytoplasmic  localization  of  DNMT1o,  a  splice  variant  of
DNMT1, is  attributed to the passive replication-dependent dilution of  all  oxidized cyto‐
sines, [112, 116, 124] accounting also for maternal genome methylation erasure. That is, with
each division, 50% of the genomic methylation and hydroxymethylation patterns are lost
due  to  the  absence  of  maintenance  methylation  [125],  until  virtually  no  modified  cyto‐
sines remain by the sixteen cell stage [112, 116].

Another generally accepted fact is that a wave of de novo methylation takes place at approxi‐
mately the time when the blastula implants into the uterus [116, 120]. This activity occurs very
rapidly and 5mC levels plateau once all of the necessary methylation patterns have been
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instilled (Figure 3). That is, no more demethylation is known to take place because patterns
placed onto the genome at this stage are the same as those that will be found in somatic cells
of later development and maturation. This de novo methylation is now known to be catalyzed
by the de novo methyltransferases 3A and 3B [116]. In fact, inactivation of both DNMT3A and
3B has been shown to result in early embryonic lethality while mutations in the encoding genes
have also resulted in postnatal or embryonic lethality [126, 127]. Establishing the patterns of
the genome at this stage allows for the predictable mitotic transmission of methylation marks
throughout the lifetime of an organism [40].

As opposed to the undoubtedly critical role of TET3 following fertilization in mice, TET1 and
TET2 are thought to have modulatory, yet not essential roles in development, ES cell endur‐
ance, and pluripotency [84]. At the blastula stage, the function of TET1 and TET2 proteins in
the inner cell mass is likely to repress lineage-specific genes, counteracting the effect of
methylation, so as to permit activation of certain genes later in development [128, 129].
Consequently, they are thought to be fine tuning methylation patterns at this point [84].

Consistent experimental results indicate that there is, however, much still to be confirmed
about the relative role of TET proteins in development. As a point of discrepancy, TET1
deficient mouse ES cells have been seen to maintain their self-renewal capabilities in vitro and
develop ordinarily in vivo [130]. Furthermore, numerous groups have demonstrated that the
knockout of both TET1 and TET2 results in the normal development and healthy adulthood
of fertile mice [130-134]. It is hypothesized that such discrepancies may be a result of the
alternate TET proteins compensating for the depletion of one another [92]. Although the
biological roles of TET1 and TET2 in zygotic development are still highly disputable, that of
TET3 appears to be more comprehensive. One study, in particular, highlighted the importance
of this particular enzyme in embryogenesis by introducing a homozygous mutation in the
TET3 encoding gene, subsequently observing neonatal lethality [119]. The same study came
to the conclusion that failure to demethylate the male pronucleus is a direct result of TET3
depletion.

Evidently, epigenetic modifications play an unquestionably enormous role in early develop‐
ment. Despite remaining relatively constant in the mitotic transmission of later development,
methylation patterns undergo rapid, yet precisely timed fluctuations in zygotic development.
5hmC abundance points to a vital role of the TET enzymes, as no other pathway has been
conclusively verified for the generation of hydroxymethylcytosine from methylcytosine. In
light of the recent re-discovery of 5hmC and already substantial amount of scientific inquiry
that has gone into deciphering its role in development, we can hope for a great deal more to
come in the near future!

b. Primordial Germ Cells

Primordial germ cells (PGCs) are the cells that ultimately give rise to the germ line, the oocyte
and sperm. Similar to what has been observed in zygotic development, mouse PGCs, derived
from epiblast cells, are known to experience a correspondingly fast decline in 5mC levels [135]
between embryonic day (E) 9.5 and 13.5 [124, 136, 137]. Very recently, Hackett et al. decisively
demonstrated that the demethylation that takes place in PGCs is conceptually equivalent to
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the mass oxidation event that has been observed during embryonic development. In this case,
TET1 and TET2 are responsible for the generation of 5hmC [124, 138].

Thus far, the acquisition of 5hmC appears to take place between E9.5 and E11.5 [124], but seems
to be lost at a rate that is typical of replication-dependent pattern dilution [124]. Such circum‐
stances closely parallel those seen in zygotic development. In the same way that the DNMT1o
splice variant has been seen to be excluded from the nucleus in zygotic development, UHRF1
consistently appears to be down-regulated in PGC formation [84]. Such a situation prevents
DNMT1 from performing its prescribed action. Evidence indicates that TET-mediated
oxidation in PGCs is likely made possible by passive, rather than active demethylation [124].
This observation is further substantiated by the absence of both 5fC and 5caC following PGC
demethylation, as shown in immunocytochemistry studies [124], whereas their presence in
zygotic development indicates an increased likelihood for an active demethylation mechanism
at work.

By definition, methylation patterns at CpG islands will never be erased during normal
development. Yet, CpG island methylation in the DMR of imprinted genes must undergo

Figure 3. Dynamic nature of 5mC, 5hmC, and TET enzyme levels in the pre-implantation embryo and primordial germ
cell development. Intensity of purple shading indicates the relative level of modified cytosine at that stage in develop‐
ment. Green shading indicates high levels of TET3 activity, while blue shading shows elevated levels of TET1 and TET2
at these stages in development. Sperm and oocyte begin with high levels of 5mC. Paternal methylation patterns are
erased just after fertilization and a mass oxidation event takes place with increasing levels of 5hmC by the zygotic
stage. 5mC and 5hmC (from the paternal genome) levels diminish by means of a passive-replication dependent man‐
ner whereby both the maternal and paternal genomes are practically devoid of either modified cytosine by the 16 cell
stage. Upon implantation in the uterus, mass denovo methylation takes place whereby somatic cell methylation pat‐
terns are established. Primordial germ cells are also subject to demethylation between E9.5 and E13.5, accompanied
by increasing 5hmC levels until approximately E 11. Paternal re-methylation takes place beginning at about E15 and,
in females, after birth.
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erasure so as to ensure that gender-specific methylation associated with imprinting can be put
into place during the remainder of germ cell development [123]. Demethylation at this time
has also been proposed to be responsible for reinstating the pluripotent state in PGCs. Clearly,
those regions whose expression had been repressed are now turned on, allowing for the germ
cell lineage acquisition of pluripotent characteristics, perhaps a pre-requisite to achievement
of totipotency. Similar to the spared erasure of paternally imprinted genes in zygotic devel‐
opment, certain transposons such as IAPs remain moderately methylated at this time [34].

In contrast to zygotic development, the demethylation of imprinted regions is absolutely
critical because germ cells possess imprints that are uniquely exclusive to the gender of the
organism. As indicated in the bottom half of Figure 3, an analogous round of de novo methyl‐
ation also takes place later in oogenesis and spermatogenesis. Re-methylation along with the
re-installation of imprints starts at approximately E15 in males and, in females, after birth [139].

3.1. DNA demethylation pathways

As illustrated above, it is a well ingrained fact that epigenetic reprogramming does take place
in zygotic development and PGC formation. More recently, TET protein activity has been
observed in relation to the timing of particular developmental events. Consequently, levels of
5hmC have been monitored and correlated with the activity of TET proteins at each stage of
interest. Truly novel is the fact that this reprogramming involves a mass oxidation event, that
is, the generation of 5hmC. The function of 5hmC in these stages is a highly debated and
controversial area of research. We have already addressed the first disputed issue regarding
the stability of this oxidized base, but we will now draw our attention to the second debate:
What are the possible demethylation pathways by which reprogramming takes place? We will
define demethylation as the eventual replacement of 5mC with unmodified cytosine. Possible
mechanisms for this can be broadly grouped into passive and active pathways. In analyzing
the possibilities, it is important to note that absolutely no consensus exists as to which
mechanism predominates and that there is experimental evidence to both confirm and rebuke
nearly all pathways.

3.1.1. Passive demethylation

Passive demethylation is fairly well established as one of perhaps several operating processes.
As mentioned above, the maintenance DNMT places methylation patterns on a progeny strand
using the parental strand as a template, similar to the synthesis of a new strand of DNA
whereby DNA polymerase utilizes the parent strand as a template for construction of a
complementarily base-paired DNA strand. Like the DNA double helix, the maintenance of
methylation patterns also occurs through a semi-conservative pathway. This particular setup
yields a hemi-methylated (partly methylated) pattern on the DNA. UHRF1 binding and PCNA
recruitment are the first steps in the faithful copying of methylation patterns from one strand
to another, thereby ensuring the transmission of methylation patterns through mitotic division.
From the perspective of demethylation pathways, if this faithful re-installation of methylation
patterns is disturbed, every generation will subsequently exhibit 50% less methylation.
Eventually, such patterns will undergo what is called passive replication-dependent dilution.
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the mass oxidation event that has been observed during embryonic development. In this case,
TET1 and TET2 are responsible for the generation of 5hmC [124, 138].

Thus far, the acquisition of 5hmC appears to take place between E9.5 and E11.5 [124], but seems
to be lost at a rate that is typical of replication-dependent pattern dilution [124]. Such circum‐
stances closely parallel those seen in zygotic development. In the same way that the DNMT1o
splice variant has been seen to be excluded from the nucleus in zygotic development, UHRF1
consistently appears to be down-regulated in PGC formation [84]. Such a situation prevents
DNMT1 from performing its prescribed action. Evidence indicates that TET-mediated
oxidation in PGCs is likely made possible by passive, rather than active demethylation [124].
This observation is further substantiated by the absence of both 5fC and 5caC following PGC
demethylation, as shown in immunocytochemistry studies [124], whereas their presence in
zygotic development indicates an increased likelihood for an active demethylation mechanism
at work.

By definition, methylation patterns at CpG islands will never be erased during normal
development. Yet, CpG island methylation in the DMR of imprinted genes must undergo

Figure 3. Dynamic nature of 5mC, 5hmC, and TET enzyme levels in the pre-implantation embryo and primordial germ
cell development. Intensity of purple shading indicates the relative level of modified cytosine at that stage in develop‐
ment. Green shading indicates high levels of TET3 activity, while blue shading shows elevated levels of TET1 and TET2
at these stages in development. Sperm and oocyte begin with high levels of 5mC. Paternal methylation patterns are
erased just after fertilization and a mass oxidation event takes place with increasing levels of 5hmC by the zygotic
stage. 5mC and 5hmC (from the paternal genome) levels diminish by means of a passive-replication dependent man‐
ner whereby both the maternal and paternal genomes are practically devoid of either modified cytosine by the 16 cell
stage. Upon implantation in the uterus, mass denovo methylation takes place whereby somatic cell methylation pat‐
terns are established. Primordial germ cells are also subject to demethylation between E9.5 and E13.5, accompanied
by increasing 5hmC levels until approximately E 11. Paternal re-methylation takes place beginning at about E15 and,
in females, after birth.
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erasure so as to ensure that gender-specific methylation associated with imprinting can be put
into place during the remainder of germ cell development [123]. Demethylation at this time
has also been proposed to be responsible for reinstating the pluripotent state in PGCs. Clearly,
those regions whose expression had been repressed are now turned on, allowing for the germ
cell lineage acquisition of pluripotent characteristics, perhaps a pre-requisite to achievement
of totipotency. Similar to the spared erasure of paternally imprinted genes in zygotic devel‐
opment, certain transposons such as IAPs remain moderately methylated at this time [34].

In contrast to zygotic development, the demethylation of imprinted regions is absolutely
critical because germ cells possess imprints that are uniquely exclusive to the gender of the
organism. As indicated in the bottom half of Figure 3, an analogous round of de novo methyl‐
ation also takes place later in oogenesis and spermatogenesis. Re-methylation along with the
re-installation of imprints starts at approximately E15 in males and, in females, after birth [139].

3.1. DNA demethylation pathways

As illustrated above, it is a well ingrained fact that epigenetic reprogramming does take place
in zygotic development and PGC formation. More recently, TET protein activity has been
observed in relation to the timing of particular developmental events. Consequently, levels of
5hmC have been monitored and correlated with the activity of TET proteins at each stage of
interest. Truly novel is the fact that this reprogramming involves a mass oxidation event, that
is, the generation of 5hmC. The function of 5hmC in these stages is a highly debated and
controversial area of research. We have already addressed the first disputed issue regarding
the stability of this oxidized base, but we will now draw our attention to the second debate:
What are the possible demethylation pathways by which reprogramming takes place? We will
define demethylation as the eventual replacement of 5mC with unmodified cytosine. Possible
mechanisms for this can be broadly grouped into passive and active pathways. In analyzing
the possibilities, it is important to note that absolutely no consensus exists as to which
mechanism predominates and that there is experimental evidence to both confirm and rebuke
nearly all pathways.

3.1.1. Passive demethylation

Passive demethylation is fairly well established as one of perhaps several operating processes.
As mentioned above, the maintenance DNMT places methylation patterns on a progeny strand
using the parental strand as a template, similar to the synthesis of a new strand of DNA
whereby DNA polymerase utilizes the parent strand as a template for construction of a
complementarily base-paired DNA strand. Like the DNA double helix, the maintenance of
methylation patterns also occurs through a semi-conservative pathway. This particular setup
yields a hemi-methylated (partly methylated) pattern on the DNA. UHRF1 binding and PCNA
recruitment are the first steps in the faithful copying of methylation patterns from one strand
to another, thereby ensuring the transmission of methylation patterns through mitotic division.
From the perspective of demethylation pathways, if this faithful re-installation of methylation
patterns is disturbed, every generation will subsequently exhibit 50% less methylation.
Eventually, such patterns will undergo what is called passive replication-dependent dilution.
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As mentioned, this appears to be the way in which the methylation patterns of the zygotic
maternal genome are erased. Thus, the plausibility of this mechanism is not debated. Paternal
genome erasure prior to replication is significant evidence that defies the notion of passive
demethylation as the only demethylation pathway.

As far as active or replication-independent pathways go, the central tenets of a variety of these
pathways will be discussed in the following. A common thread that runs beneath a number
of these is the coupling of TET protein activity with a well known DNA repair pathway, base
excision repair (BER), whereby a nitrogenous base is excised by a glycosylase enzyme and
replaced with a new one. Some sort of replacement mechanism is practically inevitable given
that an unmodified cytosine must take the place of a previous base in order to complete
demethylation.

3.1.2. Pathways in which 5fC and 5caC are involved

The first of these proposed pathways involves the other two oxidized bases, 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) that can be generated by further oxidation of 5hmC by
TET enzymes [70, 85, 86]. Their presence at very low quantities in the genome (5fC: 0.03% of
5mC in mouse ES cells; 5caC: 0.01% of 5mC in mouse ES cells) [70, 85, 86], has been attributed
to the preference of TET enzymes towards 5mC, not 5hmC, as a substrate, as well as an
exceedingly fast removal of the oxidized bases [85, 140]. Thymine DNA glycosylases (TDGs)
are capable of excising both bases once they are produced. Kinetic studies by Maiti & Drohat
clearly demonstrated that TDG excises 5fC and 5caC, but not 5hmC [141]. Neither when left
for a longer time nor performed at a lower temperature (for enzyme stability maintenance)
was there any significant 5hmC excision [141]. Excision of the oxidized bases opens the door
for base excision repair (BER) action that completes the guanine base on the opposite strand
with a brand new cytosine, hence, completing the demethylation pathway. Several labs have
confirmed that the proposed is a highly plausible mechanism [85, 141, 142].

Interestingly, a number of studies have shown that TDG exhibits strong specificity in its action:
it excises bases which are complementarily base paired with G and/or those which are also
followed by guanine [143-146]. Such an observation is entirely consistent with the proposed
role of TDG and CpG sites [147] whereby the cytosine has undergone a further modification,
yet still fulfills the remainder of the criteria. More research must be undertaken to confirm
whether TDG action on modified cytosines, followed by BER, is a plausible demethylation
mechanism in vivo. Whether such a pathway is of sufficient speed to play a role in demethy‐
lation is one concern which must be addressed. Another comes about when we consider the
exceedingly minute quantities of both of the bases in the genome: How prevalent can this
pathway realistically be? Is it enough to account for mass demethylation in both zygotic and
PGC development?

There is limited evidence that supports a decarboxylation pathway of 5caC, mediated by
proteins present in lysates of ES cells [148]. Although the factors that catalyze this reaction
have yet to be concisely identified, Schiesser et al. utilized isotope tracing to detect the direct
conversion of 5caC to cytosine without interference from BER [148]. The existence of a

Epigenetics and Epigenomics16

deformylation pathway involved in the direct conversion of 5fC to cytosine has also been
postulated.

3.1.3. Direct removal of 5-methylcytosine

What about a simple removal of the 5mC base followed by TDG action? Scientists have noted
that, due to the strength of the carbon-carbon bond needed to be broken, an enzyme with
unwieldy catalytic power would be needed to achieve such a feat [140]. Methyl-CpG binding
domain protein 2 (MBD2) was first and foremost reported to catalyze just such a reaction. By
its very nature, MBD2 is known to bind to methylated cytosine, so it was often questioned how
it could be responsible for mediating such an active reaction if it first must attach itself [28,
75]. Numerous other downfalls of this theory emerged and no lab was apparently able to
replicate the results, so the theory of MBD2-mediated direct removal of the methyl group of
5mC fell out of favour. Hence, the inevitability of some sort of TDG/BER activity is further
substantiated [149].

A model plant used in genetics and epigenetics studies, Arabidopsis thaliana, is the only source
that has thus far provided evidence for such a direct removal of 5mC (reviewed in [150]). The
existence of ROS1, DME, DML2, and DML7-a family of four 5mC DNA glycosylases has been
acknowledged in this plant [150]. Their preference for acting on 5mC in double stranded DNA,
has led researchers to claim that these enzymes are indeed necessary for active demethylation
of particular genes. The function of these glycosylases is similar to that of BER, in that a nick
created leaves an abasic site which is rapidly repaired. Yet, the enzymes and mechanisms in
mammals appear to be quite distinct from those that have been identified in the plant [151].

3.1.4. AID/APOBEC activity

The second well investigated, yet still highly debated active replication-independent deme‐
thylation pathway is one which also utilizes a DNA repair pathway. AID (activation-induced
cytidine deaminase) and APOBEC (apolipoprotein B mRNA editing enzymes, catalytic
polypeptide) family members are primarily known for their ability to deaminate cytosine to
uracil [152]. In vitro studies have demonstrated the further ability of AID/APOBEC to deami‐
nate 5mC in DNA, to thymine, resulting in a T:G mismatch [149]. The excision conducted by
a TDG glycosylase would subsequently result in an abasic site (apurinic and apyrimidinic [AP]
site) which would then be subject to repair by BER. The final product of such a chain reaction
would be the regeneration of cytosine in place of the modified base [149].

There are a number of variations and caveats of this and related processes. For instance, AID
and APOBEC have frequently been seen to function in a single-stranded DNA environment
[149]. Deamination in single-stranded DNA has been experimentally observed in vitro and in
an E. coli assay [149]. Despite this, AID and APOBEC are both present at appreciable levels in
oocytes as well as PGCs, so their potential role in developmental demethylation has not been
dismissed [149].

An alternate pathway through which AID/APOBEC are thought to function involves the
deamination of 5hmC to 5-hydroxymethyluracil (5hmU) and its subsequent removal by a TDG
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As mentioned, this appears to be the way in which the methylation patterns of the zygotic
maternal genome are erased. Thus, the plausibility of this mechanism is not debated. Paternal
genome erasure prior to replication is significant evidence that defies the notion of passive
demethylation as the only demethylation pathway.

As far as active or replication-independent pathways go, the central tenets of a variety of these
pathways will be discussed in the following. A common thread that runs beneath a number
of these is the coupling of TET protein activity with a well known DNA repair pathway, base
excision repair (BER), whereby a nitrogenous base is excised by a glycosylase enzyme and
replaced with a new one. Some sort of replacement mechanism is practically inevitable given
that an unmodified cytosine must take the place of a previous base in order to complete
demethylation.

3.1.2. Pathways in which 5fC and 5caC are involved

The first of these proposed pathways involves the other two oxidized bases, 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) that can be generated by further oxidation of 5hmC by
TET enzymes [70, 85, 86]. Their presence at very low quantities in the genome (5fC: 0.03% of
5mC in mouse ES cells; 5caC: 0.01% of 5mC in mouse ES cells) [70, 85, 86], has been attributed
to the preference of TET enzymes towards 5mC, not 5hmC, as a substrate, as well as an
exceedingly fast removal of the oxidized bases [85, 140]. Thymine DNA glycosylases (TDGs)
are capable of excising both bases once they are produced. Kinetic studies by Maiti & Drohat
clearly demonstrated that TDG excises 5fC and 5caC, but not 5hmC [141]. Neither when left
for a longer time nor performed at a lower temperature (for enzyme stability maintenance)
was there any significant 5hmC excision [141]. Excision of the oxidized bases opens the door
for base excision repair (BER) action that completes the guanine base on the opposite strand
with a brand new cytosine, hence, completing the demethylation pathway. Several labs have
confirmed that the proposed is a highly plausible mechanism [85, 141, 142].

Interestingly, a number of studies have shown that TDG exhibits strong specificity in its action:
it excises bases which are complementarily base paired with G and/or those which are also
followed by guanine [143-146]. Such an observation is entirely consistent with the proposed
role of TDG and CpG sites [147] whereby the cytosine has undergone a further modification,
yet still fulfills the remainder of the criteria. More research must be undertaken to confirm
whether TDG action on modified cytosines, followed by BER, is a plausible demethylation
mechanism in vivo. Whether such a pathway is of sufficient speed to play a role in demethy‐
lation is one concern which must be addressed. Another comes about when we consider the
exceedingly minute quantities of both of the bases in the genome: How prevalent can this
pathway realistically be? Is it enough to account for mass demethylation in both zygotic and
PGC development?

There is limited evidence that supports a decarboxylation pathway of 5caC, mediated by
proteins present in lysates of ES cells [148]. Although the factors that catalyze this reaction
have yet to be concisely identified, Schiesser et al. utilized isotope tracing to detect the direct
conversion of 5caC to cytosine without interference from BER [148]. The existence of a
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deformylation pathway involved in the direct conversion of 5fC to cytosine has also been
postulated.

3.1.3. Direct removal of 5-methylcytosine

What about a simple removal of the 5mC base followed by TDG action? Scientists have noted
that, due to the strength of the carbon-carbon bond needed to be broken, an enzyme with
unwieldy catalytic power would be needed to achieve such a feat [140]. Methyl-CpG binding
domain protein 2 (MBD2) was first and foremost reported to catalyze just such a reaction. By
its very nature, MBD2 is known to bind to methylated cytosine, so it was often questioned how
it could be responsible for mediating such an active reaction if it first must attach itself [28,
75]. Numerous other downfalls of this theory emerged and no lab was apparently able to
replicate the results, so the theory of MBD2-mediated direct removal of the methyl group of
5mC fell out of favour. Hence, the inevitability of some sort of TDG/BER activity is further
substantiated [149].

A model plant used in genetics and epigenetics studies, Arabidopsis thaliana, is the only source
that has thus far provided evidence for such a direct removal of 5mC (reviewed in [150]). The
existence of ROS1, DME, DML2, and DML7-a family of four 5mC DNA glycosylases has been
acknowledged in this plant [150]. Their preference for acting on 5mC in double stranded DNA,
has led researchers to claim that these enzymes are indeed necessary for active demethylation
of particular genes. The function of these glycosylases is similar to that of BER, in that a nick
created leaves an abasic site which is rapidly repaired. Yet, the enzymes and mechanisms in
mammals appear to be quite distinct from those that have been identified in the plant [151].

3.1.4. AID/APOBEC activity

The second well investigated, yet still highly debated active replication-independent deme‐
thylation pathway is one which also utilizes a DNA repair pathway. AID (activation-induced
cytidine deaminase) and APOBEC (apolipoprotein B mRNA editing enzymes, catalytic
polypeptide) family members are primarily known for their ability to deaminate cytosine to
uracil [152]. In vitro studies have demonstrated the further ability of AID/APOBEC to deami‐
nate 5mC in DNA, to thymine, resulting in a T:G mismatch [149]. The excision conducted by
a TDG glycosylase would subsequently result in an abasic site (apurinic and apyrimidinic [AP]
site) which would then be subject to repair by BER. The final product of such a chain reaction
would be the regeneration of cytosine in place of the modified base [149].

There are a number of variations and caveats of this and related processes. For instance, AID
and APOBEC have frequently been seen to function in a single-stranded DNA environment
[149]. Deamination in single-stranded DNA has been experimentally observed in vitro and in
an E. coli assay [149]. Despite this, AID and APOBEC are both present at appreciable levels in
oocytes as well as PGCs, so their potential role in developmental demethylation has not been
dismissed [149].

An alternate pathway through which AID/APOBEC are thought to function involves the
deamination of 5hmC to 5-hydroxymethyluracil (5hmU) and its subsequent removal by a TDG
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glycosylase or BER pathway [153]. This process would result in the eventual replacement by
cytosine. The over-expression of TET1 and AID have been observed to lead to a global
accumulation of 5hmU [153]. Two potential pathways may compete with one another because
both TDG as well as selective monofunctional uracil-DNA glycosylase 1 (SMUG1) have strong
affinity towards the mismatch that would be generated upon deamination: G:hmU [153, 154].
Hence, one of these mechanisms is thought to play a vital role in mediating the downstream
commencement of BER following 5mC hydroxylation. Such observations substantiate what
many studies propose: that TDG plays an absolutely essential role in active demethylation,
regardless of what mechanism succeeds it.

Perhaps what could be considered the downfall of the AID/APOBEC pathway was elucidated
in a series of experiments and simulations conducted by Nabel et al. [152]. Insisting that the
role of this deamination-based mechanism is limited, the researchers examined the plausibility
of this pathway by investigating the biochemistry of natural and non-natural modified
cytosines. The series of substrates represented a 150 fold difference in reactivity, with the size
of the substituent being an integral determinant of susceptibility to deamination. At one end
of the scale was unmodified cytosine, the behavior of which as a deaminase substrate was
unequivocally superior to all other larger natural and unnatural substrates. The bulky 5hmC
not only sterically hindered the activity of AID/APOBEC, but its poor hydrophobic character
was also implicated in substantially decreasing its reactivity, in comparison to all other bases.
The researchers consolidated their results and firmly stated that AID/APOBEC family
members preferentially deaminate unmodified cytosine, yet strongly discriminate against any
and all 5-substituted cytosine substrates [152]. Clearly, this result contradicts the notion of
5hmC deamination to 5hmU, and more so favours the other possibility of 5mC deamination
to thymine. The hope is that future research will work towards eliminating such discrepancies
amongst multiple lines of work as we gain a better understanding of the plausibility of these
pathways.

3.1.5. DNMT dehydroxymethylation

In addition to AID and APOBEC, the activity of DNMTs themselves has recently been
proposed as a possible 5mC demethylation mechanism. In 2012, Chen et al. demonstrated that
DNMT enzymes can remove the hydroxymethyl group of 5hmC in vitro [155]. Hence, 5hmC
is directly converted to cytosine [156]. Although it is still unknown whether such a reaction
takes place in cells [84], it has been established that reducing conditions favour the generally
accepted methyltransferase activity of DNMT3A and 3B while oxidizing conditions are ideal
for dehydroxymethylation activity [155]. Participation in both methylation and demethylation
results in rapid cycling between the removal and replacement of methylation patterns – a
phenomenon that has been reported in two papers to date [157, 158]. In spite of our analysis
of a limited number of experiments, both papers refer to the interplay of TDG and BER in this
transcriptional cycling. Particular repair proteins were, in fact, recruited to site-specific
locations, likely assisting in the reconstruction of the site [140]. Physiological implications must
also be taken into account. S-adenosylmethionine (SAM) is required, not only at low levels for
the DNMT3A/B mediated reaction, but also at specific levels for other biochemical reactions
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[140]. Scientists continue to ponder the other biological effects which would result from rapid
SAM level fluctuations.

Quite clearly, numerous potential active demethylation pathways do exist and the validity of
one over the other is constantly being reassessed. Further oxidation to 5fC or 5caC, direct
removal of the methyl group, AID/APOBEC, TDG, and BER pathways have all been proposed
and are now under scientific scrutiny. Numerous sources highlight the possibility of more than
one of these pathways operating simultaneously with one or more of the others.

4. Case study I: vitamin C

4.1. Scurvy

Lethargy, extreme muscle and joint pain, gum disease, loosening of teeth, and emotional
instability. Often mistaken for syphilis, leprosy, or dysentery, such were the symptoms that
characterized “the plague of the sea” [159].Now a rare disease, scurvy took the lives of two-
thirds of Vasco de Gama’s men, eighty per cent of Magellan’s mates, and terrorized many of
those who took to the sea during the Age of Exploration. Little did the famed 15th century
explorers know that they were losing members of their crew to a vitamin deficiency. Sailors
who boarded ships destined for long journeys relied mainly on cured and salted meats as well
as dried grains, and suffered greatly for their deprivation of perishable fruits and vegetables.
It was not until its identification and isolation in the 1930s that the association between vitamin
C (ascorbate) and its role in scurvy was made. In fact, ascorbic acid, from which the L-
enantiomer, ascorbate, is derived, actually means “anti-scurvy” [160].

Unlike many animals, primates, humans, guinea pigs, and a few varieties of fish, cannot
synthesize vitamin C de novo in the liver [161]. In humans, for instance, the final step of vitamin
C biosynthesis cannot be performed: the conversion of L-gulono-gamma-lactone into ascorbic
acid. The gene that encodes gulonolactone, the enzyme which catalyzes this reaction, is present
in the human genome, but is inactive as a result of mutation accumulation that turned it into
a pseudogene [162]. Vitamin C is known to be a critical component of health, while lack of it
is truly a detriment to the body because of its dual function in a number of enzymatic reactions
as well as its role as an antioxidant.

4.2. Collagen biosynthesis

Without a doubt, vitamin C presence is absolutely vital in the regular synthesis of collagen.
Being the most abundant protein in mammals and composed mainly of connective tissue [163],
the triple helical construction of collagen requires the successful completion of a number of
biochemical events. One of these is the essential enzymatic hydroxylation of proline (Pro)
residues into hydroxyproline (Hyp) by prolyl-4-hydroxylase (P4H) [164]. A member of a
dioxygenase superfamily, P4H decarboxylates the co-substrate, α-ketoglutarate, and utilizes
Fe2+as a co-factor, yielding hydroxyproline and an oxidized Fe3+[165]. For full catalytic activity,
ascorbate is required as another co-factor in the reaction [166, 167]. In the absence of ascorbate,
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glycosylase or BER pathway [153]. This process would result in the eventual replacement by
cytosine. The over-expression of TET1 and AID have been observed to lead to a global
accumulation of 5hmU [153]. Two potential pathways may compete with one another because
both TDG as well as selective monofunctional uracil-DNA glycosylase 1 (SMUG1) have strong
affinity towards the mismatch that would be generated upon deamination: G:hmU [153, 154].
Hence, one of these mechanisms is thought to play a vital role in mediating the downstream
commencement of BER following 5mC hydroxylation. Such observations substantiate what
many studies propose: that TDG plays an absolutely essential role in active demethylation,
regardless of what mechanism succeeds it.

Perhaps what could be considered the downfall of the AID/APOBEC pathway was elucidated
in a series of experiments and simulations conducted by Nabel et al. [152]. Insisting that the
role of this deamination-based mechanism is limited, the researchers examined the plausibility
of this pathway by investigating the biochemistry of natural and non-natural modified
cytosines. The series of substrates represented a 150 fold difference in reactivity, with the size
of the substituent being an integral determinant of susceptibility to deamination. At one end
of the scale was unmodified cytosine, the behavior of which as a deaminase substrate was
unequivocally superior to all other larger natural and unnatural substrates. The bulky 5hmC
not only sterically hindered the activity of AID/APOBEC, but its poor hydrophobic character
was also implicated in substantially decreasing its reactivity, in comparison to all other bases.
The researchers consolidated their results and firmly stated that AID/APOBEC family
members preferentially deaminate unmodified cytosine, yet strongly discriminate against any
and all 5-substituted cytosine substrates [152]. Clearly, this result contradicts the notion of
5hmC deamination to 5hmU, and more so favours the other possibility of 5mC deamination
to thymine. The hope is that future research will work towards eliminating such discrepancies
amongst multiple lines of work as we gain a better understanding of the plausibility of these
pathways.

3.1.5. DNMT dehydroxymethylation

In addition to AID and APOBEC, the activity of DNMTs themselves has recently been
proposed as a possible 5mC demethylation mechanism. In 2012, Chen et al. demonstrated that
DNMT enzymes can remove the hydroxymethyl group of 5hmC in vitro [155]. Hence, 5hmC
is directly converted to cytosine [156]. Although it is still unknown whether such a reaction
takes place in cells [84], it has been established that reducing conditions favour the generally
accepted methyltransferase activity of DNMT3A and 3B while oxidizing conditions are ideal
for dehydroxymethylation activity [155]. Participation in both methylation and demethylation
results in rapid cycling between the removal and replacement of methylation patterns – a
phenomenon that has been reported in two papers to date [157, 158]. In spite of our analysis
of a limited number of experiments, both papers refer to the interplay of TDG and BER in this
transcriptional cycling. Particular repair proteins were, in fact, recruited to site-specific
locations, likely assisting in the reconstruction of the site [140]. Physiological implications must
also be taken into account. S-adenosylmethionine (SAM) is required, not only at low levels for
the DNMT3A/B mediated reaction, but also at specific levels for other biochemical reactions
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[140]. Scientists continue to ponder the other biological effects which would result from rapid
SAM level fluctuations.

Quite clearly, numerous potential active demethylation pathways do exist and the validity of
one over the other is constantly being reassessed. Further oxidation to 5fC or 5caC, direct
removal of the methyl group, AID/APOBEC, TDG, and BER pathways have all been proposed
and are now under scientific scrutiny. Numerous sources highlight the possibility of more than
one of these pathways operating simultaneously with one or more of the others.

4. Case study I: vitamin C

4.1. Scurvy

Lethargy, extreme muscle and joint pain, gum disease, loosening of teeth, and emotional
instability. Often mistaken for syphilis, leprosy, or dysentery, such were the symptoms that
characterized “the plague of the sea” [159].Now a rare disease, scurvy took the lives of two-
thirds of Vasco de Gama’s men, eighty per cent of Magellan’s mates, and terrorized many of
those who took to the sea during the Age of Exploration. Little did the famed 15th century
explorers know that they were losing members of their crew to a vitamin deficiency. Sailors
who boarded ships destined for long journeys relied mainly on cured and salted meats as well
as dried grains, and suffered greatly for their deprivation of perishable fruits and vegetables.
It was not until its identification and isolation in the 1930s that the association between vitamin
C (ascorbate) and its role in scurvy was made. In fact, ascorbic acid, from which the L-
enantiomer, ascorbate, is derived, actually means “anti-scurvy” [160].

Unlike many animals, primates, humans, guinea pigs, and a few varieties of fish, cannot
synthesize vitamin C de novo in the liver [161]. In humans, for instance, the final step of vitamin
C biosynthesis cannot be performed: the conversion of L-gulono-gamma-lactone into ascorbic
acid. The gene that encodes gulonolactone, the enzyme which catalyzes this reaction, is present
in the human genome, but is inactive as a result of mutation accumulation that turned it into
a pseudogene [162]. Vitamin C is known to be a critical component of health, while lack of it
is truly a detriment to the body because of its dual function in a number of enzymatic reactions
as well as its role as an antioxidant.

4.2. Collagen biosynthesis

Without a doubt, vitamin C presence is absolutely vital in the regular synthesis of collagen.
Being the most abundant protein in mammals and composed mainly of connective tissue [163],
the triple helical construction of collagen requires the successful completion of a number of
biochemical events. One of these is the essential enzymatic hydroxylation of proline (Pro)
residues into hydroxyproline (Hyp) by prolyl-4-hydroxylase (P4H) [164]. A member of a
dioxygenase superfamily, P4H decarboxylates the co-substrate, α-ketoglutarate, and utilizes
Fe2+as a co-factor, yielding hydroxyproline and an oxidized Fe3+[165]. For full catalytic activity,
ascorbate is required as another co-factor in the reaction [166, 167]. In the absence of ascorbate,
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this reaction can perform at a maximal rate, but only to a certain extent [164]. A buildup of
Fe3+requires the activity of ascorbate as a potent reducing agent to regenerate the reduced form
of iron: Fe2+[168, 169]. In this way, the catalytic potential of P4H is maintained at an efficient
level.

Ascorbate deficiency, the situation which arose when sailors went to sea for several months at
a time, leads to the incomplete hydroxylation of proline residues in collagen, which results in
its improper folding [170]. Non-functional collagen in blood vessels and bones has been
attributed to the severe bone and blood vessel related symptoms that came to characterize
scurvy. As a point of interest, the symptoms that extended beyond the changes in bones and
blood vessels, have also been linked to vitamin C deficiency. Prolyl hydroxylases are only one
of a number of enzymes whose mechanism of action relies on this vitamin. The synthesis of
norepinephrine from dopamine, for instance, is catalyzed by dopamine beta hydroxylase,
another enzyme which utilizes vitamin C as a co-factor [171]. Required for the generation of
metabolic energy via mitochondrial breakdown of fatty acids, carnitine synthesis [172], also
necessitates the utilization of ascorbate. Thus, the neurological dysfunctioning of the sailors
and their symptoms of lassitude can both be attributed to a lack of this indispensable vitamin.

Figure 4. Structure of ascorbate. The vital nature of vitamin C (ascorbate) is exemplified by its dual function in the
human body, acting as both a cofactor as well as an antioxidant. Collagen biosynthesis necessitates the hydroxylation
of proline residues by prolyl-4-hydroxylase – one of a number of biochemical reactions that require the presence of
vitamin C. Belonging to the same family as P4H, TET proteins were proposed as possible enzymes whose catalytic ac‐
tion might also have been augmented by the presence of vitamin C. Recent studies have found that ascorbate is re‐
sponsible for widespread, yet specific demethylation, by way of inducing the generation of 5hmC by TET enzymes

Thus far, we have explored an interesting historical event that revealed the enormous impact
of vitamin C on human health. The indisputably important role of vitamin C is further
highlighted by its role in collagen biosynthesis. What’s more intriguing is the fact that prolyl
hydroxylases belong to the same family as the TET enzymes and share numerous structural
features. The possibility of vitamin C interacting with the TET proteins and potentially
contributing to the epigenetic landscape of modifications has become an area of scientific
interest.

A recent report from Minor et al. conclusively stated that ascorbate induces the generation of
5hmC by TET enzymes, likely acting as a co-factor in the reaction [173]. Utilizing mouse
embryonic fibroblasts (MEFs), the addition of ascorbate in a time-and dose-dependent manner
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was unmistakably seen to correlate with increased 5hmC levels. A novel role for vitamin C in
epigenetic modifications has been brought to the forefront. In cells with knocked down TET
expression, ascorbate still enhanced the generation of 5hmC by at least 3 fold above basal levels
[173]. Rather than protein synthesis, it was shown that the mere accumulation of ascorbate
inside the cells was all that was necessary in order to observe increased 5hmC levels. The
researchers noted that a detailed mechanism for ascorbate’s interaction with the TET enzymes
has yet to be elucidated, but the similarity between TET and P4H catalytic action, points
towards ascorbate performing a comparable role in TETs as it does for P4H [173].

Due to its enhancement of cell proliferation, vitamin C is a commonly used medium supple‐
ment in ES cell culture. A Stem Cells report from Chung et al. showed that vitamin C, at the
concentration used in commercial media (50 µg/mL), promotes widespread DNA demethy‐
lation of human ES cells, yet, with remarkable specificity for the location of demethylation
[174]. This study showed that the ascorbate-mediated hypomethylation of CpG island shores
was highly correlated with gene expression at these sites. A precise set of 1,847 genes experi‐
enced altered gene expression as a result of ascorbate addition. From this, researchers specu‐
lated that DNA topology may have been changed such that histone demethylase and acetylase
activity subsequently altered the accessibility of DNA to other factors [174].

Clearly, numerous connections are being made between vitamin C and the epigenetic land‐
scape. Not only does the vitamin act as a co-factor in enzymatic reactions, but its biochemistry
allows it to participate in an even wider array of interactions (Figure 4). As its demethylation
potential is remarkably specific in locale, it was first speculated that this vitamin must be
interacting with other enzymes to execute its action. Indeed, this interaction has been con‐
firmed in the way that TET enzymes are thought to modulate the actual demethylation with
ascorbate acting as a co-factor. Although the exact antioxidant behavior of vitamin C is not
thoroughly illuminated here, the potential role of the general class of antioxidants is revealed
in the context of the pathogenesis of atherosclerosis. Hence, vitamin C is intricately linked with
another underlying theme of this chapter: cardiovascular disease.

4.3. Epigenetic mechanisms and the vascular endothelium

Endothelial cells, those that line the lumen of all blood vessels in mammals, mark the interface
between blood flow and the entrance of substances into tissues and organs. The endothelium,
itself, is composed of a thin layer of endothelial cells and an even thinner layer of basal lamina
beneath the cells. Vascular smooth muscle cells neighbour the endothelial cells, but, as will be
discussed later, exhibit remarkably distinct gene expression. Vasorelaxation was argued, by
Furchgott and Zawadzki, to rely on an intact endothelial lining, from which an endothelium-
derived relaxing factor (EDRF) would be released [175]. Soon after, the EDRF was recognized
to be nitric oxide (NO) [176, 177]. Nitric oxide is now considered to be an incredibly vital
component for maintaining vasculature tone due to its antiatherogenic and antithrombotic
properties [177]. Nitric oxide generation is highly implicated in vasodilation, as well as its
inhibition of platelet aggregation, leukocyte adhesion, and vascular smooth muscle cell
proliferation [178-180].
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this reaction can perform at a maximal rate, but only to a certain extent [164]. A buildup of
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highlighted by its role in collagen biosynthesis. What’s more intriguing is the fact that prolyl
hydroxylases belong to the same family as the TET enzymes and share numerous structural
features. The possibility of vitamin C interacting with the TET proteins and potentially
contributing to the epigenetic landscape of modifications has become an area of scientific
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A recent report from Minor et al. conclusively stated that ascorbate induces the generation of
5hmC by TET enzymes, likely acting as a co-factor in the reaction [173]. Utilizing mouse
embryonic fibroblasts (MEFs), the addition of ascorbate in a time-and dose-dependent manner
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was unmistakably seen to correlate with increased 5hmC levels. A novel role for vitamin C in
epigenetic modifications has been brought to the forefront. In cells with knocked down TET
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inside the cells was all that was necessary in order to observe increased 5hmC levels. The
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has yet to be elucidated, but the similarity between TET and P4H catalytic action, points
towards ascorbate performing a comparable role in TETs as it does for P4H [173].

Due to its enhancement of cell proliferation, vitamin C is a commonly used medium supple‐
ment in ES cell culture. A Stem Cells report from Chung et al. showed that vitamin C, at the
concentration used in commercial media (50 µg/mL), promotes widespread DNA demethy‐
lation of human ES cells, yet, with remarkable specificity for the location of demethylation
[174]. This study showed that the ascorbate-mediated hypomethylation of CpG island shores
was highly correlated with gene expression at these sites. A precise set of 1,847 genes experi‐
enced altered gene expression as a result of ascorbate addition. From this, researchers specu‐
lated that DNA topology may have been changed such that histone demethylase and acetylase
activity subsequently altered the accessibility of DNA to other factors [174].

Clearly, numerous connections are being made between vitamin C and the epigenetic land‐
scape. Not only does the vitamin act as a co-factor in enzymatic reactions, but its biochemistry
allows it to participate in an even wider array of interactions (Figure 4). As its demethylation
potential is remarkably specific in locale, it was first speculated that this vitamin must be
interacting with other enzymes to execute its action. Indeed, this interaction has been con‐
firmed in the way that TET enzymes are thought to modulate the actual demethylation with
ascorbate acting as a co-factor. Although the exact antioxidant behavior of vitamin C is not
thoroughly illuminated here, the potential role of the general class of antioxidants is revealed
in the context of the pathogenesis of atherosclerosis. Hence, vitamin C is intricately linked with
another underlying theme of this chapter: cardiovascular disease.

4.3. Epigenetic mechanisms and the vascular endothelium

Endothelial cells, those that line the lumen of all blood vessels in mammals, mark the interface
between blood flow and the entrance of substances into tissues and organs. The endothelium,
itself, is composed of a thin layer of endothelial cells and an even thinner layer of basal lamina
beneath the cells. Vascular smooth muscle cells neighbour the endothelial cells, but, as will be
discussed later, exhibit remarkably distinct gene expression. Vasorelaxation was argued, by
Furchgott and Zawadzki, to rely on an intact endothelial lining, from which an endothelium-
derived relaxing factor (EDRF) would be released [175]. Soon after, the EDRF was recognized
to be nitric oxide (NO) [176, 177]. Nitric oxide is now considered to be an incredibly vital
component for maintaining vasculature tone due to its antiatherogenic and antithrombotic
properties [177]. Nitric oxide generation is highly implicated in vasodilation, as well as its
inhibition of platelet aggregation, leukocyte adhesion, and vascular smooth muscle cell
proliferation [178-180].
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A number of biochemical pathways in aerobic cells produce oxygen-derived free radicals as
by-products. Free radicals are molecules with a single unpaired electron, exhibiting great
chemical instability and high reactivity. Donating or accepting an electron normally results in
the generation of another free radical. Normal cellular respiration produces O2

-, the superoxide
anion, while the hydroxyl radical OH. is the by-product of the reaction intended to eliminate
O2

-. Humans have evolved a number of strategies to combat the production of these reactive
oxygen species (ROS). For this purpose, humans are able to utilize diet-derived or de novo
antioxidants in an effort to convert the damaging species into less toxic substances. Despite
this effort, when the levels of reactive oxygen species are appreciably greater than antioxidant
levels, a condition known as oxidative stress results. Free radicals, which are further generated
from oxidative stress, induce tissue damage and are responsible for detrimental modification
of lipids and proteins in the vasculature.

The damaging impacts of oxidative stress are seen nowhere as vividly as they are in the
endothelium. Endothelial function is impaired by the conditions and NO production is
diminished. The effects are disastrous: reduced vasodilation, enhanced platelet activation, and
increased vascular smooth muscle migration and proliferation [181]. In the way that each of
these outcomes lead to dysfunctioning of the endothelium, all have severe consequences for
the pathogenesis of atherosclerosis. A condition primarily of the intima and a pre-cursor for a
number of severe organismal dysfunctions, atherosclerosis can affect arteries as large as the
aorta or as small as the tertiary branches of coronary arteries [182].

4.4. Pathogenesis of atherosclerosis

The lipid deposition associated with atherosclerosis is derived from an excess of low-density
lipoprotein (LDL), the so-called “bad cholesterol,” in the plasma. Endothelial damage, such
that would occur during oxidative stress conditions, allows for the leakage of LDL into the
sub-endothelial space via LDL receptors in endothelial cells [183, 184]. There, the free radical
and other oxidized agents attack incoming LDL molecules and generate oxidized LDL (ox-
LDL) [184]. Endothelial cells and smooth muscle cells have the capacity to oxidize LDL utilizing
free radicals, the presence of which initiated the oxidative stress conditions [185-187]. Expres‐
sion of adhesive cell surface glycoproteins such as VCAM-1 and ICAM-1 is induced as a result
of mildly oxidized LDL [188-190]. Moreover, a variety of molecules within the intravascular
space are responsible for attracting and modifying monocytes. An environment such as this,
is now rich in modified lipoproteins, chemoattractants, and growth factors, all facilitating the
differentiation of incoming monocytes into macrophages. These macrophages are quite
powerful in that they are capable of a more relentless oxidation of LDL, acting as phagocytes
and promoting smooth muscle cell migration and proliferation [188-191]. These lipid filled
macrophages accumulate rapidly and begin to form the foam cells that characterize an
atherosclerotic lesion on its way to becoming a clinically significant and potentially severe
condition. Because LDL leakage is un-regulated, greater accumulation will lead to the bursting
of the cell and an explosion of free radicals and ox-LDL – an event which upholds the cycling
of cytoxicity, worsening the damage to the endothelium.
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Clearly, the oxidation of LDL exhibits an enormously harmful effect on the endothelium and
drastically alters the dynamics of its cellular function. Hence, endothelial injury and dysfunc‐
tion have been proposed as the initiating events of atherosclerosis. In the presence of cardio‐
vascular risk factors including hyperlipidemia, hypercholesterolemia, smoking, diabetes, and
hypertension, the likelihood of cardiovascular disease is highly augmented.

For quite some time, increased antioxidant intake has been investigated for its potential
biochemical role in reducing the levels of ROS. Antioxidants are known to protect cells from
the effects of free radical damage either by disturbing their mode of production or by attenu‐
ating their proliferation once they have formed. They accomplish the former by converting
free radical reactants into stable species and the latter takes place via neutralizing the effects
of free radical molecules. More precisely, these antioxidants often act by donating an unpaired
electron to the unstable free radical, themselves now in the position of becoming a pro-
oxidative species. Yet, the structure of antioxidants is usually such that their unpaired electron
can be stabilized by adapting one of several possible resonance structures [192-194]. Hence,
antioxidants appear to be a very viable preventative measure towards the onset of atheroscle‐
rosis and potentially subsequent cardiovascular disease. Long-term studies must be conducted
to judge the dose-and time-dependency of the plethora of potential antioxidants. Many of these
substances play several integral roles in the body and any beneficial outcomes may not be a
direct result of a substance’s anti-atherosclerotic properties, per se. Furthermore, atherosclero‐
sis pathogenesis is outstandingly complicated and it is now known that the condition’s
progression is linked to a number of redox-sensitive events that extend beyond the oxidation
of LDL [195]. A great deal more investigation will have to be undertaken in an attempt to
determine which components of the oxidative stress state are critical for atherosclerosis and
the precise mechanism by which antioxidants function.

4.5. Epigenetic regulation of eNOS

Until this point, nitric oxide production and inhibition have been discussed in the context of
atherosclerotic plaque formation and their potential role in cardiovascular disease. Moreover,
from an epigenetic perspective, the endothelium and its biochemical properties also present
an incredibly fascinating model. In mammals, three isoforms of nitric oxide synthase (NOS),
encoded by genes on distinct chromosomes: neuronal NOS (nNOS), inducible NOS (iNOS),
and endothelial NOS (eNOS), are responsible for the production of nitric oxide [196-198]. The
latter of these, eNOS, is known to be the dominant producer of NO and has been found to be
constitutively expressed in the endothelium [199]. The eNOS gene, itself, contains 26 exons
over the length of 21 kb of genomic DNA, maps to chromosome 7q35-36, and is present as a
single copy in the haploid genome [196-198, 200]. Additionally, the gene’s promoter has no
proximal CpG island and a TATA box is also absent [201]. eNOS deficiency, in animals, has
been linked to pulmonary hypertension, atypical vascular remodeling, and flawed angiogen‐
esis [181, 202]. eNOS deficiency in humans has been observed in pulmonary hypertensive
individuals and in the coating of advanced plaques [203]. Much attention has been given to
discovering and documenting the regulation of eNOS in vitro as well as in vivo.

Epigenetic Mechanisms of the Vascular Endothelium
http://dx.doi.org/10.5772/58569

23



A number of biochemical pathways in aerobic cells produce oxygen-derived free radicals as
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increased vascular smooth muscle migration and proliferation [181]. In the way that each of
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number of severe organismal dysfunctions, atherosclerosis can affect arteries as large as the
aorta or as small as the tertiary branches of coronary arteries [182].

4.4. Pathogenesis of atherosclerosis

The lipid deposition associated with atherosclerosis is derived from an excess of low-density
lipoprotein (LDL), the so-called “bad cholesterol,” in the plasma. Endothelial damage, such
that would occur during oxidative stress conditions, allows for the leakage of LDL into the
sub-endothelial space via LDL receptors in endothelial cells [183, 184]. There, the free radical
and other oxidized agents attack incoming LDL molecules and generate oxidized LDL (ox-
LDL) [184]. Endothelial cells and smooth muscle cells have the capacity to oxidize LDL utilizing
free radicals, the presence of which initiated the oxidative stress conditions [185-187]. Expres‐
sion of adhesive cell surface glycoproteins such as VCAM-1 and ICAM-1 is induced as a result
of mildly oxidized LDL [188-190]. Moreover, a variety of molecules within the intravascular
space are responsible for attracting and modifying monocytes. An environment such as this,
is now rich in modified lipoproteins, chemoattractants, and growth factors, all facilitating the
differentiation of incoming monocytes into macrophages. These macrophages are quite
powerful in that they are capable of a more relentless oxidation of LDL, acting as phagocytes
and promoting smooth muscle cell migration and proliferation [188-191]. These lipid filled
macrophages accumulate rapidly and begin to form the foam cells that characterize an
atherosclerotic lesion on its way to becoming a clinically significant and potentially severe
condition. Because LDL leakage is un-regulated, greater accumulation will lead to the bursting
of the cell and an explosion of free radicals and ox-LDL – an event which upholds the cycling
of cytoxicity, worsening the damage to the endothelium.
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Clearly, the oxidation of LDL exhibits an enormously harmful effect on the endothelium and
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hypertension, the likelihood of cardiovascular disease is highly augmented.
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the effects of free radical damage either by disturbing their mode of production or by attenu‐
ating their proliferation once they have formed. They accomplish the former by converting
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of free radical molecules. More precisely, these antioxidants often act by donating an unpaired
electron to the unstable free radical, themselves now in the position of becoming a pro-
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antioxidants appear to be a very viable preventative measure towards the onset of atheroscle‐
rosis and potentially subsequent cardiovascular disease. Long-term studies must be conducted
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an incredibly fascinating model. In mammals, three isoforms of nitric oxide synthase (NOS),
encoded by genes on distinct chromosomes: neuronal NOS (nNOS), inducible NOS (iNOS),
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latter of these, eNOS, is known to be the dominant producer of NO and has been found to be
constitutively expressed in the endothelium [199]. The eNOS gene, itself, contains 26 exons
over the length of 21 kb of genomic DNA, maps to chromosome 7q35-36, and is present as a
single copy in the haploid genome [196-198, 200]. Additionally, the gene’s promoter has no
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been linked to pulmonary hypertension, atypical vascular remodeling, and flawed angiogen‐
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discovering and documenting the regulation of eNOS in vitro as well as in vivo.
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Transcriptional, posttranscriptional, and posttranslational pathways have been linked to the
intriguing regulation of eNOS [199]. In addition to von Willebrand factor (vWF), vascular-
endothelial cadherin (VE-cadherin), intercellular adhesion molecule-2 (ICAM-2), and the
vascular endothelial growth factor receptors (VEGFR1 and VEGFR2), eNOS is one of many
proteins whose expression is largely endothelial-cell specific [181]. This remarkable nuance
has allowed for gene regulation study, from a predominantly epigenetic perspective.

The classic cis/trans mentality would be the simplest way to account for the endothelial-cell
specificity that is observed in eNOS and the other abovementioned proteins. By this way of
thinking, the cis-acting elements would bind the 5` regulatory regions of target genes in near
proximity. Trans-acting factors would be recruited, but they themselves, would have to be cell-
restricted in expression. This arrangement would describe gene expression regulated by a
master transcription factor. Several well documented instances of master regulation, in
mammalian biology, include NeuroD in neurons [204], smooth muscle cell myocardin [205],
peroxisome proliferator-actived receptor-γ in adipocytes [206], with the most profound
example being MyoD in skeletal muscle cells [207]. In spite of all of these examples, a master
regulator in endothelial cells has yet to be discovered [181]. There are some transcription
factors, such as Hey2, Vezf1, HoxA9 [181], and KLF2 [208] which are preferentially expressed
in the vascular endothelium, but can also be found in other locales. Much research is dedicated
to establishing the prominence of each of these in the vascular endothelium, especially KLF2
(kruppel-like factor 2). Cis-DNA binding elements in the 5`-regulatory regions have been found
in a number of the endothelial-cell restricted genes, and the current train of thought tends
towards the cooperative activity of a unique combination of transcription factors present in
endothelial cells and not in any other cell type [181].

4.6. Role of DNA methylation & eNOS expression

A differentially methylated region (DMR) that had been detected in the proximal promoter of
eNOS in expressing cell types has been observed to be unmethylated or lightly methylated
whereas that same DMR in nonexpressing cell types was heavily methylated [209]. Combina‐
tion of chromatin immunoprecipitation (ChIP) and quantitative real-time PCR revealed the
preferential attraction of transcription factors Sp1, Sp3, and Ets1 to the eNOS proximal
promoter of endothelial cells, even though they were also present in the tested nonexpressing
cell type: vascular smooth muscle cells (VSMC) [209]. Not only did RNA polymerase II
preferentially bind to the proximal promoter of eNOS in endothelial cells, but the transcrip‐
tionally repressive methyl-CpG-binding domain protein, MeCP2, was attracted to the pro‐
moter of VSMCs [210]. Upon treatment with the DNMT inhibitor, 5-azacytidine, those heavily
methylated CpG sites were found to be unmethylated, while expression of the eNOS mRNA
was seen to increase [209]. Hence, human eNOS is the first identified constitutively expressed
vascular endothelium gene whose specificity in expression, is at least partially dictated by
DNA methylation [209].
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4.7. A histone code for the endothelium

Despite the prominence of DNA methylation pathways in these intricate biochemical sequen‐
ces, other chromatin based mechanisms, especially histone posttranslational modifications,
have been studied in the context of eNOS. Transcriptionally activating marks such as the
acetylation of H3 and H4 as well as the di-and tri-methylation of H3K4 have been experimen‐
tally detected in nucleosomes of the eNOS proximal promoter in expressing, but not nonex‐
pressing human cell types [211]. As would be predicted, histone deacetylases (HDAC1 but not
HDAC 2 or 3) were found at the promoter region of nonendothelial cell types [211]. We used
ChIP analysis which recognized, at the eNOS promoter in endothelial cells, the discernible
enrichment of acetylated H3K9 and H4K12. The above observations support the existence of
a histone code unique to the endothelium, whose precise posttranslational modifications are,
to a degree, responsible for gene expression regulation in the endothelium [209, 211].

In summary, current studies are attempting to decipher the relative importance of both DNA
methylation and histone posttranslational modifications in gene expression regulation in the
vascular endothelium. The ways in which these patterns are initially laid down in development
are likely complex and understanding them is still well into the future. It has been speculated
that disturbances of these epigenetic pathways may have implications for human health and
disease. As we have seen, decreased eNOS expression, and hence, reduced NO production,
can have profound consequences for conditions such as atherosclerosis.

4.8. LncRNA and the cardiovascular system

With the traditional four base static genetic code failing to account for the missing heritability
of complex genetic disease phenotypes, the dynamic epigenetic code is becoming widely
accepted as an important determinant of cardiovascular pathologies [212]. Epigenetics
provides a heritable link between our environment and diseases classically linked to genetics.
It should come as no surprise, then, that if lncRNAs can act as epigenetic regulators they might
have a crucial role to play in the development and homeostasis of the cardiovascular system
(Figure 5).

Advances in genome sequencing have allowed for new genetic screening techniques that are
more accurate than ever. Within the last decade, genome wide association studies (GWAS)
have paved the way for understanding genetic variation in common complex diseases. While
traditional family based and linkage analysis studies are effective in identifying rare disease
causing mutations, they fail to uncover genetic variation amongst common diseases such as
cardiovascular disease [213]. Advances in genomic sequencing have lead to the establishment
of databases like the Human Genome Project and the Human Haplotype Map Project that have
allowed GWAS to become a useful and accurate tool for correlating single nucleotide poly‐
morphisms (SNPs) to disease phenotype when implemented correctly. Using microarray
technologies, up to a million SNPs can be assessed.

Interest in cardiovascular epidemiology has led to a number of GWA studies examining
coronary artery disease (CAD) [214]. These studies found an unexpected risk association at
the 9p21 locus, a locus with few protein coding genes. This locus showed the strongest genetic
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Transcriptional, posttranscriptional, and posttranslational pathways have been linked to the
intriguing regulation of eNOS [199]. In addition to von Willebrand factor (vWF), vascular-
endothelial cadherin (VE-cadherin), intercellular adhesion molecule-2 (ICAM-2), and the
vascular endothelial growth factor receptors (VEGFR1 and VEGFR2), eNOS is one of many
proteins whose expression is largely endothelial-cell specific [181]. This remarkable nuance
has allowed for gene regulation study, from a predominantly epigenetic perspective.

The classic cis/trans mentality would be the simplest way to account for the endothelial-cell
specificity that is observed in eNOS and the other abovementioned proteins. By this way of
thinking, the cis-acting elements would bind the 5` regulatory regions of target genes in near
proximity. Trans-acting factors would be recruited, but they themselves, would have to be cell-
restricted in expression. This arrangement would describe gene expression regulated by a
master transcription factor. Several well documented instances of master regulation, in
mammalian biology, include NeuroD in neurons [204], smooth muscle cell myocardin [205],
peroxisome proliferator-actived receptor-γ in adipocytes [206], with the most profound
example being MyoD in skeletal muscle cells [207]. In spite of all of these examples, a master
regulator in endothelial cells has yet to be discovered [181]. There are some transcription
factors, such as Hey2, Vezf1, HoxA9 [181], and KLF2 [208] which are preferentially expressed
in the vascular endothelium, but can also be found in other locales. Much research is dedicated
to establishing the prominence of each of these in the vascular endothelium, especially KLF2
(kruppel-like factor 2). Cis-DNA binding elements in the 5`-regulatory regions have been found
in a number of the endothelial-cell restricted genes, and the current train of thought tends
towards the cooperative activity of a unique combination of transcription factors present in
endothelial cells and not in any other cell type [181].

4.6. Role of DNA methylation & eNOS expression

A differentially methylated region (DMR) that had been detected in the proximal promoter of
eNOS in expressing cell types has been observed to be unmethylated or lightly methylated
whereas that same DMR in nonexpressing cell types was heavily methylated [209]. Combina‐
tion of chromatin immunoprecipitation (ChIP) and quantitative real-time PCR revealed the
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4.7. A histone code for the endothelium
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the 9p21 locus, a locus with few protein coding genes. This locus showed the strongest genetic
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correlation to CAD, with ~20-25% of the Caucasian population homozygous for the risk
haplotype corresponding to a 30-40% increase in CAD development [215]. Interestingly,
however, the sequence of a recently described lncRNA, ANRIL (antisense non-coding RNA in
the INK4 locus), was found to overlap with this genomic region [216]. These discoveries put
the spotlight on ANRIL as a new potential regulator of cardiovascular integrity. As such, many
recent studies have shed light on the functions of ANRIL. ANRIL is expressed in endothelial
cells, vascular smooth muscle cells, and leukocytes, all of which are involved in the patho‐
genesis of atherosclerosis [217]. One of the key findings from studies with ANRIL was its
function as an epigenetic regulator of the INK4a/ARF/INK4b locus. This locus encodes three
proteins, p15, p14ARF, and p16, all with important implications as cell cycle regulators, which
together slow cell proliferation. Initiation and maintenance of INK4a/ARF/INK4b gene repres‐
sion is mediated by PRC2 and PRC1, respectively. As demonstrated by Xist and HOTAIR, PRC
complexes seem to have a common relation to lncRNAs. ANRIL is no exception, and interacts
with the SUZ12 subunit of PRC2 and the chromobox 7 (CBX7) subunit of PRC1, recruiting
them in cis to the INK4a/ARF/INK4b locus. Indeed, knockdowns of ANRIL show a decrease
in CBX7 and a subsequent increase in INK4a/ARF/INK4b gene expression. Although the exact
mechanism of ANRIL’s association to cardiovascular diseases has yet to be elucidated, the
preliminary correlation has been made and further work may yet confirm ANRIL as the
important regulatory molecule it is hypothesized to be.

Figure 5. ANRIL is expressed in tissues associated with atherosclerosis. Expression of ANRIL in leukocytes, VSMCs, and
endothelial cells acts in cis to repress the neighboring lNK4a/ARF/lNK4b locus harboring important cell cycle regula‐
tors. Silencing occurs via the recruitment of PRC1 and PRC2 complexes and subsequent increase in the repressive
H3K27me3 histone modification.

More recently, new studies have identified a number of lncRNAs associated with the cardio‐
vascular system. Specifically, two lncRNA have emerged as potential regulators of murine
cardiogenesis. One group of researchers has identified a novel lncRNA, deemed Braveheart
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(Bvht), which plays a role in cardiac development [218]. Bvht is an ~590 nucleotide mouse-
specific transcript that has been shown to be an essential regulator of cardiac commitment in
embryonic stem cells. Knockdown of Bvht in mouse ES cells, which were allowed to differen‐
tiate into cardiomyocytes, showed a substantial decrease in the percent of contractile cells
compared to the control. Although the mechanism is unclear, evidence suggests that Bvht
functions upstream of the MesP1 pathway, a known regulator of cardiac mesoderm develop‐
ment [219]. Notably, Bvht, in agreement with an emerging theme among lncRNAs, was also
shown to interact with PRC complexes [218]. Bvht interacts with the SUZ12 component of the
PRC2 complex. This provides some insight into its function as a possible epigenetic regulator
of cardiac gene expression, although it is not known whether this interaction acts to keep PRC2
from repressing genes needed for cardiogenesis, or if it functions to recruit the repressive
complex to genes that inhibit this process.

Shortly after the discovery of Bvht, another group reported an lncRNA in mice, named Fendrr,
which was similarly involved in the development of the heart [220]. Fendrr is expressed in the
lateral mesoderm of the developing embryo, where it is required for differentiation into lateral
mesoderm derivatives, most notably the cardiac mesoderm and ventral body wall. Accord‐
ingly, Fendrr null mutant embryos are embryonic lethal and display distinct phenotypic
changes in the heart, such as cardiac hypoplasia and impaired function. Once again, epigenetic
regulation by an lncRNA is the likely culprit for these outcomes. Fendrr null mutants show an
increase in the activating H3K4me3 mark, laid down by the TrxG/MLL complex, at the
promoters of the cardiac development regulators GATA6 and Nkx2-5. Co-immunoprecipita‐
tion assays also show an interaction between Fendrr and TrxG/MLL. Additionally, co-
immunoprecipitation assays also show an interaction of Fendrr with TrxG/MLL and PRC2.
Fendrr interacts with the PRC2 complex in both cis and trans to regulate transcription factors
in the lateral and cardiac mesoderm. Fendrr is able to bind to a region near the neighbouring
Foxf1 gene, where it is believed to anchor and guide PRC2 to the promoter region and increase
H3K27me3.

The lncRNAs mentioned are likely only scratching the surface of important regulators of
cardiovascular function. In fact, one recent study using high-throughput sequencing techni‐
ques to study VSMC in rats has identified 24 novel lncRNA differentially expressed in response
to AngII [221]. Similarly, another study has shown, using high throughput RNA-seq techni‐
ques, that 135 non-coding genes show differential expression in failing murine hearts [222].
Together, these studies illustrate the complexity of the cardiovascular transcriptome. With
thousands of putative lncRNAs, more studies will no doubt uncover similar associations to
the cardiovascular system. Further insight into the function of these lncRNAs is crucial to
realizing their contribution to epigenetics, and is a probable direction of many future studies.

4.9. Epigenetic inheritance

A vital component of the definition of epigenetics and one which has briefly been mentioned
in this chapter is that of the heritability of epigenetic patterns. These patterns carry great
significance for the determination and preservation of defined and consistent gene expression
programs that underlie cell fate decisions during and beyond early development. Despite
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programs that underlie cell fate decisions during and beyond early development. Despite

Epigenetic Mechanisms of the Vascular Endothelium
http://dx.doi.org/10.5772/58569

27



flexibility of these patterns in totipotent and pluripotent stages, this plasticity wanes as
development continues. The inheritance of such patterns is, therefore, of the utmost impor‐
tance. The following section will explore the transmission of such information during the
replication stages that take place in mitosis and meiosis, specifically analyzing DNA methyl‐
ation and histone modification patterns within the context of these two processes.

DNA methylation is a significant epigenetic process that nicely fulfills the criterion for
heritability. It has been proposed that DNA methylation may in fact act as a source of epigenetic
memory, via the mitotic pathway. Previously, we offered a widely accepted and elegant
sequence of events to describe the generational inheritance of DNA methylation patterns. De
novo methyltransferases initially place methylation marks on DNA and, following replication,
the maintenance DNMT marks the nascent strand with the same patterns exhibited by the
original parent strand. Quite simply, DNA methylation absence demarcates active promoter
regions, namely CpG islands, such that the promoters in which they are found remain
potentially transcriptionally active throughout development and maturity. Conversely,
segments of the genome that lack promoter activity become methylated and carry the flags of
repression throughout the life of the organism. Our understanding of methylation pattern
inheritance through mitosis is becoming relatively well elucidated, while more studies must
be dedicated to comprehending the ways in which these patterns are initially laid down.

The semi-conservative model of inheritance that applies to both DNA replication and the
transmission of DNA methylation patterns, had been speculated [223], and is now seldom
conceived to be the main mode of transmission of histone modifications. Although compelling,
this model relies on inherent symmetry within mono-nucleosomes as well as the semi-
conservative separation of H3-H4 tetramers [224] (which, together with H2A and H2B dimers,
make up the nucleosome core). Although two copies of each of the core histones are present
within the nucleosome, it is unknown, yet highly doubted, that histone modifications exist in
a symmetric manner [224]. Given the observation that the vast majority of H3-H4 tetramers
actually segregate in a conservative manner [225-228], the more likely candidates to act as
templates for new patterns would actually be adjacent, pre-existing nucleosomes on the same
strand [224]. A possible mechanism for this may be envisioned whereby a neighbouring
nucleosome that will be used as a template, is marked by a chromatin binding protein or reader
protein [229] which would recruit a writer protein. Such a system may act in repetitive
sequences where a number of nucleosomes all require the same replication. A self-cycling
process has been proposed for up keeping repressive H3K27me3 marks, whereby polycomb
repressive complex 2 (PRC2) binds to its own methylation site [230].

Based on these observations, the literal notion of copying a code during the S phase of the cell
cycle does not seem to be applicable to the intricate system of histone modifications. In the
next section, we mention that DNA methylation patterns likely influence the propagation of
histone modifications. It may be speculated that the semi-conservative model applies well to
DNA methylation pattern transmission, and the flags installed on the newly synthesized
strand then act as markers for prompting the appropriate histone modifications.

Histone variant inheritance outside of S phase has suggested that histone modification
inheritance can be replication-independent, unlike the events described above that would
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predominate at the replication fork. Histone variants are altered versions of one of the four
core histone proteins. For example, H3.3 has been shown to be associated with transcriptionally
active segments and is found abundantly in active histone marks [231-233]. H3.3 nucleosomes
are known to be more dynamic and susceptible to displacement during transcription [234].
Consequently, the density of H3.3 nucleosomes is reduced during transcription. The replica‐
tion-independent re-incorporation of H3.3 appears to be mediated by chaperone proteins, such
as HIRA (Hir-related protein A) following the completion of transcription [235, 236]. Hence,
this particular epigenetic modification can be maintained, despite dilution by replication.

4.10. Histone code dispute

Occasionally, the “histone code” is discussed as an entity whose existence is well established,
while, at other times, it proves to be a highly debated topic. In the following, we will briefly
touch upon these disputable characteristics and why a consensus has yet to be reached in this
matter. Numerous tables have been compiled in an attempt to categorize the diverse range of
possible histone modifications and the assortment of amino acid residues that are subject to
these alterations. In contrast to the genetic code, the universality and predictability of the
potential histone code seem to be much less clear-cut. In stark contrast to the genetic code, the
consistency of histone patterns seems to vary dramatically from lower to higher eukaryotes
[237]. Evidence has accumulated which argues against the notion of a simple binary relation‐
ship between modification and effect.

Turner thoroughly reviewed the concept of a histone code, in light of the extensive possibilities
that result from combinations of modification and amino acid, from the perspective of
semiotics: the study of signs and their use or meaning [237]. The genetic code is highlighted
as the quintessential semiotic code in the way that following the central dogma of molecular
biology (DNA→RNA→protein) requires the utilization of symbols, their meaning, and a code
to make known their meaning. Even though the symbols of an epigenetic code would likely
be combinations of histone modifications with DNA methylation marks, the number of these
is far from being known. Such arrangements would increase in quantity with increasing
number of cell types and would have to be pinpointed at different moments in differentiation.
At this point, we can only speculate as to the number of different outcomes based on the
indefinite capacity for combination. Thus, it can be seen that, in order to accurately describe
the transmission of histone modifications as a “code,” a much more comprehensive synthesis
of the variable arrangements must be attained.

4.11. Relationships between epigenetic pathways

Several attempts have been made at identifying the relationships between the discussed
epigenetic pathways. DNA methylation and histone posttranslational modifications have been
implicated in a wide variety of instances, many of which have been discussed in this chapter.
Biochemical and genetic evidence have tended towards a bidirectional relationship between
the two systems: histone methylation has been seen to guide DNA methylation and a DNA
methylation template likely influences the reversible placement of histone modifications [238].
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In the following, both of these options, in addition to the joint roles they play in repression,
will be discussed.

We can now appreciate the dynamic nature of methylation patterns during early development.
At approximately the implantation stage, a wave of de novo methylation inputs the methylation
patterns that will be transferred to somatic cells in subsequent generations. At the same time,
there is a mechanism, speculated to be the combinatorial binding of cis-acting elements and
active demethylation, which serves to protect CpG islands from indiscriminate de novo
methylation (40, 239-241). Interestingly, there is support for the notion that it is the presence
of H3K4 mono-, di-, or tri-methylation that appears to protect CpG islands before the round
of de novo DNA methylation begins (63, 242). Recent studies suggest that H3K4 methylation
protects DNA from de novo methylation [243, 244]. RNA polymerase II is known to be bound
primarily to CpG islands in the early embryo and is responsible for recruiting H3K4 methyl‐
transferases (Table 1) (63, 243-246). Therefore, it is these regions that remain unmethylated as
a result of early histone modifications.

Another significant event of early development occurs at the time of gastrulation when
targeted repression and de novo methylation of pluripotency preserving genes such as Oct3/4,
takes place [247]. A sequential process ensues: binding of repressor molecules with the Oct3/4
promoter turns off transcription [248-250] and a complex containing the histone methyltrans‐
ferase G9a as well as histone deacetylases are recruited. Deacetylation, one of the histone
modifications associated with transcriptional repression, is the next step, resetting the lysine
residues so that G9a is able to catalyze H3K9 methylation [251]. From here, the successive
binding of heterochromatin protein 1 (HP1) facilitates the formation of heterochromatin [251].
Finally, G9a binding also recruits DNMT3A and 3B [252], meaning that the final stages of
silencing are completed. Gastrulation is the time at which the embryo begins to separate into
germ layers, losing the ability to maintain pluripotency. Accordingly, it is histone modifica‐
tions, working in conjunction with DNA methylation pathways that direct the repression of
the expression of pluripotency-associated genes.

In the above two examples, HP1 was discussed in the context of deacetylation, whereas H3K4
methylation was said to protect CpG islands from de novo DNA methylation in early devel‐
opment. There are other instances, however, where H3K4me acts as a binding site for HP1
[253, 254]. A major component of heterochromatin, HP1, is well known to contribute to the
establishment and maintenance of transcriptionally silent heterochromatin [255].

In addition to these instances of histone modifications guiding DNA methylation patterns,
there is evidence to suggest that, through cell division, DNA methylation is important for
maintaining many histone modifications [251]. As discussed previously, DNA methylation
patterns are faithfully transmitted to the next generation by means of the maintenance
methyltransferase DNMT1 and prior UHRF1and PCNA DNA binding. However, despite the
importance of chromatin structure and composition in initiating transcriptional patterns, these
same structures are liable to disruption as the replication fork and associated complexes make
their way along the DNA during replication [251]. It has been inferred that DNA methylation
patterns may act as an important indicator for the reconstruction of epigenetic patterns. That
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is, the more or less accurate transmission is likely necessary for the reproduction of chromatin
conformation after replication has occurred.

Several studies have found that regions rich in unmethylated DNA are reformed in a rather
open conformation, while those regions with more methylated DNA tend to be restructured
in a sealed configuration [256, 257]. Acetylated (activating) histones are the primary compo‐
nent of those unmethylated, open regions. Conversely, it has also been shown that the
nucleosomes of the compact, closed chromatin contain histones which are primarily non-
acetylated [258, 259]. Also worth noting is the fact that methyl-CpG binding domain proteins
such as MeCP2 and MBD2 also demonstrate the ability to attract histone deacetylases to
methylated DNA regions [260, 261]. There is evidence that, in plants, DNA methylation may
inhibit H3K4 methylation, a mark of activation, while perhaps also directing H3K9 dimethy‐
lation, a repressive indicator (259, 262, 263). Thus, even though the mechanism of action may
still be relatively unknown for a number of these hypotheses, evidence does suggest the
potential of a DNA methylation template guiding the placement of histone modifications.

Earlier in this chapter, upon describing the structure of nucleosomes, we mentioned the fact
that ATP-dependent chromatin remodeling complexes often execute an action of nucleosome
sliding. We revisit this topic here, in light of our exploration of the relationships amongst
epigenetic pathways. The regulation of gene expression has also been found to be affected by
these chromatin remodelers, namely the SNF2 family. Containing helical domains but
executing no helicase activity, these proteins disturb the histone/DNA contacts and are
believed to function in both transcriptional activation and repression, depending on the
context [238]. Briefly, we will highlight a few key avenues of research. Jeddeloh et al. were the
first to link DNA methylation with these SNF2 helicases [264]. In A. thaliana, mutation in a
protein called DDM1 (decreased in DNA methylation) resulted in 70% diminishment in global
DNA methylation levels [264]. The mammalian lymphoid specific helicase (Lsh) has been
found to be the most closely related SNF2 member and has been linked to cell proliferation
[238, 265]. Murine knockout experiments have demonstrated normal development until birth,
but death occurs soon after because of renal lesions, as well as defects in lymphoid develop‐
ment and proliferation [238, 266].

Based on the above examples, there certainly seems to be some sort of connectivity between
the epigenetic pathways. Crosstalk is clearly happening between histone posttranslational
modifications and DNA methylation patterns, despite the fact that they are often studied
independently. Future research would certainly focus on deciphering both the direct and
indirect ways in which these processes act in tandem with one another.

5. Case study II: Dutch winter famine

It is a rare and tragic instance when a serious famine strikes an urban and industrialized setting,
but exactly this happened in the winter of 1944-45 in West Netherlands. Excellent documen‐
tation of the event and the people most affected by it has allowed for the study of nutritional
deprivation, in the form of famine, on human reproduction. Under German occupation, the
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In the following, both of these options, in addition to the joint roles they play in repression,
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their way along the DNA during replication [251]. It has been inferred that DNA methylation
patterns may act as an important indicator for the reconstruction of epigenetic patterns. That
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is, the more or less accurate transmission is likely necessary for the reproduction of chromatin
conformation after replication has occurred.
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executing no helicase activity, these proteins disturb the histone/DNA contacts and are
believed to function in both transcriptional activation and repression, depending on the
context [238]. Briefly, we will highlight a few key avenues of research. Jeddeloh et al. were the
first to link DNA methylation with these SNF2 helicases [264]. In A. thaliana, mutation in a
protein called DDM1 (decreased in DNA methylation) resulted in 70% diminishment in global
DNA methylation levels [264]. The mammalian lymphoid specific helicase (Lsh) has been
found to be the most closely related SNF2 member and has been linked to cell proliferation
[238, 265]. Murine knockout experiments have demonstrated normal development until birth,
but death occurs soon after because of renal lesions, as well as defects in lymphoid develop‐
ment and proliferation [238, 266].

Based on the above examples, there certainly seems to be some sort of connectivity between
the epigenetic pathways. Crosstalk is clearly happening between histone posttranslational
modifications and DNA methylation patterns, despite the fact that they are often studied
independently. Future research would certainly focus on deciphering both the direct and
indirect ways in which these processes act in tandem with one another.

5. Case study II: Dutch winter famine

It is a rare and tragic instance when a serious famine strikes an urban and industrialized setting,
but exactly this happened in the winter of 1944-45 in West Netherlands. Excellent documen‐
tation of the event and the people most affected by it has allowed for the study of nutritional
deprivation, in the form of famine, on human reproduction. Under German occupation, the

Epigenetic Mechanisms of the Vascular Endothelium
http://dx.doi.org/10.5772/58569

31



Western Netherlands suffered an unusually harsh winter, the effects of which were exacer‐
bated by fuel shortages. Homes were not heated, grass and tulip bulbs were consumed, and
every scrap of furniture was burned in a desperate effort to stay alive [267]. Food rationing
has become an inevitably direct consequence of wartime events, and the Dutch Winter Famine
was no exception to this phenomenon. A 1,800 calorie limit had been upheld for four years
before mid-1944 when it was reduced to 1,600. A stark decline placed the limit at 400 calories
in April of 1945 [267]. Although children as well as expectant and nursing mothers did receive
slightly greater quantities, essentially every person suffered from severe hunger [268].

Case studies dedicated to investigating the impact of malnourished mothers on their offspring
came about as a result of the initial Dutch Famine Birth Cohort Study. There are 2414 singletons
born between November of 1943 and February of 1947 in Amsterdam for whom detailed birth
records were collected and who, at the ages of 50 to 58, were surveyed as to their physical and
mental health [268]. In general, low birth weight has been correlated with a number of
conditions later in life: hypertension, insulin resistance, and obesity [268-271]. A decline in
birth weight of up to 300g was seen among those exposed to maternal malnutrition in the third
trimester [272]. The results of the Cohort study clearly demonstrated that exposure to famine
at any point of gestation was associated with glucose intolerance [273]. Interestingly, the first
trimester proved to be the most decisive stage of gestation at which maternal malnutrition
impacts offspring health. Increased rates of coronary artery disease, atherogenic lipid accu‐
mulation, disturbed blood coagulation, type II diabetes, and cardiovascular disease were
exhibited by those exposed to famine in early gestation. This Cohort Study clearly demon‐
strated that, not only is maternal famine exposure during gestation associated with chronic
disease in offspring later life, but that effects varied based on the timing in gestation of famine
exposure.

How can the solitary existence of the static DNA code account for such remarkable differences
witnessed over the course of a single generation? Changes outside of the genome are needed
to explain this trans-generational variation. To address this issue in more detail, Heijmans et
al. focused on insulin-like growth factor 2 (IGF2), a maternally imprinted gene and a crucial
factor in human growth and development, especially during gestation [274].To investigate
whether maternal famine exposure was associated with differences in methylation of IGF2, 60
periconceptionally exposed people were compared with their same-sex sibling. Overall,
exposure was found to be associated with an average reduction of 5.2% methylation in the
DMR of IGF2. All CpG sites, except for one, were seen to be less methylated in those who had
been exposed [274]. Statistically significant data showed periconceptional exposure, but not
later exposure, was associated with this decrease. It is hypothesized that the deficiency of
methyl donors such as the amino acid methionine, from reduced caloric intake, may account
for the hypomethylation of IGF2 [274]. This study was the first to record persistent epigenetic
changes in response to transient environmental conditions.
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6. Concluding remarks

In this chapter, we have aimed to excite readers about the emerging field of epigenetics and
the potential role it will play in future research initiatives. Without underscoring the impor‐
tance of the genetic code, we have attempted to describe epigenetics in such a way that its
significance is comparatively equivalent to that of genetics. The birth of the current molecular
biological paradigm occurred relatively recently in the history of science, especially the history
of scientific revolutions. Whether or not epigenetics is paving the way for a new paradigm in
biology, is a debate that is best left to the philosophers of science. Yet, the relevancy of
epigenetics cannot be understated as we embark on future investigations into human health
and disease.

Known histone posttranslational modifications were explored first, and the repressive,
activating, or joint consequences of a majority of alterations were delineated. Due to its
duration of study, great emphasis was placed on DNA methylation, its consequences,
mediators, and mechanisms of action. Then, we introduced the re-discovery of the promising
6th base pair: 5hmC. Although its role remains highly elusive, a great deal of research has been
devoted to understanding the demethylation pathways in which this base is likely involved.
Many of these options and their respective caveats were explored in the text. The observations
that have been made about TET enzyme, DNA methylation, and DNA hydroxymethylation
levels in zygotic development and PGC formation were also elucidated in this chapter and
concisely summarized in Figure 3. Long non coding RNAs were discussed in their broad
context as well as the role they play in the cardiovascular system.

Connections across the entire scope of the chapter were highlighted in our exploration of
vitamin C. Its fascinating role in the human body cannot be understated. In scurvy, this
vitamin’s deficiency results in devastating physiological and psychological outcomes. Acting
as both a co-factor for enzymatic reactions and as an antioxidant, the biochemical activity of
ascorbate is also relevant in the context of cell culture and demethylation. Discovering the
connections between P4H and TET enzyme structure has allowed the multi-faceted role of
vitamin C in the epigenome, to also be elucidated. The pathogenesis of atherosclerosis was
mechanized in such a way that the potential role of increased antioxidant intake was high‐
lighted. Epigenetic regulation in the endothelium proves to be dynamic and highly changeable
in the case of cardiovascular disease. eNOS gene regulation was thoroughly investigated as a
representative case of highly endothelial-cell specific expression. Epigenetic inheritance at the
replication fork was addressed in a DNA methylation and histone modification context.
Crosstalk between these two pathways was discussed in the context of both DNA methylation
patterns impacting those of histone modifications and vice versa. Finally, the Dutch Winter
Famine was our second case study, this time further evaluating the role of transgenerational
epigenetic inheritance in the context of severe maternal nutritional deprivation during
pregnancy.
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exposure was found to be associated with an average reduction of 5.2% methylation in the
DMR of IGF2. All CpG sites, except for one, were seen to be less methylated in those who had
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6. Concluding remarks
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biology, is a debate that is best left to the philosophers of science. Yet, the relevancy of
epigenetics cannot be understated as we embark on future investigations into human health
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Known histone posttranslational modifications were explored first, and the repressive,
activating, or joint consequences of a majority of alterations were delineated. Due to its
duration of study, great emphasis was placed on DNA methylation, its consequences,
mediators, and mechanisms of action. Then, we introduced the re-discovery of the promising
6th base pair: 5hmC. Although its role remains highly elusive, a great deal of research has been
devoted to understanding the demethylation pathways in which this base is likely involved.
Many of these options and their respective caveats were explored in the text. The observations
that have been made about TET enzyme, DNA methylation, and DNA hydroxymethylation
levels in zygotic development and PGC formation were also elucidated in this chapter and
concisely summarized in Figure 3. Long non coding RNAs were discussed in their broad
context as well as the role they play in the cardiovascular system.

Connections across the entire scope of the chapter were highlighted in our exploration of
vitamin C. Its fascinating role in the human body cannot be understated. In scurvy, this
vitamin’s deficiency results in devastating physiological and psychological outcomes. Acting
as both a co-factor for enzymatic reactions and as an antioxidant, the biochemical activity of
ascorbate is also relevant in the context of cell culture and demethylation. Discovering the
connections between P4H and TET enzyme structure has allowed the multi-faceted role of
vitamin C in the epigenome, to also be elucidated. The pathogenesis of atherosclerosis was
mechanized in such a way that the potential role of increased antioxidant intake was high‐
lighted. Epigenetic regulation in the endothelium proves to be dynamic and highly changeable
in the case of cardiovascular disease. eNOS gene regulation was thoroughly investigated as a
representative case of highly endothelial-cell specific expression. Epigenetic inheritance at the
replication fork was addressed in a DNA methylation and histone modification context.
Crosstalk between these two pathways was discussed in the context of both DNA methylation
patterns impacting those of histone modifications and vice versa. Finally, the Dutch Winter
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List of non-standard Abbreviations and Acronyms

5caC 5-carboxylcytosine

5hmC 5-hydroxymethylcytosine

5fC 5-formylcytosine

5mC 5-methylcytosine

ATP adenosine triphosphate

AID activation-induced cytidine deaminase

APOBEC apolipoprotein B mRNA editing enzymes, catalytic polypeptide

BER base excision repair

ChIP chromatin immunoprecipitation

CD domain Cys-rich and double stranded-helix DSBH region

CpG cytosine - phosphate - guanine

CGIs CpG islands

DPPA3 developmental pluripotency-associated 3 protein

DNMTs DNA methyltransferases

DMR differentially methylated region

ES cell embryonic stem cell

EC endothelial cell

eNOS endothelial nitric oxide synthase

EDRF endothelium-derived relaxing factor

ES cell embryonic stem cell

GWAS genome-wide association studies

HATs histone acetyltransferases

HDACs histone deacetylases

HDMTs histone demethylases

HOXC homeobox X

IGF2 insulin-like growth factor

ICAM-2 intercellular cell adhesion molecule-2

IAPs intracisternal A particles

lnc-RNA long non-coding RNA

MBDs methyl CpG binding domain proteins

miRNA micro RNA

MEFs mouse embryonic fibroblasts

NO nitric oxide

PRC2 polycomb repressive complex 2

PGCs primordial germ cells
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PCNA proliferating cell nuclear antigen

P4H prolyl 4-hydroxylase

ROS reactive oxygen species

SAM S-adenosylmethionine

SMUG1 selective monofunctional uracil-DNA glycosylase 1

SNP single nucleotide polymorphism

SUMO small ubiquitin-like modifier

TET enzymes ten-eleven translocation enzymes

TDG thymine DNA glycosylase

TSS transcription start site

Ub ubiquitin

UHRF1 ubiquitin-like with PHD and ring finger domains 1

VE-cadherin vascular endothelial cadherin

VEGFR vascular endothelial growth factor receptor

VSMC vascular smooth muscle cell

vWF von Willebrand factor
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1. Introduction

During the past century, the diagnosis and treatment of heart failure has changed substan‐
tially.  Heart  failure,  once  viewed  primarily  as  resulting  from  rheumatic  valvular  heart
disease,  presents  currently as  the main complications of  diabetes,  viral  cardiomyopathy,
coronary artery disease, myocardial infarction and hypertension. Although the etiologies
are diverse, virtually all  instances of heart failure can be characterized by a sequence of
specific molecular changes in the myocardium. These molecular changes result in decre‐
ments in cardiac myocyte contractility (negative inotropy), the hallmark of heart failure. In
the normal heart, contractility is mainly regulated and, therefore, maintained by G protein-
coupled receptor (GPCR) signaling (Huang et al., 2011). GPCR signaling is stimulated when
neurotransmitters,  hormones and drugs possessing positive inotropic  activity bind to β-
adrenergic receptors (Leone et al., 2002). One of the main signaling problems in heart failure
is that the GPCR β-adrenoceptor kinases -2 and -5 (GRK2 and GRK5) phosphorylate the
GPCRs and make them insensitive to positive inotropic β-adrenoceptor ligands (Hata et al.,
2004). As such, phosphorylation of the GPCRs functionally uncouples them from their G-
proteins, thereby downregulating the cardiomyocyte intracellular signaling cascades which
support  myocardial  contractility.  GRK2  is  the  most  abundant  cardiac  GRK  and  GRK2
activity  is  increased in  several  cardiovascular  diseases  involving impaired cardiac  func‐
tion and heart failure (Petrofski and Koch, 2003). GRK2 regulates myocardial signaling and
heart development and the targeting of GRK activity by small molecule inhibitors of GRK2
is thought to have the potential to become an effective strategy for treatment of heart failure
(Iaccarino and Koch, 2003).

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1.1. Protein kinases and molecular mechanisms of negative inotropy and heart failure

Increased synthesis and release of endogenous β-adrenoceptor ligands such as norepinephr‐
ine, epinephrine and dopamine (catecholamines),  mediated by sympathetic neural activi‐
ty,  is  an  attempt  to  drive  the  heart  pump  to  compensate  for  heart  failure.  Another
compensation  attempts  to  drive  the  cardiac  pump  by  upregulating  the  protein  kinases
known as cAMP-dependent protein kinase (PKA), protein kinases activated by the same
signal transduction pathways as phospholipase C (PKC), phosphoinositide-3 kinases (PI3K)
and  mitogen-activated  protein  kinases  (MAPK).  These  protein  kinases  phosphorylate
intracellular  enzymes  that  are  functionally  coupled  to  the  signaling  pathways  which
produce positive inotropic effects. Another compensation attempts to drive the pump by
amplifying effects of the thyroid hormones on ion-channel and pump activities; however,
upregulation of the thyroid hormones tri-iodothyronine (T3) and tetra-iodothyronine (T4)
is also known to produce negative inotropic effects which are thought to be mediated by
a T4 metabolite, 3-iodothyronamine (Axelband et al., 2011). The amplification of the effects
of  T3and T4 results  in  protein  kinase  mediated phosphorylation of  proteins  which pro‐
mote calcium ion influx via L-type calcium channels and calcium removal by sarcoplas‐
mic reticular Ca2+ (SERCA) pumping. Calcium influx increases contractility and results in
positive inotropic effects whereas removal prevents calcium overload and, thereby, limits
negative  inotropy.  In  addition,  thyroid  hormones  increase  protein  kinase-mediated
phosphorylation of the sarcoplasmic reticular protein phospholemman. Phosphorylation of
phospholemman is reported to stimulate sarcolemmal sodium-potassium pumping, (Na+/K
+ ATPase) activity. Na+/K+ ATPase activity limits excessive depolarization associated with
increases  in  intracellular  Na+  and  may  thereby  prevent  the  arrhythmias  likely  to  be
associated with depolarization (Bers et al., 2009). Adenylyl cyclase regulates cAMP mediated
signaling and the cAMP in cardiomyocytes stimulates PKA mediated phosphorylation of
proteins  which  produces  positive  inotropic  effects  (Movsesian,  2003).  Desensitization  of
cardiac  adenylyl  cyclase  signaling  is  known  to  occur  in  heart  failure.  Whereas  such
desensitization  may  protect  against  adrenergic  overstimulation,  it  also  limits  positive
inotropy by downregulating β-adrenoceptors and by upregulating both the β-adrenocep‐
tor GRKs and the inhibitory alpha subunit of G-proteins (Gi). In turn, upregulation of β-
adrenoceptor GRKs decreases cardiomyocyte cAMP and the downstream positive inotropic
signaling effects  of  PKA (El-Armouche et  al.,  2003).  Hence,  β-adrenergic antagonists  are
very effective treatments for heart failures; however, it remains unclear whether β-adreno‐
ceptor blockers resensitize the β-adrenergic receptor system (Lohse et al., 2003).

1.2. Hormonal and immunologic mediators of negative inotropy and heart failure

Angiotensin II  (Ang II)  is  also  an important  modulator  of  myocardial  inotropy and the
inotropic effects  of  Ang II  are mediated by a balance of  positive and negative inotropic
signaling mechanisms. Heart failure is characterized by chronic exposure to high circulat‐
ing  levels  of  Ang  II  wherein  the  inotropic  balance  favors  negative  inotropy  linked  to
activation of  p38-  mitogen-activated protein kinase which is  activated by environmental
stressors such as pro-inflammatory cytokine (p38 MAPK) signaling. Ang II also plays a role
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in cardiac remodeling involving hypertrophy and apoptosis mediated by Ca2+/calmodulin
dependent protein kinase II (CaMKII) (Palomeque et al., 2009). The sarcoplasmic reticular
ryanodine receptor-2 Ca2+ release channel (RyR2) can be phosphorylated by several protein
kinases such as PKA and CaMKII (Currie, 2009). Abnormal phosphorylation of RyR2 is also
reported  to  contribute  to  the  negative  inotropy  associated  with  heart  failure.  Although
phosphorylation of RyR2 by CaMKII can produce positive inotropic effects,  upregulated
CaMKII activity may increase Ca2+  release from the sarcoplasmic reticulum, resulting in
negative  inotropy  and  cardiac  arrhythmias  (Currie,  2006).  Negative  inotropy  and  β-
adrenergic  receptor  insensitivity  may  also  result  from  production  and  release  of  the
inducible isoform of nitric oxide synthase (iNOS) (Deswal et  al.,  2001).  In addition, pro-
inflammatory cytokines such as TNF-α appear to have the capacity to produce negative
inotropy and cardiac remodeling whereby TNF-α (Levine et al., 1990) IL-6 (Kell et al., 2002)
and IL-8 (Damas et al., 2000) are reported to induce apoptosis of cardiac myocytes. High
circulating levels of IL-6 are associated with low cardiac muscle contractility and high levels
of TNF-α have been found to be negatively correlated with a favorable clinical outcome of
heart  failure  patients.  The  negative  inotropy,  remodeling  (hypertrophy)  and  apoptosis
associated with exposures to TNF-α seem to be mediated by activation of TNF receptor-1
(TNFR1) and inhibited by stimulation of TNF receptor-2 (TNFR2). Activity of both TNFR1
and TNFR2 are reported to be upregulated in heart failures (Chrysohoou e tal., 2009; Hamid
et al., 2009). Stimulation of TNFR1 is shown to have the capacity to downregulate the rapid
delayed-rectifier K+ current (IKr) and, thereby, to delay cardiac repolarization, increasing the
duration of the cardiac action potential  in cardiomyocytes (Wang et al.,  2004).  Increased
duration of the ventricular action potential is thought to be an attempt to maintain cardiac
muscle contractility and limit the negative inotropy associated with heart failure. We have
reported insensitivity to an agonist and to an antagonist of KATP channels,  which would
serve to limit the aforementioned increased duration of the ventricular action potential, in
cardiomyocytes undergoing eccentric  hypertrophic  remodeling after  volume overloading
such as that which could occur during the development of heart failure associated with
aortic valve regurgitation (Alvin et al.,  2011). However, this increased duration of action
potential also increases susceptibility to cardiac arrhythmia in hypertrophy-induced heart
failure. Increased duration of the cardiac action potential is also observed in the TNF1.6
mouse model in which heart failure is produced by overexpression of TNF-α. Therefore, it
seems  that  TNF-α  induced  increments  in  duration  of  the  cardiac  action  potential  and
insensitivity to mechanisms that could limit the increased action potential duration may be
important features of the hypertrophic remodeling associated with heart failures. Another
mechanism for  TNF-α induced negative  inotropy  is  thought  to  result  from overexpres‐
sion of collagen and underexpression of the gap junction protein connexin-43 (Janczewski
et al., 2004).

1.3. Intracellular transduction molecules, negative inotropy and heart failure

Myocardial infarction in mice together with estrogen receptor-β knockout is reported to
increase the cardiomyocyte MAPK activities of the c-Jun, N-terminal kinase (JNK) activator
protein-1 (AP-1) transcription factor component. These signaling molecules are activated by
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environmental stressors such as pro-inflammatory cytokines in females and the MAPK
extracellular signal-related kinases (ERK1 and ERK2 also known as MAPK3 and MAPK1,
respectively), cell-proliferation, growth-promoting signaling pathway in males. Estrogen
protection of the myocardium associated with upregulated PI3K and the original mouse-strain
Ak, thymic lymphoma transforming (Akt) cell proliferation and anti-apoptosis signaling
activities in female mice suggests deficiencies of ER-β and PI3K/Akt mediated anti-apoptosis
signaling in such infarction induced heart failures (Wang et al., 2009). Cardiomyocyte protec‐
tion by adrenomedullin, a vasoactive peptide discovered in pheochromacytomas, also appears
to involve upregulated PI3K/Akt and MAPK/ERK signaling pathways (Yanagawa and
Nagaya, 2007). The myocardial protection reported with ginseng and related ginsenoside
treatments are likely to decrease negative inotropy and the duration of cardiac action poten‐
tials, arrhythmias, remodeling and apoptosis by interactions with these protein kinases
(Maslov and Konkovskaia, 2009). We have reported that MAPK ERK and PI3K/Akt signaling
molecules play important roles in eccentrically-hypertrophied rat hearts subjected to volume
overload (Teos et al., 2008; Zhao et al., 2010; Alvin et al., 2011). Substantial evidence is,
therefore, emerging that the protein kinases in cardiomyocytes are invaluable biomarkers for
heart failure, as well as for the effectiveness of cardiac protection by novel heart failure
treatments.

2. Epigenetics, chromatin condensation for transcription and protein
kinases

Chromatin participating in the transcription of DNA to mRNA is represented in the nucleus
of eukaryotic cells by euchromatin, a lightly staining, unfolded structure which facilitates
binding  to  the  DNA of  various  gene  regulatory  proteins  and  RNA polymerases  which
induce  transcription.  The  euchromatin  that  is  not  transcribed  is  transformed  into  more
tightly and intensely staining heterochromatin which appears to protect the genes while
they are not being actively transcribed. According to the “accessibility hypothesis,” the cell
uses transformation from euchromatin to heterochromatin as a method of regulating the
expression and replication of genes (Yancopoulos et al., 1986). Constitutive euchromatin is
the portion that is always being actively transcribed, thereby representing “housekeeping
genes” which encode proteins supporting the cell survival functions (International Human
Genome Sequencing Consortium,  2004).  The condensation of  chromatin for  transcription is
regulated  by  epigenetic  modifications  made  to  DNA,  histones  and  to  other  regulatory
proteins (Martin and Cardoso, 2010).

Epigenetics at work in the normal heart is demonstrated by the regulation of cyclic AMP-
dependent protein kinase (protein kinase A, PKA), a positive-inotropic agent in cardiac
myocytes and related heart tissue cells. PKA induces relaxation of the histone-3 and histone-5
(H3 and H5) associated DNA segments which condense the chromatin for transcription of the
structural and functional proteins supporting normal cardiomyocyte contractility (Marion et
al., 1985).
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2.1. Epigenetic marks for monitoring cardiovascular disease progression

A potential use of epigenetic modifications on histones and related DNA segments is to
provide a code sensitive to the progression of diseases that are impacted by environment-gene
interaction. An example of this usage of epigenetic marks has been demonstrated in patients
with end-stage heart failure. Heart failure in these patients appears to be correlated with
differential methylation of the DNA and histones at lysine residue 36 (H3K36me3) in their
cardiomyocytes. (Movassagh et al., 2011). Another example of how epigenetic marks can be
useful is reported in cardiac hypertrophy wherein mRNA expression of multiple cardiomy‐
opathy-related genes was found to be associated with a unique, specific pattern of acetylation
and methylation of histone H3 in the cardiomyocytes (Gaikwad et al., 2010).

3. Histone acetylation/methylation and cardiomyopathy

3.1. Repressor element-1 silencing transcription factor (REST) and cardiomyocyte
hypertrophy

Cardiomyocyte hypertrophy is a compensatory response to maintain contractility and heart
function. Inhibition of expression of the gene for repressor element-1 silencing transcription
factor (REST), a fetal gene transcription repressor in adult ventricular myocytes (Schoenherr
and Anderson, 1995), has been linked to cardiomyocyte hypertrophy (Bingham et al., 2007).
Endothelin-1 is an endogenous vasoconstrictor molecule known to be a stimulator of cardio‐
myocyte hypertrophy (Harada et al., 1997; Drawnel et al., 2013). Treatment of cardiomyoblast
(H9C2) cells with endothelin-1 is shown to inhibit REST and the amount of hypertrophy seems
to be positively correlated with acetylation of histone H4 and methylation of histone H3 lysine
4 (H3K4) (Bingham et al., 2007). Endothelin-1 also appears to employ REST to increase
expression of the genes for brain and atrial natriuretic peptides, hormones that help compen‐
sate for heart failure by decreasing the circulating blood volume (Bingham et al., 2007).

3.2. Histone deacetylase GATAD1 and cardiomyopathy

Autosomal-recessive dilated cardiomyopathy in a human family has been shown to be
associated with abnormal expression and subcellular localization of GATAD1 (Theis et al.,
2011). GATAD1 is a gene product that is highly expressed during embryonic development of
the mouse eye (Kim et al., 2010) and is a regulator of gene expression in cardiomyocytes.
GATAD1 appears to function as a histone deacetylase, evidenced by its binding to a histone
modification site (Theis et al., 2011). Interestingly, dilated cardiomyopathy has been produced
in mice following inhibition of histone deacetylases (Theis et al., 2011). Deletion of histone
deacetylase-3 (HDAC3) in embryonic cardiomyocytes is associated with a nonlethal cardiac
hypertrophy and cardiomyopathy induced while animals are fed a normal diet. However,
more severe hypertrophy, cardiomyopathy and heart failure occurs when these animals are
fed a high-fat diet, associated with downregulation of several genes which regulate lipid
metabolism (Sun et al., 2011).
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4 (H3K4) (Bingham et al., 2007). Endothelin-1 also appears to employ REST to increase
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modification site (Theis et al., 2011). Interestingly, dilated cardiomyopathy has been produced
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deacetylase-3 (HDAC3) in embryonic cardiomyocytes is associated with a nonlethal cardiac
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fed a high-fat diet, associated with downregulation of several genes which regulate lipid
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3.3. DNMT inhibition, gene methylation, cardiomyocyte differentiation and
cardiomyopathy

Decreased availability of β-catenin is expected to decrease developmental Wnt pathway
transcription, an effect shown to be associated with inhibition of cardiomyocyte hypertrophy
and left ventricular remodeling in animal models of heart failure (Bergmann, 2010). DNA
methyltransferases (DNMT) are epigenetic regulators of cell differentiation and metabolism
and treatment of mesenchymal stem cells with the DNMT inhibitor and demethylating agent
5-aza-2’-deoxycytidine (5-Aza) is shown to induce expression of the cardiac tissue-specific
genes Nkx2.5 and α-MHC. 5-Aza treatment also upregulates glycogen synthase kinase-β
(GSK3β) and downregulates the cell adhesion protein β-catenin, whereas it increases expres‐
sion of GSK3α. This upregulation of GSK3β also stimulates cardiomyocyte differentiation (Cho
et al., 2009). That GSK3 inhibitors (e.g., lithium) were found to be effective at blocking this 5-
Aza induced upregulation implies that GSK3 is required for cardiomyocyte differentiation.
That downregulation of β-catenin is closely associated with GSK3β-stimulated cardiomyocyte
differentiation (Cho et al., 2009) suggests an unclear relationship between β-catenin and
GSK3β and a significant difference between the 5-Aza induced mechanisms for differentiation
of mesenchymal stem cells and the DNMT-dependent mechanism for inhibiting cardiomyo‐
cyte hypertrophy, ventricular remodeling and heart failure.

3.4. Methylation of PKCε and heart failure

Epidemiological studies have suggested correlations between prenatal exposure to adverse
intrauterine conditions and risk for ischemic heart disease, a primary cause of heart failure, in
adulthood. Hypoxia is a fetal stress known to decrease expression of the PKCε gene and
increased susceptibility to myocardial ischemia and reperfusion injury in adult rat offspring
(Xue and Zhang, 2009). This predilection for myocardial ischemia is associated with increased
methylation of the PKCε promoter at two fetal transcription factor specific protein-1 (Sp1)
binding sites. Hypoxia seems to affect the binding of Sp1 only to methylated, and not to
unmethylated, sites. However, methylation of both Sp1 sites seems to decrease PKCε binding
to Sp1 in both fetal and adult cardiomyocytes (Xiong et al., 2012). The DNMT inhibitor 5-Aza
has been shown to block the hypoxia-induced increase in methylation of both Sp1 binding sites
and to restore PKCε mRNA and protein levels to normal. These effects appear to be greater in
male than in female fetal hearts. Decreased expression of PKCε mRNA was found only in the
male hearts, with interactions between both estrogen receptor proteins and the Sp1 binding
site (Patterson et al., 2010). Moreover, activation of PKCε is reported to cause return of high
susceptibility of adult rat hearts to ischemic injury following prenatal exposure to hypoxia
(Patterson et al., 2010). PKCε is also an activator of ATP-activated potassium (KATP) channels,
a metabolic energy conservation measure associated with reduced energy supply stress in
cardiomyocytes (Kim et al., 2006). PKCε induced KATP activation is reported to shorten the
cardiomyocyte action potential and limit calcium ion influx and overload in cardiac myocyte
sarcolemmal and mitochondrial membranes (Inagaki et al., 2006). PKCε also seems to mediate
ischemic preconditioning, a cardioprotective countermeasure against myocardial ischemia/
infarction (Inagaki et al., 2006).
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Epigenetically-induced decrements in expression of PKCε, associated with aberrant methyl‐
ation patterns, are also reported in relation to heart failure following experimental exposures
to cocaine and nicotine (Barik, 2007). Prenatal exposure to cocaine is reported to downregulate
PKCε expression in hearts, effects which persist into adulthood and increase susceptibility to
myocardial ischemia and infarction and reperfusion injury (Zhang et al., 2007). Cocaine
treatment of the fetal rat heart for as little as 48 h produces significant decrements in PKCε
protein and mRNA expression, associated with increases in CpG methylation at two binding
sites of the Sp1 in the PKCε promoter region, confirmed by the use of the DNMT inhibitor 5-
Aza or procainamide to inhibit this methylation (Meyer et al., 2009). Moreover, cocaine
administered to pregnant rats during gestational days 15-20 produced offspring whose fetal
hearts had significantly decreased expression of PKCε mRNA and protein. We have shown
that IGF-1 antagonizes the positive-inotropic effect of Ang II in atrial myocytes of aging male
rats and that prenatal exposure to cocaine abolishes this response (Haddad et al., 2005), an
effect that could also be mediated by decreased expression of PKCε. In addition, methylation
of CpGs at the binding sites for activator protein-1 (Ap1), a human protein transcription factor,
was decreased in these fetal hearts and was increased significantly by prenatal exposure to
cocaine (Zhang et al., 2007). The CpG dinucleotides at Bhlhb2, Pparg, E2f, and Egr1 binding
sites of the PKCε gene promoter are reported to be densely methylated in both male and female
adult rats and prenatal exposure to cocaine appears to decrease methylation of the CpG
dinucleotides at the two Sp1 binding sites and this binding was increased significantly by
cocaine exposure, but only in the male offspring (Zhang et al., 2009).

Interestingly, prenatal exposure to nicotine, which increases release of norepinephrine, is also
associated with inhibition of PKCε gene expression in the fetal rat heart, an effect which, like
cocaine, persists into adulthood (Lawrence et al., 2008). This finding appears to link maternal
smoking to heart failure in the offspring. Nicotine treatment of pregnant rats starting at day 4
of gestation is shown to increase methylation of the Egr-1 binding site at the PKCε gene
promoter and decrease PKCε protein and mRNA expression in fetal hearts (Lawrence et al.,
2011). Moreover, methylation of the Egr-1 binding site decreases Egr-1 binding to the PKCε
promoter and cardiomyocyte deletion of the Egr-1 binding site decreases PKCε promoter
activity and treatment of isolated fetal hearts with norepinephrine produces similar effects
including increased Egr-1 binding site methylation and inhibition of PKCε gene expression.
The DNMT inhibitor 5-Aza inhibited the norepinephrine-induced increase in methylation of
the Egr-1 binding site and restored both Egr-1 binding and PKCε gene expression, implicating
sympathetic neural overactivity in this nicotine-induced heart failure (Lawrence et al., 2011).

3.5. TNF-α methylates SERCA genes and inhibits cardiac relaxation

The aforementioned epigenetic mechanisms for heart failure are relevant mainly to the
negative inotropy associated with heart failure resulting from systolic dysfunction and the
majority of current treatments at increasing contractility to counteract systolic dysfunction.
However, heart failure associated with diastolic dysfunction may be more common and most
heart failure is, therefore, resistant to current treatments and may contribute to ethnicity-
related predilections for heart failure in specific populations such as African-Americans (Khan
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negative inotropy associated with heart failure resulting from systolic dysfunction and the
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However, heart failure associated with diastolic dysfunction may be more common and most
heart failure is, therefore, resistant to current treatments and may contribute to ethnicity-
related predilections for heart failure in specific populations such as African-Americans (Khan
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et al., 2012). The focus of diastolic dysfunctional heart failure is an inability of cardiomyocytes
to relax, a function critical to ventricular filling and, according to Starling’s law of the heart,
maintenance of contractility and stroke volume. In that regard, treatment with the pro-
apoptotic cytokine tumor necrosis factor-α (TNF-α) is reported to methylate and decrease the
cardiomyocyte sarcoplasmic reticulum calcium pump (SERCA-2A) gene activity, mRNA
expression and protein transcription, thereby providing an epigenetic mechanism for diastolic
heart failure (Kao et al., 2010). The promoter region of the SERCA-2A gene has a high content
of CpG islands and treatment with the antihypertensive, smooth muscle relaxer apresoline,
commonly used in cases of human heart failure, is reported to improve cardiac function in rat
hearts by the mechanism of demethylating and increasing SERCA-2A gene expression of
mRNA and protein and, thereby, improving cardiac relaxation, a key factor in heart failure
associated with diastolic dysfunction (Kao et al., 2011).

3.6. Methylation patterns, cardiomyocyte apoptosis and cardiomyopathy

Aberrant methylation patterns also appear to play roles in myotonic dystrophy, a group of
multisystemic diseases characterized by cardiac conduction abnormalities and CTG expan‐
sions. These CTG expansions are found to be substantially larger in cardiomyocytes than in
cells of other affected tissues. The expanded repeat is reported to be a genetic biomarker for
methylation wherein the CpG-free expanded CTG repeat appears to maintain a distinct pattern
of CpG methylation at the myotonic dystrophy (DM1) locus, which varies markedly with age
and tissue-specificity (López Castel et al., 2011). Promoter DNA methylation and Sp1 binding
are also reported to be regulators of expression of human myotonic dystrophy kinase-related
Cdc42 binding kinases (MRCKs) and family members of human myotonic dystrophy kinase
(DMPK), RhoA-binding kinase(ROK), and citron kinase (Ng et al., 2004). These findings
demonstrate an important interaction between epigenetic methylation marks (CpG-free
expanded CTG repeats) and a genetic skeletal muscle disease that often produces cardiac
anomalies.

Epigenetic mechanisms are also apparent in diabetic cardiomyopathy, another common cause
of heart failure. Tumor suppressor protein p53-induced expression of the cyclin dependent
kinasae inhibitor p21(WAF1/CIP1) is a mediator of cell cycle arrest at the G1 phase (Harper et
al., 1993). When cardiomyocytes from diabetic patients and rats are subjected to oxidative
stress, the change in methylation pattern and overexpression of p21(WAF1/CIP1) appears to
contribute to cardiomyopathy by inducing cardiomyocyte apoptosis (Mönkemann et al., 2002).

Methylation of the insulin receptor IGF-1 and IGF-1 receptor genes at their promoter regions
in cardiomyocytes of diabetic (db/db) mice is reported to be substantial and may, therefore,
function as epigenetic markers for the development of diabetic cardiomyopathy. Unfortu‐
nately, their methylation patterns seem to be inadequate for differentiating db/db diabetic
cardiomyocytes from those of normal control animals (Nikoshkov et al., 2011). On the other
hand, the methylation patterns of three angiogenesis-related genes (angiomotin-like-2, Rho
GTPase activating protein-24 and platelet/endothelial cell adhesion molecule-1) is reported to
be able to differentiate left ventricular cardiomyocytes of normal control subjects from those
of patients diagnosed with idiopathic end-stage cardiomyopathy (Movassagh et al., 2010).
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3.7. Acetylation, cardiomyocyte survival and stress-apoptosis signaling

Stress and cardiomyocyte hypertrophy are associated with lysine acetylation of many different
proteins, including histones. Lysine 53 of p38 mitogen-activated protein kinase (MAPK)
appears to be acetylated and activated by histone deacetylase-3 (HDAC3) which increases the
affinity of p38 MAPK for ATP, in parallel with decreased intracellular ATP concentrations in
cardiomyocytes undergoing stress and hypertrophy (Pillai et al., 2011). In hypertrophied
cardiomyocytes, phosphorylation of HDACs, specifically those shuttled between nucleus and
cytoplasm by HDAC kinases, is associated with disinhibition of various transcription factors
such as nuclear factor of activated T-cells and myocyte enhancer factor-2 (MEF2). On the other
hand, the antioxidant thioredoxin 1 (Trx1) is shown to inhibit cardiomyocyte hypertrophy by
decreasing cysteine residues in HDACs (Oka et al., 2009), thereby demonstrating a putative
HDAC-dependent epigenetic mechanism for oxidative stress in cardiac hypertrophy and
associated heart failure.

3.8. Lysine acetylation, shear stress and endothelial cell apoptosis

Blood vessel wall stress appears to be a potent epigenetic activator of sarcomeric protein
transcription  in  vascular  smooth  muscle  cells,  a  likely  environment-gene  interaction
contributor  to  hypertension,  the  hallmark  of  cardiovascular  disease  and  an  important
precursor to heart failure. In that regard, blood vessel wall shear stress is shown to enhance
the lysine acetylation of  histone H3 at  position 14 (K14),  as well  as serine phosphoryla‐
tion at position 10 (S10) and lysine methylation at position 79 (K79), and cooperated with
trichostatin (TSA), an antifungal agent that is also an HDAC inhibitor,  inducing acetyla‐
tion  of  histone  H4  and phosphoacetylation  of  S10  and  K14  of  histone  H3.  In  addition,
endothelial stem cells exposed to shear stress appear to strongly activate transcription from
the  vascular  endothelial  growth  factor  (VEGF)  receptor  2  promoter.  This  effect  was
paralleled by an early induction of smooth muscle actin, smooth muscle protein 22-alpha,
platelet-endothelial  cell  adhesion  molecule-1,  VEGF  receptor-2,  myocyte  enhancer  fac‐
tor-2C (MEF2C),  and α-actin.  Moreover,  the transcription factors MEF2C and Sma/MAD
homolog  protein  4  were  isolated  from  shear  stress-treated  embryonic  stem  cells  com‐
plexed with the cAMP response element-binding protein acetyltransferase (Illi et al., 2005).
HDAC3 is known to play a crucial role in the differentiation of endothelial cells (Spallot‐
ta et al., 2010). In mature endothelial cells, HDAC3 appears to be a pro-survival molecule
by activating the Akt intracellular signal transduction pathway (Zampetaki et al., 2010) and
when HDAC3 is  downregulated in  apolipoprotein E-knockout  mice,  atherosclerosis  and
rupture is found in the isografted vessels (Zeng et al.,  2006). However, at aortic bifurca‐
tions,  where  the  endothelial  cells  are  highly  susceptible  to  atherosclerosis,  HDAC3
expression  is  increased  with  phosphorylation  of  HDAC3  at  serine/threonine.  HDAC3
appears to bind to Akt and upregulates HDAC3 to increase phosphorylation of Akt in these
endothelial cells. Increased Akt kinase activity combined with knockdown of HDAC3 could,
therefore,  promote  both  atherosclerosis  and  endothelial  cell  apoptosis  by  epigenetic
mechanisms (Zampetaki et al., 2010). Such epigenetic mechanisms for endothelial dysfunc‐
tion appear to be important, yet poorly understood, contributors to cardiovascular disease
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which is found to be correlated with ethnicity and may, therefore, help explain health and
disease disparities such as the predilections for hypertension and heart failure in African-
Americans (Khan et al., 2012).

A number of studies, during the past decade or so, have shown that HDAC inhibitors may be
effective as inhibitors of cardiomyocyte hypertrophy. Class I HDACs are shown to inhibit
cardiomyocyte hypertrophy associated with inhibition of the gene encoding dual-specificity
phosphatase 5 (DUSP5) DUSP5, a nuclear phosphatase that downregulates hypertrophic
signaling by ERK1/2 (Ferguson et al., 2013). Expression of DUSP5 in cardiomyocytes produces
inhibition of hypertrophy resulting from administering prohypertrophic factors (Ferguson et
al., 2013). Inhibition of DUSP5 by class I HDACs requires activity of both ERK and MAPK, that
has been characterized as a self-reinforcing mechanism for promotion of cardiac ERK signaling
(Ferguson et al., 2013). Moreover, in cardiomyocytes treated with highly selective class I HDAC
inhibitors, nuclear ERK1/2 signaling is suppressed in a manner that is shown to be dependent
on DUSP5. Research on HDAC inhibitors as therapeutic agents for heart failure has focused
on the left ventricle. However, there is also research demonstrating that HDAC inhibitors may
also be able to treat right heart failure by mechanisms that decrease pulmonary arterial smooth
muscle contractility. A specific benzamide class I HDAC inhibitor, MGCD0103 is shown to
decrease pulmonary arterial pressure more dramatically than the type 5 cGMP phosphodies‐
terase inhibitor and vasodilator tadalafil, a standard-of-care therapy for human pulmonary
hypertension (Cavasin et al., 2012). Although this class I HDAC inhibitor only modestly
reduced right ventricular hypertrophy, it had multiple beneficial effects on the right ventricle,
which included suppression of pathological gene expression, inhibition of proapoptotic
caspase activity, and repression of proinflammatory protein expression (Cavasin et al., 2012).

4. Therapeutic potential of HDAC inhibitors

Although the findings that cardiomyocytes expressing an HDAC mutation lack phosphory‐
lation sites and are refractory to the development of hypertrophy (Zhang et al., 2002), mutant
mice lacking the class II HDAC HDAC9 do exhibit stress-induced cardiomyocyte hypertrophy
(Antos et al., 2003). These findings, although somewhat confounding, at least, suggest that
modulating specific kinase activities could be key to elucidating the mechanisms of cardiac
hypertrophy, as well as to developing novel heart failure treatments. Class II HDACs are
known to inhibit the activity of myocyte enhancer factor-2, a mediator of responsiveness to
environmental stressors and cardiac hypertrophy by binding to a stress-responsive kinase that
is specific for conserved serines. (Zhang et al., 2002). The antiepileptic drug valproic acid is a
class II HDAC inhibitor shown to inhibit the catalytic activity of HDAC6 (Lemon et al., 2011).
Both HDAC6 and HDAC8 are apparently upregulated in experimental animal models of salt
(DOCA)-sensitive hypertension and valproic acid is also shown to be an inhibitor of cardiac
hypertrophy in hypertensive rats (Kee et al., 2013). PKC signaling is shown to support nuclear
export of class II HDAC5 in cardiomyocytes and inhibition of PKC prevents shuttling of
HDAC5 from nucleus to cytosol by a chromosome region maintenance protein (CRM1, also
known as transportin-1) in response to a number of agents that promote cardiomyocyte
hypertrophy (Vega et al., 2004). An HDAC5 mutant that cannot be phosphorylated is also
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refractory to PKC signaling and inhibits cardiomyocyte hypertrophy mediated by PKC
agonists. These findings are consistent with those that demonstrate protein kinase D (PKD)
phosphorylation and enhancement of HDAC5 nuclear export because PKD is a downstream
effector of PKC (Vega et al., 2004). HDAC5 is only one of several transcriptional regulators of
pathological cardiac hypertrophy the activities of which are regulated by subcellular distri‐
bution. For example, transcription factors belonging to the nuclear factor of activated T cells
(NFAT) and GATA families of transcription factors that specifically bind to the GATA
sequences of DNA are subject to CRM1-dependent nuclear export (Harrison et al., 2004). These
pro-hypertrophic proteins are rapidly relocalized to the nucleus in response to pro-hypertro‐
phic growth signaling ( Harrison et al., 2004). CRM1 activity is, apparently, not required for
the normal cardiomyocyte gene activation mediated by thyroid hormones (T3, T4) and IGF-1,
agonists that fail to trigger the nuclear export of HDAC5. These results suggest a selective role
for CRM1 in disinhibition of pathological cardiac hypertrophy and that targeting CRM1-
dependent nuclear export in cardiomyocytes may ameliorate stress induced cardiomyocyte
hypertrophy and provide novel therapeutic strategies for heart failure (Harrison et al., 2004).

5. Summary and conclusions

Heart failure is the result of complex environment-gene interactions between regulators of
intracellular transduction molecules, intracellular/extracellular receptors and endocrine/
paracrine/ autocrine hormone-like signaling molecules. Figure 1 summarizes the main
epigenetic mechanisms of cardiomyocyte hypertrophy, negative inotropy and heart failure.
β-adrenoceptor activation of PKA is shown to interact directly with histones and related DNA
segments at promoter regions of genes for mRNA transcription to support normal cardiac
contractility. Prenatal exposures to hypoxia, cocaine or nicotine produces predilections for
heart failure shown to persist into adulthood, associated with increased methylation and
decreased expression of PKCε. Norepinephrine is also shown to decrease expression of PKCε,
thereby implicating sympathetic overactivity in an epigenetic mechanism for cardiomyocyte
hypertrophy and heart failure. Inhibition of a cardiomyocyte differentiation signaling mole‐
cule REST by endothelin-1 is shown to contribute to cardiomyocyte hypertrophy. An autoso‐
mal-recessive dilated cardiomyopathy is associated with HDAC inhibition produced by
upregulation of another differentiation signaler, GATAD1. Hypermethylation of SERCA-2A
gene by the pro-inflammatory cytokine TNF-α is shown to produce diastolic dysfunction, a
common cause of heart failure in African-Americans and particularly resistant to current
treatments. Lithium-induced inhibition of DNMTs appears to induce hypomethylation which
upregulates GS3Kβ, associated with downregulation of β-catenin and inhibition of Wnt
pathway signaling for differentiation, providing a mechanism for inhibiting cardiac hyper‐
trophy and heart failure. HDAC-dependent mechanisms for stimulating stress-apoptosis
pathway signaling and inducing cardiac hypertrophy have been demonstrated in cardio‐
myoctes, endothelial cells and vascular smooth muscle cells. These findings demonstrate
multiple roles of histone and related DNA acetylations and methylations for regulating
cardiomyocyte contractility. These epigenetic mechanisms provide insights that could be
translated to novel clinical interventions for the prevention and treatment of heart failure.
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class II HDAC inhibitor shown to inhibit the catalytic activity of HDAC6 (Lemon et al., 2011).
Both HDAC6 and HDAC8 are apparently upregulated in experimental animal models of salt
(DOCA)-sensitive hypertension and valproic acid is also shown to be an inhibitor of cardiac
hypertrophy in hypertensive rats (Kee et al., 2013). PKC signaling is shown to support nuclear
export of class II HDAC5 in cardiomyocytes and inhibition of PKC prevents shuttling of
HDAC5 from nucleus to cytosol by a chromosome region maintenance protein (CRM1, also
known as transportin-1) in response to a number of agents that promote cardiomyocyte
hypertrophy (Vega et al., 2004). An HDAC5 mutant that cannot be phosphorylated is also
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phosphorylation and enhancement of HDAC5 nuclear export because PKD is a downstream
effector of PKC (Vega et al., 2004). HDAC5 is only one of several transcriptional regulators of
pathological cardiac hypertrophy the activities of which are regulated by subcellular distri‐
bution. For example, transcription factors belonging to the nuclear factor of activated T cells
(NFAT) and GATA families of transcription factors that specifically bind to the GATA
sequences of DNA are subject to CRM1-dependent nuclear export (Harrison et al., 2004). These
pro-hypertrophic proteins are rapidly relocalized to the nucleus in response to pro-hypertro‐
phic growth signaling ( Harrison et al., 2004). CRM1 activity is, apparently, not required for
the normal cardiomyocyte gene activation mediated by thyroid hormones (T3, T4) and IGF-1,
agonists that fail to trigger the nuclear export of HDAC5. These results suggest a selective role
for CRM1 in disinhibition of pathological cardiac hypertrophy and that targeting CRM1-
dependent nuclear export in cardiomyocytes may ameliorate stress induced cardiomyocyte
hypertrophy and provide novel therapeutic strategies for heart failure (Harrison et al., 2004).

5. Summary and conclusions

Heart failure is the result of complex environment-gene interactions between regulators of
intracellular transduction molecules, intracellular/extracellular receptors and endocrine/
paracrine/ autocrine hormone-like signaling molecules. Figure 1 summarizes the main
epigenetic mechanisms of cardiomyocyte hypertrophy, negative inotropy and heart failure.
β-adrenoceptor activation of PKA is shown to interact directly with histones and related DNA
segments at promoter regions of genes for mRNA transcription to support normal cardiac
contractility. Prenatal exposures to hypoxia, cocaine or nicotine produces predilections for
heart failure shown to persist into adulthood, associated with increased methylation and
decreased expression of PKCε. Norepinephrine is also shown to decrease expression of PKCε,
thereby implicating sympathetic overactivity in an epigenetic mechanism for cardiomyocyte
hypertrophy and heart failure. Inhibition of a cardiomyocyte differentiation signaling mole‐
cule REST by endothelin-1 is shown to contribute to cardiomyocyte hypertrophy. An autoso‐
mal-recessive dilated cardiomyopathy is associated with HDAC inhibition produced by
upregulation of another differentiation signaler, GATAD1. Hypermethylation of SERCA-2A
gene by the pro-inflammatory cytokine TNF-α is shown to produce diastolic dysfunction, a
common cause of heart failure in African-Americans and particularly resistant to current
treatments. Lithium-induced inhibition of DNMTs appears to induce hypomethylation which
upregulates GS3Kβ, associated with downregulation of β-catenin and inhibition of Wnt
pathway signaling for differentiation, providing a mechanism for inhibiting cardiac hyper‐
trophy and heart failure. HDAC-dependent mechanisms for stimulating stress-apoptosis
pathway signaling and inducing cardiac hypertrophy have been demonstrated in cardio‐
myoctes, endothelial cells and vascular smooth muscle cells. These findings demonstrate
multiple roles of histone and related DNA acetylations and methylations for regulating
cardiomyocyte contractility. These epigenetic mechanisms provide insights that could be
translated to novel clinical interventions for the prevention and treatment of heart failure.
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transcription factor binding sites (S) upregulates histone methyltransferases (HMTs) which protects cardiomyocytes from 
downregulation of PKCε expression. 4) Histone deacetylase-3 (HDAC3) upregulation is associated with expression of 
GATAD1, a fetal transcription factor, associated with autosomal-recessive dilated cardiomyopathy in humans and in 
animal models of cardiomyopathy and heart failure. 5) Histone acetylases (HACs) and histone methyltransferases 
(HMTs) are upregulated at a vascular endothelial growth factor (VEGF) promoter region by exposure of adult 
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Figure 1. Main mechanisms for epigenetic alterations in heart failure. Each alteration involves many enzymes but the
main players to cause methylation or acetylation are shown by arrows. These are not separate mechanisms and the
enzymes do not act alone. Several enzymes act at a promoter simultaneously. 1) DNA methylatrasferase (DNMT) upre‐
gulation with S-adenosyl methionine (SAM) methylates the CpG islands at the PKCε promoter region which increases
susceptibility of neonatal and adult cardiomyocytes to ischemia after prenatal exposure to hypoxia, cocaine or nico‐
tine. 2) Upregulation of DNMTs is also associated with SERCA-2A gene hypermethylation which increases diastolic dys‐
function and susceptilibity to heart failure. 3) Estrogen receptor binding to Sp1 fetal transcription factor binding sites
(S) upregulates histone methyltransferases (HMTs) which protects cardiomyocytes from downregulation of PKCε ex‐
pression. 4) Histone deacetylase-3 (HDAC3) upregulation is associated with expression of GATAD1, a fetal transcrip‐
tion factor, associated with autosomal-recessive dilated cardiomyopathy in humans and in animal models of
cardiomyopathy and heart failure. 5) Histone acetylases (HACs) and histone methyltransferases (HMTs) are upregulat‐
ed at a vascular endothelial growth factor (VEGF) promoter region by exposure of adult endothelial cell (EC) and em‐
bryonic stem cells to shear stress. Cardiomyocyte pro-hypertrophy factors include thyroid hormones (T3, T4), Ca2+
overload, protein kinase A (PKA) binding to histones, endothlein-1 (ET-1) inhibition of the gene for repressor ele‐
ment-1 silencing transcription factor (REST-1), REST gene acetylation at histone H4 and methylation at histone H3, up‐
regulation of fetal transcription factor GATAD1, inhibition of HDAC3 and activation of p38 MAPK.
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Figure 1. Main mechanisms for epigenetic alterations in heart failure. Each alteration involves many enzymes but the
main players to cause methylation or acetylation are shown by arrows. These are not separate mechanisms and the
enzymes do not act alone. Several enzymes act at a promoter simultaneously. 1) DNA methylatrasferase (DNMT) upre‐
gulation with S-adenosyl methionine (SAM) methylates the CpG islands at the PKCε promoter region which increases
susceptibility of neonatal and adult cardiomyocytes to ischemia after prenatal exposure to hypoxia, cocaine or nico‐
tine. 2) Upregulation of DNMTs is also associated with SERCA-2A gene hypermethylation which increases diastolic dys‐
function and susceptilibity to heart failure. 3) Estrogen receptor binding to Sp1 fetal transcription factor binding sites
(S) upregulates histone methyltransferases (HMTs) which protects cardiomyocytes from downregulation of PKCε ex‐
pression. 4) Histone deacetylase-3 (HDAC3) upregulation is associated with expression of GATAD1, a fetal transcrip‐
tion factor, associated with autosomal-recessive dilated cardiomyopathy in humans and in animal models of
cardiomyopathy and heart failure. 5) Histone acetylases (HACs) and histone methyltransferases (HMTs) are upregulat‐
ed at a vascular endothelial growth factor (VEGF) promoter region by exposure of adult endothelial cell (EC) and em‐
bryonic stem cells to shear stress. Cardiomyocyte pro-hypertrophy factors include thyroid hormones (T3, T4), Ca2+
overload, protein kinase A (PKA) binding to histones, endothlein-1 (ET-1) inhibition of the gene for repressor ele‐
ment-1 silencing transcription factor (REST-1), REST gene acetylation at histone H4 and methylation at histone H3, up‐
regulation of fetal transcription factor GATAD1, inhibition of HDAC3 and activation of p38 MAPK.
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1. Introduction

Epigenetics is a mechanism that regulates gene expression not depending on the underlying
DNA sequence, but on the chemical modification of DNA and histone proteins. It is known
that several neurodevelopmental disorders are caused by congenital abnormalities in epige‐
netic mechanisms, including Prader-Willi and Angelman syndromes, which are genomic
imprinting disorders [1-3]. The advances in understanding of the epigenetic gene regulation
mechanisms and identification of proteins that participate in them have led to the identification
of other neurodevelopmental disorders, such as ICF and Rett syndromes, caused by mutations
in the genes that encode such proteins [4-8]. The discovery of Rett syndrome, a representative
autistic disorder caused by mutations in MECP2 that encodes an epigenetic regulatory protein,
introduced to us a new paradigm that neurodevelopmental disorders are not only caused by
mutations in the neuronal genes [9, 10], but also caused by abnormal epigenetic regulation of
the neuronal genes.

Several lines of evidence suggest that various environmental factors, such as nutrition (e.g.
folic acid and royal jelly), environmental chemicals, external electric stimuli to neurons, and
mental stress, can change epigenomic status, which supports the hypothesis that the epige‐
nome is more susceptible to environmental factors than the genome [11].

DNA methylation was initially believed to change gradually during the lifetime through
studies in cancer. However, it has recently been shown that DNA methylation can be altered
during the first week of life after birth in mice, and that the altered epigenomic status in the
brain is prolonged throughout the lifetime long with abnormal behavior [12]. It is also reported
that epigenetic changes can be induced by malnutrition during the fetal period, which
introduces the origin of adult diseases in the fetus in rats [13, 14]. Recent comparative studies
between monozygotic twins suggest that epigenomic changes also occur in humans [15, 16].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Epigenetic is a reversible mechanism and thus, it has been accepted as a mechanism for
genomic imprinting in which the maternal expression pattern can be erased and reset to be the
paternal expression pattern when the imprinted gene is transmitted from the mother to the
offspring [17-20]. It has recently been shown that some drugs for mental disorders have an
effect on restoration of the epigenetic status and the expression pattern of the neuronal genes
based on this epigenomic reversibility [21-25]. It has also been reported that administration of
folic acid is effective in treating autistic children possibly by restoring DNA methylation status
at the disease-related gene regions [26-28]. Therefore, it is intriguing to think that advanced
“epigenomic drug” can be designed that only target to disease-specific gene regions using
recent technology such as pyrrole-imidazole polyamide [29, 30].

Epigenetics now challenge the biological dogma that “acquired nature cannot be transmitted
to the next generation”, because recent studies have shown that mental stress-induced
epigenomic changes cannot be completely erased at the stage of spermatogenesis and can be
transmitted to the third generation in mice [20, 31]. However, it is possible that appropriate
intervention such as drug, nutrition, and environmental condition can be restore the abnormal
epigenomic status and halt its inheritance, if such transmission is true in humans.

In this chapter, we present the epigenetic mechanisms that cause congenital disorders, show
examples of environmental factors that can alter the epigenetic status, and discuss recent topics
in epigenetics, such as strategies for the treatment of neurodevelopmental disorders utilizing
epigenetic reversibility and the possibility of its transgenerational inheritance.

2. Importance of proper gene regulation in the brain

The brain is a gene-dosage sensitive organ in which either under-expression or over-expression
of the same genes encoding proteins related to brain function results in a range of neurological
disorders. For example, Pelizaeus-Merzbacher disease, a severe congenital disease is caused
by either a deletion, mutation, or duplication of the proteolipid protein 1 (PLP1) gene [32].
Further, lissencephaly, a rare brain formation disorder, is caused by either deletion or dupli‐
cation of the platelet-activating factor acetylhydrolase 1B subunit alpha (PAFAH1B1) gene that
encodes a neuronal migration factor [33, 34]. Charcot-Marie-Tooth disease, an adult-onset
neuromuscular disease is caused by a mutation or duplication of the peripheral myelin protein
22 (PMP22) gene [35], and Parkinson’s disease is caused by a mutation or multiplication of the
α-synuclein (SNCA) gene [36]. These are all neurological disorders, and such examples have
not been observed in other clinical fields. Thus, these findings suggest that the brain is
extremely sensitive to perturbations in gene regulation, and further indicate that the brain is
an organ that requires a proper control system for gene expression.

Epigenetic mechanisms are one of the ways by which gene expression is controlled in higher
vertebrates. These mechanisms are essential for normal development during embryogenesis
[37], and for differentiation of neural cells [38] and other cell types [39]. Understanding of
epigenetic mechanisms, including DNA methylation, histone modification, and regulation by
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microRNAs, is important in elucidating the pathogenic pathways in neurodevelopmental
disorders [40-42].

3. Epigenetic mechanisms that cause congenital neurodevelopmental
disorders

Genomic imprinting is an epigenetic phenomenon that was initially discovered in humans and
mammals, which determines parental-specific monoallelic expression of a relatively small
number of genes during development. Imprinting must be logically imparted in the germ line,
where inherited maternal and paternal imprints are erased and new imprinting established
according to the individual’s sex (Figure 1) [17]. For example, before the maternal allele-specific
DNA methylation that contribute to monoallelic expression is established in a differential
methylated region 2 (DMR2) of mouse Igf2 gene, DMR2 is demethylated in both male and
female primordial gene cells (PGCs) by 13.5 days post coitum (dpc), indicating that the erasure
of imprinting in this region occurs earlier in PGC development [18]. Although DNA methyl‐
ation is the best established epigenetic mark that is critical for the allele-specific expression of
imprinted genes, many aspects of the regulation of DNA methylation are unknown, including
how methylation complexes are targeted and the molecular mechanisms underlying DNA
demethylation [19]. In this context, one mechanism related to genome-wide DNA demethy‐
lation to reset the epigenome for totipotency was recently revealed that erasure of CpG
methylation (5mC) in PGCs occurs via conversion to 5-hydroxymethylcytosine (5hmC), driven
by high levels of TET1 and TET2, and that global conversion to 5hmC is initiated asynchro‐
nously in PGCs at embryonic days (E) 9.5 to E10.5 for imprint erasure [20].

Figure 1. Erasure and establishment of genomic imprinting. Inherited maternal and paternal imprints are erased and
new imprinting established according to the individual’s sex during the process of spermatogenesis and oogenesis.

In an imprinted gene, one of the two parental alleles is active and the other is inactive due to
an epigenetic mechanism such as DNA methylation. Therefore, a defect in the active allele of
the imprinted gene results in the loss of expression. This has been found in the neurodeve‐
lopmental diseases, Prader-Willi syndrome and Angelman syndrome [2].
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The X chromosome has a large number of genes, whereas the Y chromosome has relatively
few. Thus, females (XX) have more genes than males (XY). To minimize this sex imbalance,
one of the two X chromosomes in females is inactivated by an epigenetic mechanism [3].
Improper X chromosome inactivation (XCI) is thought to be an embryonic lethal condition, as
suggested by the findings that a majority of aborted embryonic clones produced by somatic
nuclear transfer showed failure of XCI [43, 44], although it is difficult to directly demonstrate
failure of XCI in human aborted embryos. Even when failure of XCI occurs in women with
one normal X chromosome and a small X chromosome due to a large terminal deletion, and
thus the overdosage effect of X-linked genes is small, such affected women show severe
congenital neurodevelopmental delays [3], indicating that proper epigenetic gene suppression
is essential for normal development.

DNA methylation is a fundamental step in epigenetic gene control, and occurs by the DNA
methyltransferase (DNMT)-mediated addition of a methyl group (CH3) to CpG dinucleotides.
A defect in one of the DNMTs (e.g., DNMT3B) can cause a syndrome characterized by
immunodeficiency, centromere instability, facial anomalies (ICF), and mild mental retardation
[4-6]. Methyl-CpG-binding domain proteins (MBDs) are also important molecules in the
control of gene expression. Mutations in the methyl-CpG-binding protein 2 gene (MECP2),
one of the genes that encodes for MBD protein, can cause Rett syndrome, which is characterized
by seizures, ataxic gait, language dysfunction, and autistic behavior [7, 8]. Therefore, it is
thought that MeCP2 dysfunction leads to aberrant expression of genes in the brain associated
with neurological features of the disease. Recent studies have shown that MeCP2 controls a
subset of neuronal genes [45-48] or a potentially large number of genes [49], suggesting that
epigenetic dysregulation of multiple neuronal genes may cause neurological features of the
disease.

4. Environmental factors that alter the epigenetic status associated with
neurodevelopmental disorders

We have previously demonstrated that epigenetic instability at imprinting loci during the
process of finding proper methylation sites for diagnosis of Prader-Willi / Angelman syn‐
dromes, the epigenetic disorders described above [50]. In our study, the imprinted DNA
methylation status at the small nuclear ribonucleoprotein associated polypeptide N (SNRPN)
promoter region (e.g., maternally methylated and paternally unmethylated) in chromosome
15q12 was stable among various tissues such as lymphocyte, amniotic fluid cells, cultured
chorionic villus samples, various fetal tissues and Epstein-Barr virus lymphoblast cell lines
established from lymphocytes. However, at the PW71 locus adjacent to the SNRPN locus, the
imprinted methylation status was not consistent among these tissues. This indicates that
epigenetic status at the loci associated with neurodevelopmental disorders are susceptible to
environmental factors in vitro.

In neurodevelopmental disorders such as autism, both environmental factors (e.g., toxins,
infections) and genetic factors (e.g., mutations in synaptic molecules) have historically been
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discussed [51]. However, a biological mechanism that links these two groups of factors has not
been identified. Epigenetics may be the bridge between these factors, thereby contributing to
disease development [11]. Besides the intrinsic (congenital) epigenetic defects (associated with
disease as described above), several lines of evidence suggest that extrinsic (environmental)
factors, such as malnutrition [13, 14], drugs [21-25], mental stress during the neonatal period
[12], and neuronal stimulation [52], alter the epigenetic status and thereby affect brain function.
Therefore, it is intriguing to speculate that acquired neurodevelopmental disorders, including
autistic disorders, may be the result of epigenetic dysregulation caused by environmental
factors (Figure 2).

Figure 2. Current understanding of extrinsic mechanisms of neurodevelopmental disorders. Acquired neurodevelop‐
mental disorders are caused by extrinsic mechanism via various environmental factors.

Short-term mental stress after birth may alter the epigenetic status in the brain and result in
persistent abnormal behavior [12]. In rat pups from mothers exhibiting low levels of maternal
care, DNA methylation at the promoter of the glucocorticoid receptor gene (GR), which is also
known as the nuclear receptor subfamily 3 group C member 1 (NR3C1) gene, increased in the
hippocampus, which suppressed expression of the gene within the first week of life. In contrast,
promoter methylation decreased in the brains of the offspring with high maternal care during
the same period [12]. This paradigm was suggested to provide a putative animal model for
childhood neglect and maltreatment in humans. Postmortem analysis of the hippocampus of
suicide victims with a history of childhood abuse revealed the presence of hypermethylation
of the neuron-specific promoter of NR3C1 in combination with a decrease in its expression [53].
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discussed [51]. However, a biological mechanism that links these two groups of factors has not
been identified. Epigenetics may be the bridge between these factors, thereby contributing to
disease development [11]. Besides the intrinsic (congenital) epigenetic defects (associated with
disease as described above), several lines of evidence suggest that extrinsic (environmental)
factors, such as malnutrition [13, 14], drugs [21-25], mental stress during the neonatal period
[12], and neuronal stimulation [52], alter the epigenetic status and thereby affect brain function.
Therefore, it is intriguing to speculate that acquired neurodevelopmental disorders, including
autistic disorders, may be the result of epigenetic dysregulation caused by environmental
factors (Figure 2).

Figure 2. Current understanding of extrinsic mechanisms of neurodevelopmental disorders. Acquired neurodevelop‐
mental disorders are caused by extrinsic mechanism via various environmental factors.

Short-term mental stress after birth may alter the epigenetic status in the brain and result in
persistent abnormal behavior [12]. In rat pups from mothers exhibiting low levels of maternal
care, DNA methylation at the promoter of the glucocorticoid receptor gene (GR), which is also
known as the nuclear receptor subfamily 3 group C member 1 (NR3C1) gene, increased in the
hippocampus, which suppressed expression of the gene within the first week of life. In contrast,
promoter methylation decreased in the brains of the offspring with high maternal care during
the same period [12]. This paradigm was suggested to provide a putative animal model for
childhood neglect and maltreatment in humans. Postmortem analysis of the hippocampus of
suicide victims with a history of childhood abuse revealed the presence of hypermethylation
of the neuron-specific promoter of NR3C1 in combination with a decrease in its expression [53].
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This finding suggests that the adverse effects of early-life stress on DNA methylation may last
throughout life [54], and also indicates that neurodevelopmental problems may arise from
epigenetic dysregulation caused by environmental factors in early life.

Epigenetic mechanisms are also likely to be relevant to drug addiction. Gene expression in the
dopaminergic and glutamatergic systems is mediated by epigenetic mechanisms, and cocaine
and alcohol are known to alter the epigenetic state (e.g., cocaine induces either hyperacetyla‐
tion or hypoacetylation of histone H3 or H4 in the nucleus accumbens of mice, and alcohol
induces hyperacetylation of histones H3 and H4 in the frontal cortex and the nucleus accum‐
bens of adolescent rats), which may be associated with permanent behavioral consequences
[55, 56].

The findings above were mainly obtained in animal studies, and there is little evidence in
humans. However, the fact that epigenomic differences are larger in older monozygotic twins
than those in younger twins suggests that epigenetic status may be altered during aging by
environmental factors in humans [15]. Likewise, in monozygotic twins with discordant
severity of Rett syndrome, the epigenomic patterns and expression of neuronal genes have
been shown to differ [16]. This indicates that environmental factors may affect the human
epigenome and that epigenomic differences induced by environmental factors may contribute
to mental phenotypes.

Another phenomenon that may be related to epigenomic changes is the decline in birth weights
that has occurred during the past 20 years. This trend is thought to be a result of the popularity
of dieting among young women and of the recommendation by obstetric physicians to
minimize pregnancy weight gain in order to reduce the risk of gestational diabetes mellitus
[57]. Based on current epidemiological studies of populations affected by famines in the
Netherlands and China, the generation with lower birth weight is expected to have an
increased risk of not only metabolic disorders (e.g., obesity, diabetes mellitus) [58], but also
mental disorders [59]. This expectation is referred to as the Developmental Origin of Health
and Diseases (DOHaD) [60]. Recent studies have demonstrated that malnutrition during the
fetal period causes a hypomethylation imprint on the peroxisome proliferator-activated
receptor alpha (PPARa) gene in the rat liver [61]. Similar DNA methylation changes have been
identified in the peripheral tissues of people who suffered malnutrition during a period of
famine in the Netherlands [62]. It has also been reported that assisted reproductive technolo‐
gies (ART) (e.g., in vitro fertilization and intracytoplasmic sperm injection), which are now
widely used due to increases in maternal age, lead to decreased DNA methylation status at
multiple maternally methylated imprinted loci [63, 64]. Therefore, it is intriguing to think that
current social factors, such as DOHaD and ART, may be involved in the recent increase of
children with mild neurodevelopmental disorders in Japan and other countries [65-70] and
that epigenetic alteration may underlie this social phenomenon.
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5. Treatment of neurodevelopmental disorders by utilizing epigenetic
reversibility

It has been reported that administration of folic acid to pregnant rats alters the DNA methyl‐
ation status in the offspring [71]. Furthermore, folic acid supplementation in pregnant rats
under malnutrition conditions prevents hypomethylation of a hepatic gene in the offspring
[13]. In addition to folic acid, various environmental factors, such as royal jelly [72], drugs for
mental disorders [21, 23, 25], environmental chemicals [73, 74], and external stimuli (electro-
convulsive treatment for psychiatric diseases) [49], have also been reported to alter DNA
methylation and histone modification status in the brain and other organs in mice or other
species.

As mentioned above, mental stress in the first week of life causes epigenetic abnormalities in
the brains of mice. Conversely, several mouse studies have demonstrated that appropriate
educational conditions can ameliorate behavior abnormalities. Environmental enrichment
(EE), consisting of larger-sized home cages with a variety of objects including running wheels,
improved motor coordination and decreased anxiety-related behavior in heterozygous
Mecp2+/-female mice, a model of Rett syndrome [75, 76]. EE also improved locomotor activity
with reduced ventricular volume, and restored the expression of synaptic markers, such as
synaptophysin and PSD95 in the hypothalamus and syntaxin 1a and synaptotagmin in the
cortex of hemizygous Mecp2-/y male mice [77, 78].

It is generally thought to be difficult to cure patients with congenital mental disorders caused
by mutations that encode neuronal molecules, since it is difficult to distribute gene products
to the appropriate brain regions and at the appropriate time of brain development. However,
it was recently demonstrated that the epigenetic disorder Rett syndrome may be an exception,
partly because MeCP2 does not encode a product required for brain structure, but rather
encodes a “lubricant” that works at a relatively later period of brain development. As a
consequence, reintroduction of MECP2 into Mecp2 null mice not only before birth [79], but also
after birth, is sufficient to rescue Rett-like neurological symptoms [80]. Furthermore, restora‐
tion of MeCP2 function in astrocytes substantially improves locomotion, anxiety levels, and
respiratory abnormalities in hemizygous Mecp2-/Y male mice along with restoring dendritic
morphology [81]. These results suggest that up-regulation of MECP2, possibly mediated by
drug treatment, might help to improve brain function in Rett syndrome patients. Valproic acid,
one of the most popular drugs for epileptic seizure and a known HDAC inhibitor, increases
MeCP2 expression [82, 83], as well as fluoxetine, a drug for mental disorders, and cocaine [84].
Taken together, these results indicate that neurodevelopmental disorders caused by epigenetic
abnormalities can be treatable.

6. The possibility of transgenerational epigenetic inheritance

According to current understanding in the field of biology, one’s acquired character is not
inherited by the next generation of offspring. Based on this notion of Darwinian inheritance,
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According to current understanding in the field of biology, one’s acquired character is not
inherited by the next generation of offspring. Based on this notion of Darwinian inheritance,
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bad habits acquired during one’s lifetime would not be transmitted to one’s children. However,
recent advances in epigenomics and epigenetics have revealed that such undesirable acquired
traits might be transmitted into the next generation.

Epigenetic marks, either DNA methylation or histone modifications, allow the mitotic
transmission of gene activity states from one cell to its daughter cells. A fundamental question
in epigenetics is whether these marks can also be transmitted meiotically through the germline.
In mammals, epigenetic marks should be cleared by demethylating factors such as the cytidine
deaminases (e.g., AID, APOBEC1) and re-established in each generation, but this clearing is
incomplete at some loci in the genome of several model organisms possibly due to deficiency
of demethylating factors (e.g. AID) [85]. A recent study has demonstrated rare regulatory
elements that escape systematic DNA demethylation in PGCs, providing a potential mecha‐
nistic basis for transgenerational epigenetic inheritance [20]. Therefore, based on this phe‐
nomenon, “transgenerational epigenetic inheritance”, which refers to the germline
transmission of an epigenetic mark [86, 87], may provide a direct biological proof for La‐
marckism, hypothesis suggesting the heritability of acquired characteristics.

It is important to draw a distinction between transgenerational epigenetic inheritance and
heritable germline epimutation. Transgenerational epigenetic inheritance is independent of
the DNA sequence, whereas heritable germline epimutation is a direct consequence of a cis-
acting epigenetic alteration, such as hypermethylation induced by an expansion of an unstable
CGG repeat within exon 1 of the Fragile X Mental Retardation Syndrome 1 gene (FMR1),
hypermethylation induced by a deletion in an adjacent gene within the promoter of the globin
gene, and hypermethylation induced by repetitive retrotransposons [87, 88]. Such specific-
sequence driven-epimutation is observed in an affected mother and son in a family with fragile
X syndrome, and it can be classified as a case of heritable germline epimutation [88]. This
inheritance pattern is also observed in other species, such as Caenorhabditis elegans. Therefore,
the heritability does not necessarily involve transgenerational epigenetic inheritance, as the
methylated state could be cleared on passage through the germline and could be re-established
according to a certain sequence during zygotic genome activation [88].

Transgenerational inheritance of epigenetic marks was first demonstrated in a specific mouse
strain. The methylation status at the Axin (Fu) locus in mature sperm, which reflects the
methylation state of the allele in the somatic tissue of the animal is linked to the shape of the
animal’s tail and does not undergo epigenetic reprogramming during gametogenesis [89].
Environmental factors, notably the fungicide vinclozilin, stress responses and nutritional
challenges, have been associated with transgenerational epigenetic inheritance in animal
models. However, it is often difficult to obtain direct evidence of transmission of epigenetic
marks per se from transmission of the exposure itself [90, 91]. Therefore, transgenerational
effects should be distinguished from parental and grandparental effects. In addition to
contributing to their DNA, parents can influence their offspring in many ways: for example,
by contributing bioactive molecules in the egg and sperm cytoplasm, and by providing
nutrients and hormonal information during embyogenesis. For example, malnutrition during
pregnancy does not only affect the pregnant mother and fetus but also the fetus’s primordial
germ cells, which can lead to phenotypic changes in the grandchildren (second generation).
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In one study, a specific diet (supplementation of folic acid) induced methylation at the Axin
(Fu) locus, which altered the hair color of the animals, and this alteration was inherited over
2 generations, but this status was lost by the third generation [92]. These findings indicate that
while a specific diet leads to parental and grandparental effects, the acquired epigenetic
information is not inherited transgenerationally, and that the Axin (Fu) locus is resistant to
environmentally induced acquisition of new germ-line epigenetic information [92].

Transgenerational effects of environmental toxins – namely, the endocrine disruptors vinclo‐
zolin (an antiandrogenic compound) and methyoxychlor (estrogenic compound)-have been
demonstrated in the fourth generation (F4) of rats resulting in decreased spermatogenic
capacity and increased male infertility, and the effects on reproduction correlate with altered
DNA methylation patterns in the germ line [93]. It has also been demonstrated that plastic-
derived endocrine disrupters, including bisphenol A, increase the risk of pubertal abnormal‐
ities, testicular diseases and ovarian diseases in the F3 generation of rats, and that differential
DNA methylated patterns were identified in the plastic-lineage F3 generation sperm in
comparison with control-lineage F3 generation sperm [94]. Therefore, “true” transgenerational
epigenetic inheritance up to third generation is suggested to exist in animals. This observation
has also been confirmed in Drosophila, in which an aberrant epigenetic mark (defective
chromatin state) acquired in one generation induced by environmental stress (e.g. heat shock)
was inherited by the next generation [95].

It has also been demonstrated that an aberrant epigenetic mark acquired in one generation by
mental stress (maternal separation in early life) can be inherited by the next generation (Figure
3, left) [31]. Chronic maternal separation alters behaviors as well as the profile of DNA
methylation in the promoter of several candidate genes in both the germline of the separated
mice and brains of the offspring with altered gene expression (e.g. decreases in the expression
of corticotropin releasing factor receptor 2 (Crfr2) in the amygdala and the hypothalamus) [31].
In this study, abnormal behavior was observed in the third generation, and altered DNA
methylation in the CpG islands of Mecp2, cannabinoid receptor-1 (Cb1), and Crfr2 were
observed in F1 sperm and F2 brain. It has also been reported that chronic maternal separation
increases cytosine methylation of the estrogen receptor (Er)-alpha1b gene promoter, indicating
that individual differences in maternal behavior are epigenetically transmitted from the
mother to her female offspring [96]. Further, the third generation of male rats upon exposure
to vinclozolin, a commonly-used fungicide, respond differently to chronic restraint (i.e.,
mental) stress during adolescence; they also show altered gene expression in the cortex and
CA1 regions of the brain, although direct epigenetic alteration (e.g., DNA methylation) has
not been confirmed [97]. These findings provide biological evidence suggesting that environ‐
mental factors, including traumatic experiences in early life, are risk factors for the develop‐
ment of behavioral and emotional disorders.

Environmental stress (e.g., maternal separation) in neonatal period induces epigenomic
changes in the brain and sperm in mice. The changes are transmitted to the next generation
along with abnormal behavior even when the offspring is reared by a normal mother. How‐
ever, it is possible to ameliorate these epigenetic changes by providing appropriate environ‐
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mental factors (e.g., nutrition, neuropsychiatric drugs or brain-stimulating enriched
environment).

Recent studies have suggested that epigenetic variations influenced by the environment occur
spontaneously and that the specific epigenetic pattern created is inherited over several
generations in plant populations. Understanding the emergence and heritability of epigenetic
variants is critical for understanding how they might become subject to natural selection and
thus affect genetic diversity [98]. In humans, clinical features can vary among family members
who share the same disease-causing mutation-a phenomenon referred to as variable expres‐
sivity; however, the precise molecular mechanism is not known. Therefore, it is intriguing to
speculate that the variable clinical expressivity is caused by the stochastic occurrence of
epigenetic variation during development [99] or by the spontaneous epigenetic changes during
the transmission to the next generation, as was observed in plants [98, 100].

It has been demonstrated that neuronal plasticity is determined by epigenetic plasticity, such
as chromatin remodeling and dynamic DNA methylation changes during brain development
[101, 102], and multiple lines of evidence that connect environmental factors to brain functions
via epigenetic regulation have been accumulating [21-25]. However, little is known as to
whether environment-induced epigenetic changes in the brain are transmitted to the next
generation along with abnormal brain functions, including mental disorders [31, 103].

Figure 3. Transgenerational abnormal epigenomic inheritance along with abnormal phenotype.
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In this context, whereas it is widely known that maternal nutrition and metabolism are critical
determinants of adult offspring health, recent reports describe adverse offspring outcomes
associated with the father's diet, indicating nongenetic inheritance of paternal experience [104].
Since the results of this study were interpreted as “you are what your dad ate” [105], we may
be able to interpret the results of studies of transgenerational epigenetic inheritance associated
with a specific mental state [31, 103] as “you are how your dad behaved”. Determining the
underlying mechanisms may require a reevaluation of our understanding of the heritability
of epigenetic states.

Based on the evidence described above, the readers of this chapter might draw the conclusion
that the field of epigenetics portends adverse news for society. However, if we are able to
identify a beneficial environment for human health in terms of epigenetics, it may be possible
to sever the environment-induced epigenetic patterns across the generation. Epigenetic
markings provide a "memory of past experiences"; these markings persist during the life span
of an individual and are transmitted to the offspring. Recent reports indicate that epigenetic
marks are a "memory of past experiences" that can be restored by taking advantage of the
reversibility of epigenetic modifications [106, 107]. Therefore, drug discovery and identifica‐
tion of beneficial condition to revert abnormal epigenetic modification may make it possible
to interrupt the negative chain reaction of transgenerational epigenetic inheritance and
promote better health in future generations (Figure 3, right).

7. Conclusion

The failure of epigenetic gene regulation is known to cause various rare congenital disorders.
However, this deregulation also cause common diseases that are induced by environmental
factors, since the epigenetic status is affected and changed by various environmental factors.
Furthermore, the altered epigenetic status in the genome can be transmitted to the succeeding
generations. Therefore, precise understanding of gene-environment interactions in light of
epigenomics and epigenetics is necessary, which will further our knowledge of neurodeve‐
lopmental disorders.
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[101, 102], and multiple lines of evidence that connect environmental factors to brain functions
via epigenetic regulation have been accumulating [21-25]. However, little is known as to
whether environment-induced epigenetic changes in the brain are transmitted to the next
generation along with abnormal brain functions, including mental disorders [31, 103].

Figure 3. Transgenerational abnormal epigenomic inheritance along with abnormal phenotype.
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In this context, whereas it is widely known that maternal nutrition and metabolism are critical
determinants of adult offspring health, recent reports describe adverse offspring outcomes
associated with the father's diet, indicating nongenetic inheritance of paternal experience [104].
Since the results of this study were interpreted as “you are what your dad ate” [105], we may
be able to interpret the results of studies of transgenerational epigenetic inheritance associated
with a specific mental state [31, 103] as “you are how your dad behaved”. Determining the
underlying mechanisms may require a reevaluation of our understanding of the heritability
of epigenetic states.

Based on the evidence described above, the readers of this chapter might draw the conclusion
that the field of epigenetics portends adverse news for society. However, if we are able to
identify a beneficial environment for human health in terms of epigenetics, it may be possible
to sever the environment-induced epigenetic patterns across the generation. Epigenetic
markings provide a "memory of past experiences"; these markings persist during the life span
of an individual and are transmitted to the offspring. Recent reports indicate that epigenetic
marks are a "memory of past experiences" that can be restored by taking advantage of the
reversibility of epigenetic modifications [106, 107]. Therefore, drug discovery and identifica‐
tion of beneficial condition to revert abnormal epigenetic modification may make it possible
to interrupt the negative chain reaction of transgenerational epigenetic inheritance and
promote better health in future generations (Figure 3, right).

7. Conclusion

The failure of epigenetic gene regulation is known to cause various rare congenital disorders.
However, this deregulation also cause common diseases that are induced by environmental
factors, since the epigenetic status is affected and changed by various environmental factors.
Furthermore, the altered epigenetic status in the genome can be transmitted to the succeeding
generations. Therefore, precise understanding of gene-environment interactions in light of
epigenomics and epigenetics is necessary, which will further our knowledge of neurodeve‐
lopmental disorders.
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1. Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental diseases characterized by
repetitive, stereotyped behavior and maldevelopment of social and language skills. Classical
autism, Asperger syndrome and pervasive development disorder-not otherwise specified
(PDD-NOS) are the most commonly diagnosed ASDs. There are also a significant number of
cases that are considered idiopathic because the etiology is unclear (Gillis and Rouleau, 2011).
The incidence of ASDs has increased substantially in the past twenty years, growing by as
much as 5-10 fold; although, the approximate 4:1 ratio of affected males to females has been
relatively constant (Kadesjö et al., 1999). Some of this increase has likely been driven by shifting
diagnostic criteria, heightened awareness and improved diagnostic techniques (Levy et al.,
2007). However, some of this increase could be attributable to an authentic increase in the
frequency of ASDs. The factors fueling this increase remain unclear and the precise causes of
ASDs remain unknown (Stoltenberg et al., 2010). Although its basis is thought to be multifac‐
torial, ASDs are known to have a heritable component (Hu et al., 2006). The inheritance patterns
can to some extent be explained by typical genetic processes but, especially in light of studies
noting discordance among monozygotic twins, this is unlikely to be the whole story (Ptak and
Petronis, 2010). Substantial scientific evidence is emerging suggesting that epigenetic influen‐
ces may be partly responsible for the development of ASDs.

2. Epigenetic protein-DNA interactions: proteins mediating epigenetic
signaling

2.1. Mecp2 and the frontal cortex

Methyl CpG binding protein 2 (Mecp2) is an epigenetic regulator required for development
of neuronal synaptic contacts (Luikenhuis et al., 2004) that is thought to function mainly as a
gene silencing molecule (Chahrour et al., 2008). The Mecp2 gene is located on the q arm of the

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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1. Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental diseases characterized by
repetitive, stereotyped behavior and maldevelopment of social and language skills. Classical
autism, Asperger syndrome and pervasive development disorder-not otherwise specified
(PDD-NOS) are the most commonly diagnosed ASDs. There are also a significant number of
cases that are considered idiopathic because the etiology is unclear (Gillis and Rouleau, 2011).
The incidence of ASDs has increased substantially in the past twenty years, growing by as
much as 5-10 fold; although, the approximate 4:1 ratio of affected males to females has been
relatively constant (Kadesjö et al., 1999). Some of this increase has likely been driven by shifting
diagnostic criteria, heightened awareness and improved diagnostic techniques (Levy et al.,
2007). However, some of this increase could be attributable to an authentic increase in the
frequency of ASDs. The factors fueling this increase remain unclear and the precise causes of
ASDs remain unknown (Stoltenberg et al., 2010). Although its basis is thought to be multifac‐
torial, ASDs are known to have a heritable component (Hu et al., 2006). The inheritance patterns
can to some extent be explained by typical genetic processes but, especially in light of studies
noting discordance among monozygotic twins, this is unlikely to be the whole story (Ptak and
Petronis, 2010). Substantial scientific evidence is emerging suggesting that epigenetic influen‐
ces may be partly responsible for the development of ASDs.

2. Epigenetic protein-DNA interactions: proteins mediating epigenetic
signaling

2.1. Mecp2 and the frontal cortex

Methyl CpG binding protein 2 (Mecp2) is an epigenetic regulator required for development
of neuronal synaptic contacts (Luikenhuis et al., 2004) that is thought to function mainly as a
gene silencing molecule (Chahrour et al., 2008). The Mecp2 gene is located on the q arm of the
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X chromosome and is subject to X-inactivation (Cohen et al., 2008). The Mecp2 mechanism
involves binding to methylated DNA (Yasui et al., 2007) and, after binding, complexing with
histone deacetylase-1 (HDAC1). HDAC1 is responsible for removing acetyl groups from
histones; this removal causes the chromatin to condense and this suppresses gene transcription
at the gene promoter site. Mecp2 is also purported to be an activator of some genes (Mehler,
2008) and, although it is not clear whether the role of Mecp2 in ASDs is dependent on its role
as a gene silencer or promoter, there appear to be strong associations between decreased
expression of Mecp2 and ASDs.

Decreased expression of Mecp2 in frontal cortex and fusiform gyrus (Nagarajan et al., 2006)
-  the  latter  associated  with  neural  processing  of  face  recognition  (LaSalle  et  al.,  2001;
Pelphrey et al., 2004) - has been reported. The Mecp2 gene on the X chromosome and all
males actively express one X chromosome. Hence, aberrant methylation patterns of autistic
males  (the  predominant  sex  affected  by  ASDs)  cannot  be  counteracted  by  a  second  X
chromosome, as occurs in females.  Aberrant methylation of  the 5'  portion of  the Mecp2
regulatory region has been reported for brain samples from males affected by ASDs and,
as expected, there is an inverse correlation between promoter region methylation and Mecp2
expression. There is a well-established relationship between a missense mutation of Mecp2
and Rett  syndrome,  a  pervasive  developmental  disorder  of  females  exhibiting  ASD-like
behaviors (O’Conner et al., 2009).

3. Epigenetic DNA-protein interactions

3.1. Protein kinase c beta and the temporal lobe

Downregulation of the gene for protein kinase C beta (PRKCB1) in the temporal lobe is
reported to be correlated with ASDs (Lintas et al., 2009). Phosphorylation of histone H3 at
threonine 6  (H3T6)  by PRKCB1 appears  to prevent  lysine-specific  demethylase-1 (LSD1)
from demethylating H3K4 during androgen receptor-dependent gene activation (Metzger
et al., 2010). Consequently, downregulation of PRKCB1 could play a role in the predomi‐
nance of male ASD patients. Further, this downregulation may impact deep temporal lobe
(limbic system) synaptogenesis  and consequently preferentially sensitize males (who are
generally exposed to higher fetal androgen concentrations than females) to the environmen‐
tal stressors thought to be involved in the development of ASDs.

3.2. The oxytocin receptor and hypermethylation

Generally,  females  lack  androgen-facilitated  arousal  inputs  to  the  amygdala  and might,
therefore, be protected from the development of ASDs by high fetal levels of estrogens and
oxytocin  (Pfaff  et  al.,  2011).  A  role  for  an  oxytocin  receptor  polymorphism  in  ASDs  is
reported (Wu et al., 2005; Liu et al., 2010) and aberrant DNA methylation in the promot‐
er region of the oxytocin receptor gene has been observed after acute psychosocial stress
(Unternaehrer et al., 2012). Epigenetic dysregulation of the oxytocin receptor gene (OXTR)

Epigenetics and Epigenomics98

has been implicated in the etiology of ASDs (Jacob et al., 2007) and oxytocin, together with
vasopressin, has also been shown to have socialization functions (Gouin et al., 2010). A link
between oxytocin and ASDs in humans (Insel, 1992) and in knockout mice is also suggest‐
ed by  the  decreased memory and face  recognition  abilities  which are  commonly  found
among ASD patients  (Ferguson et  al.,  2000;  Takayanagi  et  al.,  2005)  and also  adversely
impact  socialization.  It  is  noteworthy that  OXTR-knockout  decrements  in  social  interac‐
tions appear to be sex-specific (Sun et al., 2008).

These findings suggest that any defect of the oxytocin pathway, including a deficiency of
oxytocin receptors, has the potential to contribute to the development of ASDs. A diminish‐
ed number of oxytocin receptors can have a variety of causes, including both genomic and
epigenetic. A study involving a family in which the mother had a hemizygous deletion of
the OXTR gene, noted that the mother passed down the deletion to one of her sons, but
not the other; however, both sons were diagnosed with autism and it turned out that the
promoter  region  of  the  OXTR  gene  of  the  affected  sibling  without  the  deletion  was
hypermethylated (Gregory et al., 2009). Prior studies had identified two CpG island regions
of the OXTR gene that,  as a consequence of variable methylation, seem to be associated
with differential OXTR expression in liver and myometrium (Kimura et al., 2003). The first
CpG island overlaps with exons 1, 2 and 3 of the OXTR gene and the second CpG island
was localized to the third intron. The second CpG island, within intron 3, was found to be
heavily methylated in all three family members studied. The other CpG island -- overlap‐
ping  exons  1,2  and  3  --  was  found  to  be  methylated  differently  in  each  of  the  family
members; specifically, the affected sibling without the deletion showed significantly more
methylation than his brother or mother at three sites within the intron. This hypermethyla‐
tion occurred at locations that have previously been shown to impact OXTR expression.
Since both siblings were autistic in spite of the fact that one had a genomic deletion and
the  other  displayed  hypermethylated  promoter  regions,  this  study  demonstrates  that
epigenetic  and  genetic  mechanisms  can  have  equivalent  effects  on  phenotype.  Further‐
more,  this  study  showed  that  five  differentially  methylated  CpG  islands  which  were
examined in  a  group of  20  autistic  and 20  phenotypically  normal  individuals  exhibited
significantly greater methylation at several of the examined loci. These observations were
made  in  both  blood  and  cerebral  cortex  samples.  Additionally,  low  levels  of  OXTR
expression  were  found  to  be  associated  with  increased  methylation  at  a  statistically
significant level. This finding strengthens the idea that promoter region methylation causes
gene silencing.  Moreover,  when the data were stratified by sex,  two of  the loci  showed
significant differences in methylation for males only, implying that the different frequen‐
cies of autism in males and females might be driven by epigenetic mechanisms.

3.3. Bcl-2 and apoptosis

Bcl-2 (B-cell lymphoma 2) is a protein regulator of apoptosis (Tsujimo et al., 1984) and it s gene
has been linked to ASDs (Glantz et al., 2006). Decreased expression of Bcl-2 has been shown
in cerebellum and frontal cortex of subjects diagnosed with ASDs (Fatemi et al., 2001; Fatemi
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and Halt, 2001), and lymphoblastoid cell lines from sets of monozygotic twins discordant for
ASDs.

3.4. RORA and oxidative stress

A novel hypothesis suggests that ASDs may develop from epigenetic dysregulation of the
retinoic acid-related orphan receptor alpha (RORA), a regulator of circadian rhythm and
neuroprotection from oxidative stress and inflammation, is reported (Akashi and Takumi,
2005; Boukhtouche et al., 2006). The Bcl-2 and RORA hypotheses are similar in that both
depend on the idea that oxidative stress plays a key role in some instances of apoptosis.
The RORA hypothesis is supported by reports that oxidative stress and inflammation are
increased in  patients  diagnosed with  ASDs (Pardo et  al.,  2005;  Chauhan and Chauhan,
2006).  Differences  in  RORA  gene  promoter  region  methylation  and  protein  product
expression  is  reported  for  some  subjects  diagnosed  with  ASDs  and  their  (non-twin)
unaffected siblings (Nguyen et  al.,  2010).  Furthermore,  decreased RORA expression was
found only in the ASD subjects with severe language impairment.

3.5. Beta-catenin, estradiol and lithium

Estrogens are important for sex-related differentiation of the brain and it is likely that brain
estrogen  levels  are  increased  in  subjects  diagnosed  with  ASDs  (MacLusky  et  al.,  1987).
Estrogens, being steroid hormones, and their receptors - including estrogen receptor alpha
(ERα) - are located in the nucleus and in the cytosol of target cells. One of the targets of
cytosolic ERα is GSK3B, which is known to complex with β-catenin in the degradation of
β-catenin. ERα activation by estradiol is reported to release β-catenin from this complex,
thereby increasing β-catenin availability (Cardona-Gomez et al., 2004). An increase in the
cytosolic concentration of estrogens is thought to result in increases in cytosolic and nuclear
β-catenin during critical  periods of prenatal  and neonatal  development during which β-
catenin  binding  to  the  LEC/TCF  promoter  has  positive  effects  on  Wnt  pathway  gene
transcription. Such increased transcription in the Wnt pathway is strongly associated with
the development of ASDs. The effect of ERα is to cause the dissociation of β-catenin from
a complex whose integral  members include the proteins  GSK3β,  axin and adenomatous
polyposis coli tumor suppressor (APC). GSK3β, axin and APC are negative regulators of
the Wnt signaling pathway and the complex requires all of these constituents to initiate the
destruction of β-catenin. The absence or downregulation of any of these components may
increase the availability of cytosolic β-catenin, and consequently the various knock-in effects
discussed previously  -  increased nuclear  β-catenin with greater  Wnt  pathway transcrip‐
tion. Lithium, used mostly as a mood stabilizing drug, exerts an inhibitory effect on GSK3β
both directly and indirectly, by interrupting the dephosphorylation of phospo-GSK3β (Jope,
2003). In either case, the effect is the same, and also the same as that of increased estro‐
gen levels; i.e., the complex responsible for initiating the degradation of β-catenin is made
nonfunctional, and the concentration of cytosolic β-catenin increases.
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3.6. SHANK3 and the neurexin-neuroligin pathway

SHANK3 is a scaffolding protein in the neurexin-neuroligin pathway that interacts with
synaptic proteins. Recent research suggests that copy number variations or mutations of either
of these proteins may be associated with the development of ASDs (Liu et al., 2013). It appears
that epigenetic mechanisms are used to control the expression of this gene. Five CpG islands
in the SHANK3 gene (the post-translational methylation of which determines gene expression)
and one specific locus - CpG island 2 - appear to particularly impact tissue SHANK expression
(Beri et al., 2007). The SHANK3 gene is well conserved between humans and rodents and
neonatal expression of certain SHANK3 transcripts in mice is known to temporarily decrease
methylation of CpG island 2 after birth (Uchino and Waga, 2013). These findings suggest that
the expression of SHANK3 (and thus its effect on the development of ASDs) is regulated by
epigenetic mechanisms, though this connection has yet to be directly established in humans.
Additionally, two genes responsible for the production of cell adhesion molecules in this
pathway, NLGN3 and NLGN4, have also been associated with the development of ASDs (Liu
et al., 2013). However, epigenetic regulation of these genes are, at this time, unproven (Yasuda
et al., 2011).

3.7. IGF-2 and the cerebellum

Disruption of cerebellum cytoarchitecture with loss of Purkinje cells, effects that could have a
negative impact on cerebellum development and postmortem cerebellum weight, has been
described in subjects diagnosed with ASDs (Whitney et al., 2009). Insulin like growth factor-2
(IGF-2) is the product of a paternally imprinted gene, the allele-specific expression of which is
regulated by DNA methylation. DNA methylation at a key transcriptional repressor (CTCF2)
is shown to be correlated with cerebellum weight. Paradoxically, DNA methylation at CTCF3
of the maternally-inherited allele also appears to be associated with an increase in cerebellum
weight (Pidsley et al., 2012).

3.8. Neurotrophins

Contemporary thinking has seized upon neurotrophins (proteins tasked with promoting the
development, and, later, survival of neurons) as potentially important factors in the later
development of ASDs. Neutrophins are growth factors whose prenatal presence (or absence)
might affect neurogenesis in such a way as to make the later development more or less likely.
In particular, a recent investigation focused on the role of three neurotrophic factors -- brain
derived neurotrophic factor (BDNF), neurotophin-4 (NT4) and the immunosuppressive
cytokine transforming growth factor beta (TGF-β) - in the development of ASDs (Nickl-
Jockschat and Michel, 2011). The results, which were based on analysis of dried blood spot
samples of neonates later diagnosed with ASDs and frequency-matched controls, suggest a
role for each of studied neurotrophins: neonates with BDNF and TGF-β concentrations in the
bottom decile were more likely to be diagnosed with ASDs, and eventual ASD neonates were
less likely to have a NT4 concentration in the top decile (Abdallah et al., 2013). In spite of the
authors' conspicuously cautious concluding remarks, their finding may have far reaching
implications (Pareja-Galeano et al., 2013). BDNF has also been implicated in the etiology of a
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variety of neurological and psychiatric conditions - such as Alzheimer's and Huntington - that
are posited to be involved in dysfunctional CNS synapse development. The results of the
neurotrophin study are in line with this idea. The BDNF gene has been linked to early life
stressors and their concomitant brain responses and behavioral outcomes, which suggests than
an aberrant BDNF gene - or aberrant epigenetic regulation of that gene - might compromise
the brain's advanced paternal capacity to mount a robust response to early life stressors,
including those that were linked to ASDs in our earlier discussion. Furthermore, BDNF has
been proposed as a link mediating interactions between genes, environmental conditions,
synaptic plasticity and apoptosis and some research suggests that environmental and social
conditions early in life may affect the epigenetic regulation of BDNF (Balaratnasingam and
Janca, 2012). This points to a (somewhat speculative) mechanism for the development of ASDs:
Adverse perinatal conditions alter the epigenetic regulation of BDNF which in turn limits the
young brain's ability to properly respond to its adverse environment which then makes the
development of ASDs more likely. These ideas may also be the first steps towards a strategy
to reduce the ASD frequency. Since the higher concentrations of BDNF (as well as NT4 and
TGF-β) are associated with decreased frequency of ASDs, promoting the upregulation of those
proteins may be protective. Mouse models have shown that music exposure can increase the
brain BDNF concentration in mice, however this finding is yet to be extended to the perinatal
human context (Angelucci et al., 2007). Similarly, controlled physical exercise demonstrably
increases BDNF concentrations in rats (Lee et al., 2013). Either, or both, of these approaches
may be useful in encouraging a perinatal environment that minimizes the eventual develop‐
ment of ASDs.

3.9. The locus coeruleus-noradrenergic system and fever

The study of epigenetics encompasses more than differential methylation and acetylation
of  gene promoter  regions.  Indeed,  any mechanism that  affects  gene expression,  without
altering the genetic code, may be considered an epigenetic mechanism. This broader view
of  epigenetics  can  help  explain  a  curious,  but  common,  observation:  Autistic  children
consistently exhibit diminished ASD symptoms when febrile (Curran et al., 2007). This effect
of  fever  appears  to  have  nothing to  do  with  methylation,  gene  silencing or  promotion.
Furthermore, there is no reason to suspect that the appearance of fever would result in the
addition of methyl groups to particular portions of the genome. However, one hypothe‐
sis  argues  that  febrile  episodes  temporarily  modify  the  functional  integrity  of  the  locus
coeruleus-norandrenergic (LC-NA) system, the dysregulation of which has been implicat‐
ed as a proximate cause of ASD symptoms (Mehler and Purpura, 2009). This hypothesis is
plausible, particularly in view of the functions of the LC-NA system. LC is in the pontine
tegmentum and is notable for containing the most widely spread efferent projections of any
nucleus  in  the  brain  (Foote  et  al.,  1983).  Most  of  the  norepinephrine  in  the  brain  is
transported by these neurons.  This property of the LC-NA system is significant because
distributed neural networks - those that are associated with the ability to make behavori‐
al adaptations to environmental changes and that tend to be disrupted in ASD patients -
are modulated by the LC-NA system. Indeed, the LC-NA system is also implicated in several
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other neurodegenerative and psychiatric disorders. The key point is that autism is frequent‐
ly associated with dysregulation of the LC-NA system and fever also affects the LC-NA
system. Moreover, febrile symptoms are typically induced by bacterial lipopolysaccharide
and symptoms in the brain are, in turn, mediated by norepinephrine (Linthorst et al., 1995).
Because most of the brain’s norepinephrine is released from LC neurons, it is reasonable
to think that the LC-NA system is somehow altered in the febrile state, especially since LC
neurons are known to exhibit  extremely synchronized activity.  Consequently,  fever may
induce a change in LC-NA system functions that diminishes ASD symptoms. The discov‐
ery  of  this  relationship  between ASD symptoms and LC-NA functions  implies  that  the
neural networks of autistic patients are not irreparably damaged but, rather, are function‐
ally intact. Theoretically, these findings suggest that fever-related changes in the brain might
provide  a  useful  experimental  model  for  the  development  of  drugs  and  other  targeted
therapies  for  ASDs.  Moreover,  the  existence  of  this  relationship between fever  and LC-
NA system functions points to a broader view of the concept of epigenetic mechanisms.
Indeed, epigenetic effects may be thought of as relatively static, such as in the case of DNA
methylation, or dynamic such as in the case represented by the connection between fever
and the LC-NA system. This difference is roughly analogous to that between chronic and
acute symptoms of a disease. A fully effective treatment of ASDs might require targeting
both of the aforementioned types of epigenetic causative mechanisms.

4. Role of maternal hypomethylation

Development of the LC-NA system seems to be strongly impacted by prenatal events,
reflecting the importance of environment-gene interactions. Maternal hypomethylation is an
epigenetic mechanism that has effects on the intrauterine environment and which, in turn, may
predispose fetuses to developing ASDs. Greater prevalence of ASDs is reported in children
whose mothers were exposed to hurricanes or tropical storms during gestation (Beversdorf et
al., 2005) and if the accompanying stress causes dysregulation in a distributed neural network
such as the LC-NA system, it could result in a predilection for ASDs. Thus, epigenetic
influences on the maternal genome could alter the intrauterine environment such that the
probability of the offspring developing ASDs is increased or decreased. DNA hypomethylation
linked to variants in the maternal folate pathway have been linked to aberrant fetal develop‐
ment (Foote et al., 1983; Linthorst et al., 1995). Because folate is the primary one carbon donor
in methylation reactions, epigenetic dysregulation of the folate pathway should provide
insight into the availability of methylation precursors and also the extent of genomic methyl‐
ation in mothers of unaffected children compared to mothers of children diagnosed with ASDs.

Indeed, mothers of children diagnosed with ASDs often exhibit aberrant DNA methylation
(James et al., 2008). Moreover, mothers of children diagnosed with ASDs also exhibit signifi‐
cantly lower levels of methylfolate and methionine - essential precursors for DNA methylation
- than their non-ASD counterparts. In addition, levels of the methylation-inhibiting proteins
S-adenosylmethoinine, adenosine and homocysteine were all elevated in autism mothers. S-
adenosylmethonine (SAM) is the primary methyl donor for the DNA methyltransferase
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variety of neurological and psychiatric conditions - such as Alzheimer's and Huntington - that
are posited to be involved in dysfunctional CNS synapse development. The results of the
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consistently exhibit diminished ASD symptoms when febrile (Curran et al., 2007). This effect
of  fever  appears  to  have  nothing to  do  with  methylation,  gene  silencing or  promotion.
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plausible, particularly in view of the functions of the LC-NA system. LC is in the pontine
tegmentum and is notable for containing the most widely spread efferent projections of any
nucleus  in  the  brain  (Foote  et  al.,  1983).  Most  of  the  norepinephrine  in  the  brain  is
transported by these neurons.  This property of the LC-NA system is significant because
distributed neural networks - those that are associated with the ability to make behavori‐
al adaptations to environmental changes and that tend to be disrupted in ASD patients -
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other neurodegenerative and psychiatric disorders. The key point is that autism is frequent‐
ly associated with dysregulation of the LC-NA system and fever also affects the LC-NA
system. Moreover, febrile symptoms are typically induced by bacterial lipopolysaccharide
and symptoms in the brain are, in turn, mediated by norepinephrine (Linthorst et al., 1995).
Because most of the brain’s norepinephrine is released from LC neurons, it is reasonable
to think that the LC-NA system is somehow altered in the febrile state, especially since LC
neurons are known to exhibit  extremely synchronized activity.  Consequently,  fever may
induce a change in LC-NA system functions that diminishes ASD symptoms. The discov‐
ery  of  this  relationship  between ASD symptoms and LC-NA functions  implies  that  the
neural networks of autistic patients are not irreparably damaged but, rather, are function‐
ally intact. Theoretically, these findings suggest that fever-related changes in the brain might
provide  a  useful  experimental  model  for  the  development  of  drugs  and  other  targeted
therapies  for  ASDs.  Moreover,  the  existence  of  this  relationship between fever  and LC-
NA system functions points to a broader view of the concept of epigenetic mechanisms.
Indeed, epigenetic effects may be thought of as relatively static, such as in the case of DNA
methylation, or dynamic such as in the case represented by the connection between fever
and the LC-NA system. This difference is roughly analogous to that between chronic and
acute symptoms of a disease. A fully effective treatment of ASDs might require targeting
both of the aforementioned types of epigenetic causative mechanisms.

4. Role of maternal hypomethylation

Development of the LC-NA system seems to be strongly impacted by prenatal events,
reflecting the importance of environment-gene interactions. Maternal hypomethylation is an
epigenetic mechanism that has effects on the intrauterine environment and which, in turn, may
predispose fetuses to developing ASDs. Greater prevalence of ASDs is reported in children
whose mothers were exposed to hurricanes or tropical storms during gestation (Beversdorf et
al., 2005) and if the accompanying stress causes dysregulation in a distributed neural network
such as the LC-NA system, it could result in a predilection for ASDs. Thus, epigenetic
influences on the maternal genome could alter the intrauterine environment such that the
probability of the offspring developing ASDs is increased or decreased. DNA hypomethylation
linked to variants in the maternal folate pathway have been linked to aberrant fetal develop‐
ment (Foote et al., 1983; Linthorst et al., 1995). Because folate is the primary one carbon donor
in methylation reactions, epigenetic dysregulation of the folate pathway should provide
insight into the availability of methylation precursors and also the extent of genomic methyl‐
ation in mothers of unaffected children compared to mothers of children diagnosed with ASDs.

Indeed, mothers of children diagnosed with ASDs often exhibit aberrant DNA methylation
(James et al., 2008). Moreover, mothers of children diagnosed with ASDs also exhibit signifi‐
cantly lower levels of methylfolate and methionine - essential precursors for DNA methylation
- than their non-ASD counterparts. In addition, levels of the methylation-inhibiting proteins
S-adenosylmethoinine, adenosine and homocysteine were all elevated in autism mothers. S-
adenosylmethonine (SAM) is the primary methyl donor for the DNA methyltransferase
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reaction, which produces S-adenosylhomocysteine (SAH) and methylated DNA. Because SAM
and SAH are linked by the transferase reaction the SAM/SAH ratio is generally considered to
be a good indicator of DNA methylation potential. Mothers of children diagnosed with ASDs
often exhibit lower SAM/SAH ratios than control groups, indicative of a diminished capacity
for methylation. Furthermore, the DNA of the mothers of children diagnosed with ASDs
appears to be less methylated than that of mothers of unaffected children; the ratio of 5-
methylcytosine to total cytosine - a measure of overall genomic methylation - was significantly
lower in the mothers of autistic children (James et al., 2008). Taken together, this evidence
strongly suggests that hypomethylation of maternal DNA may be linked to ASDs. However,
the significance of these findings about the influences of epigenetics on the development of
autism is not entirely clear.

5. Role of advanced paternal age in autism

Advanced paternal age is strongly associated with a variety of childhood conditions (Goriely
et al., 2013). The relationship between advanced paternal age and autism is especially well-
established. Large-scale studies have shown that advanced paternal age may increase the
offspring's risk of developing an ASDs by as many as six fold. Despite such a striking effect,
the specific mechanism underlying the relationship between older fathers and autistic children
is not precisely clear. It seems likely that the link is at least partly explained by the effect of
paternal age on germ cell integrity; a greater number of sperm divisions (and therefore
opportunities for duplication errors) occur as paternal age increases, and the disparity between
paternal and maternal germ line divisions widens. Of course, advanced paternal age may
covary with a number other factors that may exert an effect on ASD frequency, not the least
of which is maternal age. It's worth noting that none of these proposed mechanisms are
mutually exclusive; in fact, it is entirely possible that the observed effects are the consequence
of combination of a number of factors.

Some of these factors may have an epigenetic nexus. Rat model studies have demonstrated the
germ cells of older rats tended to have changes in chromatin packaging, and consequently
decreased gene integrity. In one notable study, sensitivity to oxidative treatment was used as
a proxy for resilience and integrity of chromosomal packaging. Four-month-old and 21-month-
old Brown Norway rats were systematically exposed to L-buthionine-[S,R]-sulphoximine
(BSO) (a drug with well-known glutathione depleting properties) and hydrogen peroxide. The
chromatin from spermatozoa of the younger rats demonstrated less nuclear chromomycin A3
penetration, decreased thiol oxidation, fewer DNA breaks and reduced tendency to dissociate
from acridine orange - all indications of more fragile genetic material (Zubkova and Robaire,
2006). Researchers have also conducted systematic searches for age-related global and gene-
specific methylation patterns. Using restriction landmark genomic scanning to determine
methylation patterns of CpG islands, one study detected a ribosomal DNA locus the methyl‐
ation of which is correlated with age; interestingly, the methylation of all studied single copy
CpG island sequences were independent of age (Oakes et al., 2003). Together, these results
suggest the presence of a direct effect of paternal age on the epigenome.
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The science underlying the effect paternal age on genetic integrity is well-known and relatively
straightforward; the hundreds of replications that spermatogonial undergo allow for greater
numbers of point mutations, chromosomal breakages and copy number alterations than are
typically observed in maternal cell lines (Perrin et al., 2007). However, the pervasive nature of
the genetic effects of advanced paternal age somewhat complicates the evaluation of its
epigenetic impacts. Consequently, separating the genetic and epigenetic effects can be delicate
work. The evidence required to make such a determination must be biochemical; merely noting
an association between increased paternal age and frequency of ASDs is insufficient to account
for possibly confounding genetic effects. On the other hand, we know that dysregulation of
imprinted genes, which as noted earlier often occur in clusters that are regulated by imprinting
centers, is associated with altered brain development, and, notably, neurocognitive conditions
such as autism. Recent studies have bridged this gap by demonstrating that advanced paternal
age may increase the likelihood of the epigenetic dysregulation of the imprinting centers.
Specifically, mouse models have indicated that the epigenetic loss of suppression of particular
genes occurs more frequently in older mice than younger mice. Two examples of specific genes
are illustrative (Bennett-Baker et al., 2003). The first, copper-transporting ATPase 1 (Atp7a), is
located on the X chromosome and is consequently subject to X-linked inactivation. Quantita‐
tive comparison of RNA transcripts from young and old mice (2 and 24 months of age,
respectively) have shown significantly less consistent X-inactivation among the transcripts
from the older mice. This, in turn, suggests that, to some extent, the Atp7a gene of the older
mice is hypomethylated as compared to the younger cohort. When we recall that the methyl‐
ation resulting in gene inactivation is heritable, it follows that the offspring of older mice are
more likely to inherit hypomethylated, and thus not inactivated, paternal alleles. A similar
epigenetic mechanism has been demonstrated for the insulin growth factor 2 gene (Igf2).
Unlike Atp7a, Igf2 is subject to genomic imprinting. As we've noted previously, epigenetic
effects may manifest through manipulation of the imprinting process. It has also been
demonstrated that older mice cohorts produce RNA transcripts from silenced alleles more
frequently than their younger counterparts. Here again, this alteration of the imprinting
process - mediated through changes in methylation patterns - is a heritable epigenetic change
that results as a consequence of advanced paternal age. Further, we're beginning to see similar
results in studies of human subjects. Most notably, a study of the cord blood of a group of
Chinese Han newborns (approximately 20% of whom had non-imprinted Igf2 genes) found
that although no measured maternal factor was statistically correlated with loss of imprinting,
this epigenetic alteration was associated with increased paternal age (Dai et al., 2007). These
studies comprise fairly compelling evidence of the effect exerted by advanced paternal age on
the epigenome. It follows closely that these mechanisms have the potential to result in the
passing of genetic material to ASD-susceptible offspring.

6. Nutritional factors

The ultimate effect of nutritional imbalances depends greatly on the developmental period
during which the imbalance occurs. Different organs have critical developmental stages, and
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covary with a number other factors that may exert an effect on ASD frequency, not the least
of which is maternal age. It's worth noting that none of these proposed mechanisms are
mutually exclusive; in fact, it is entirely possible that the observed effects are the consequence
of combination of a number of factors.

Some of these factors may have an epigenetic nexus. Rat model studies have demonstrated the
germ cells of older rats tended to have changes in chromatin packaging, and consequently
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old Brown Norway rats were systematically exposed to L-buthionine-[S,R]-sulphoximine
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penetration, decreased thiol oxidation, fewer DNA breaks and reduced tendency to dissociate
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respectively) have shown significantly less consistent X-inactivation among the transcripts
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effects may manifest through manipulation of the imprinting process. It has also been
demonstrated that older mice cohorts produce RNA transcripts from silenced alleles more
frequently than their younger counterparts. Here again, this alteration of the imprinting
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the time point at which they are compromised will predispose individuals to specific diseases.
Also, depending on the function of the gene, epigenetic modifications that occur during
development may not be expressed until later in life. While the majority of studies implicate
prenatal and perinatal periods as critical time windows, some research has shown that
nutritional intake during adulthood can also affect the epigenome.

Genetic polymorphisms of cytochrome P450 enzymes have been linked to ASDs, specifically
the cytochrome P450 family 27 subfamily B gene (CYP27B1), which is essential for proper
vitamin D metabolism. Epigenetic regulation of cytochrome P450 genes for hydroxylation and
activation of vitamin D in has been shown in prostate cancer cells (Luo et al., 2010). Vitamin
D is important for neuronal growth and neurodevelopment, and defects in its metabolism or
deficiency have also been implicated in ASDs (Currenti, 2010). Mutations of Mecp2 associated
with impaired methylation are known to be associated with autism and a related neurological
disorder, Rett syndrome. One component of Rett syndrome is abnormal bone formation caused
by abnormal vitamin D metabolism, which is associated with epigenetic dysregulation of
cytochrome P450 genes (O'Connor et al., 2009) which could be a conceptual model for
epigenetic interactions between Mecp2, vitamin D and cytochrome P450 genes (Currenti et al.,
2010). As noted earlier, abnormal folic acid metabolism may play a role in the decreased
capacity for methylation and DNA hypomethylation associated with significantly higher-
than-normal levels of plasma homocysteine, adenosine, and SAH in mothers of subjects
diagnosed with ASDs (James et al., 2010). Indeed, nutritional factors such as folic acid appear
to be protectors against the epigenetic dysregulation associated with ASDs. DNA methylation,
the most established epigenetic gene regulation, is a one-carbon transfer dependent mecha‐
nism requiring folate, choline, betaine and other B vitamins (Anderson et al., 2012) and it is,
therefore, not surprising that folic acid supplementation in pregnancy appears to be protective
against the development of ASDs (Surén et al., 2013). Changes in autism-related behaviors are
reported to be strongly associated with vitamin-supplementation associated changes in
plasma levels of biotin and vitamin K (Adams et al., 2011). Although biotin is a known cofactor
in bioavailability of methyl groups for DNA methylation, a vitamin K-related epigenetic
mechanism has not been described.

7. Toxic factors

7.1. Exposure to valproic acid

Valproic acid (VPA) is a therapeutic anticonvulsant and mood stabilizing drug that gained
attention in the 1980s as a potential teratogen. VPA exposure is highly correlated with autism;
as many as 60% of infants who exhibit the suite of symptoms associated with VPA teratoge‐
nicity also display two or more autistic characteristics (Moore et al., 2000). Autism has also
been shown to occur in 9% of cases of prenatal exposure to VPA (Rasalam et. al., 2005). The
mechanisms underlying the pharmacological actions of VPA are also suggestive of a correla‐
tion between VPA and ASDs (Shimshoni et al., 2007). VPA is responsible for inhibiting two
enzymes: myo-inositol-1-phosphate (MIP) synthase and the class 1 and 2 histone deacetylase
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(HDAC). HDAC1 is an important inhibitor of DNA transcription that works by associating
with the LEC/TCF transcription factor. When HDAC1 is removed from the LEC/TCF complex,
it leaves behind a primed (but inactive) promoter of gene transcription. The primed promoter
then forms a complex with β-catenin, thus activating the promoter, and increasing transcrip‐
tion rates of a variety of genes in the wingless-type, mouse mammary tumor virus (MMTV)
integration site family, in the type 1 (Wnt) signaling pathway including cyclin D1, as well as
in those required for the transition from the G1 to S phases of mitosis. Additionally, the removal
of HDAC1 causes the an increase in the transcription rate of MYC, which is a transcription
enhancer for many genes throughout the genome (Billin et al., 2000). Accordingly, the
consequence of VPA-mediated inhibition of HDAC1 is to upregulate the transcription of Wnt
pathway genes. In addition, VPA increases cellular levels of β-catenin, presumably in response
to the increased availability of primed LEC/TCF promoters (Wang et al., 2010). The effect of
VPA on Wnt gene transcription is well understood but fails to explain the connection between
VPA and autism. In order to complete this link, it is necessary to note that an increase in the
number of neocortical minicolumns is highly correlated with autism (Williams and Casanova,
2010). This observation is supported by fMRI studies that report differences in how autism
brains coordinate the processing of information (Minshew and Williams, 2007). It is reasonable
to assume that processes which upregulate genes of the Wnt signaling pathway - such as
prenatal exposure to VPA - may result in poorly regulated mitosis and cellular proliferation,
one manifestation of which could be an increase in the number of neocortical minicolumns
and macrocephaly. This mechanism has been observed at work in a slightly different context.
Recall that Mecp2 inactivates genes by forming complexes with a variety of different mole‐
cules. One of these molecules is HDAC1 (Nan et al., 1998) and in the absence of HDAC1, or
even when HDAC1 has merely been downregulated, the gene inactivating properties of Mecp2
will be expected to have a diminished effect. One of the promoters on which Mecp2 typically
exerts its regulatory effect is the LEC/TCF promoter, which, as mentioned previously, ulti‐
mately regulates the transcription rates of the Wnt signaling pathway. Although Mecp2 has
effects on gene methylation, the function of HDAC1 concerns acetylation of histones. However,
in order for a gene to be transcriptionally deactivated, they must often be both methylated and
deacetylated. Thus, VPA-induced inhibition of HDAC1 interferes with the functionality of
Mecp2 which appears to increase the risk of developing ASD.

7.2. Exposure to sex steroids and antidepressants

Endocrine disruption early in pregnancy during sex-related differentiation of the brain
suggests several mechanisms for the development of ASD. Sex steroids are known to be potent
inhibitors of 3(17) alpha-hydroxysteroid dehydrogenase (AKR1C1), a bifunctional enzyme
that catalyzes the oxidoreduction of the 2- and 17-hydroxy/keto groups of sex steroid hor‐
mones, the main metabolite of which is epitestosterone. Epitestosterone is a sex steroid
produced in the mammalian brain, including that of humans. Epitestosterone is also shown
to occur in higher concentrations in females than in males and could be an important central
nervous system epigenetic regulator of gene expression that might help explain some of the
male predominance of ASDs. Epitestosterone metabolism may also be linked to the features
of ASDs associated with prenatal exposure to citrapolam, estradiol and valproic acid (Sanders,
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the time point at which they are compromised will predispose individuals to specific diseases.
Also, depending on the function of the gene, epigenetic modifications that occur during
development may not be expressed until later in life. While the majority of studies implicate
prenatal and perinatal periods as critical time windows, some research has shown that
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against the development of ASDs (Surén et al., 2013). Changes in autism-related behaviors are
reported to be strongly associated with vitamin-supplementation associated changes in
plasma levels of biotin and vitamin K (Adams et al., 2011). Although biotin is a known cofactor
in bioavailability of methyl groups for DNA methylation, a vitamin K-related epigenetic
mechanism has not been described.

7. Toxic factors

7.1. Exposure to valproic acid

Valproic acid (VPA) is a therapeutic anticonvulsant and mood stabilizing drug that gained
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been shown to occur in 9% of cases of prenatal exposure to VPA (Rasalam et. al., 2005). The
mechanisms underlying the pharmacological actions of VPA are also suggestive of a correla‐
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enzymes: myo-inositol-1-phosphate (MIP) synthase and the class 1 and 2 histone deacetylase
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(HDAC). HDAC1 is an important inhibitor of DNA transcription that works by associating
with the LEC/TCF transcription factor. When HDAC1 is removed from the LEC/TCF complex,
it leaves behind a primed (but inactive) promoter of gene transcription. The primed promoter
then forms a complex with β-catenin, thus activating the promoter, and increasing transcrip‐
tion rates of a variety of genes in the wingless-type, mouse mammary tumor virus (MMTV)
integration site family, in the type 1 (Wnt) signaling pathway including cyclin D1, as well as
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of HDAC1 causes the an increase in the transcription rate of MYC, which is a transcription
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VPA on Wnt gene transcription is well understood but fails to explain the connection between
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number of neocortical minicolumns is highly correlated with autism (Williams and Casanova,
2010). This observation is supported by fMRI studies that report differences in how autism
brains coordinate the processing of information (Minshew and Williams, 2007). It is reasonable
to assume that processes which upregulate genes of the Wnt signaling pathway - such as
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deacetylated. Thus, VPA-induced inhibition of HDAC1 interferes with the functionality of
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Endocrine disruption early in pregnancy during sex-related differentiation of the brain
suggests several mechanisms for the development of ASD. Sex steroids are known to be potent
inhibitors of 3(17) alpha-hydroxysteroid dehydrogenase (AKR1C1), a bifunctional enzyme
that catalyzes the oxidoreduction of the 2- and 17-hydroxy/keto groups of sex steroid hor‐
mones, the main metabolite of which is epitestosterone. Epitestosterone is a sex steroid
produced in the mammalian brain, including that of humans. Epitestosterone is also shown
to occur in higher concentrations in females than in males and could be an important central
nervous system epigenetic regulator of gene expression that might help explain some of the
male predominance of ASDs. Epitestosterone metabolism may also be linked to the features
of ASDs associated with prenatal exposure to citrapolam, estradiol and valproic acid (Sanders,
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2012). Several in vitro studies show that sex steroids can also alter serotonin homeostasis and
mice expressing the common serotonin reuptake transporter (SERT) polymorphism, SERT
Ala56 – which is associated with increased serotonin clearance rates and plasma serotonin
concentrations and found in children with ASDs, (Dufour-Rainfray et al., 2010; Simpson et al.,
2011; Veenstra-Vanderweele et al., 2012). The serotonin reuptake inhibitor citrapolam (Celexa),
which increases plasma serotonin levels, is also implicated in heightened risk of ASDs in the
children born to mothers who were prescribed the drug in the early stages of their pregnancies
(Rai et al., 2013). These connections between sex steroids and serotonin homeostasis appear to
be complex, as evidenced by the finding that citrapolam exposure modulates both cerebral
cortical and noradrenergic locus coeruleus functions (previously discussed in relation to ASDs)
as well as produces autistic-like behaviors in male rats (Darling et al., 2011).

7.3. Prenatal exposure to organic environmental pollutants

ASDs have also been linked to perinatal exposure to a flame retardant chemical, pentabro‐
modiphenyl  ether,  BDE-47 (Woods et  al.,  2012).  BDE-47 is  one of  a  group of  chemicals
whose industrial production is required to be halted under the Stockholm Convention, a
treaty intended to protect against environment exposures to persistent organic pollutants.
Exposure  to  BDE-47  is  known to  negatively  impact  Mecp-2.  Mecp2 has  been discussed
previously in terms of the X chromosome-linked mutation that produces Rett syndrome, a
pervasive  autistic-like  neurodevelopmental  disorder  in  females.  Mecp2(308/+)  mice  are
knock-in  animal  models  shown to  exhibit  global  hypomethylation  of  adult  brain  DNA,
specifically in female offspring following perinatal exposure to BDE-47. This hypomethyla‐
tion is associated with decreased social interactions and decreased expression of DNMT3a,
a DNA methyltransferase required for learning and memory in hippocampus, specifically
in BDE-47-exposed Mecp2(308/+) offspring (Woods et al., 2012). Collectively, these results
demonstrate  that  some  chemical  environment-gene  interactions  relevant  to  social  and
cognitive behaviors exhibit sexual dimorphism and epigenetic dysregulation that are likely
relevant to the pathogenesis ASDs.

8. Other ASD-like diseases

8.1. Angelman syndrome

Epigenetic effects may also manifest through aberrant methylation patterns of imprinted
genes. The expression of imprinted genes, which are mostly found in clusters on chromosomes
6, 7, 11, 14 and 15, is controlled by a series of DNA methylations and histone modifications.
Imprinting defects may be primary or secondary. Primary imprinting defects cause changes
in observed methylation patterns, but leaves the DNA sequence unaltered, and thus may be
classified as an epigenetic mechanism (Gos, 2013). Angelman syndrome, which is caused by
an absence of active maternal genes in the 15q11-1q13 region, may result from a primary
imprinting defect, although the syndrome is more commonly caused by a deletion on the
maternal chromosome or a paternal uniparental disomy. There is some basis to suspect a link
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between Angelman syndrome and autism. For instance, in one particular study, though the
frequency of Angelman syndrome was only found to be 4 out of approximately 49,000, each
of those four children were found to demonstrate autistic behaviors. (Steffenburg et al., 1996).
However, other studies place the rate of co-occurrence of autism and Angelman syndrome at
a rate of as low as 2%. It seems reasonable to assert that, to the extent that Angelman syndrome
and autism are linked, the condition of some percentage of these patients will be related to an
epigenetic primary imprinting defect. However, the available evidence does not establish
whether the epigenetic defect causing Angelman syndrome leads directly to autistic symptoms
or whether the relationship between Angelman syndrome and autism are merely correlative,
and not causative.

8.2. Prader-Willi syndrome

On the other hand, secondary imprinting defects occur when a gene mutation results in
improper epigenetic regulation. Such a defect may occur in Prader-Willi syndrome, which is
characterized by the lack of a paternal contribution at the 15q11-q13 locus. The specific
mutation most commonly responsible for secondary imprinting in Prader-Willi syndrome is
a cis-acting defect of the imprinting regulatory center of the Prader-Willi syndrome gene
(Dykens, and Shah, 2003). Prader-Willi patients present with autistic behavior more frequently
than Angelman syndrome patients; studies suggest the frequency of autism co-occurrence
with Prader-Willi syndrome is between 18% and 38% (Veltman et al., 2004), though the
causative nature of this relationship has not been established.

8.3. Fragile X syndrome

Fragile X syndrome is the leading single-gene cause of autism accounting for as many at 5%
of all cases (McLennan et al., 2011). As with Prader-Willi and Angelman syndromes, epigenetic
mechanisms can contribute to the development of the Fragile X, which is characterized by the
presence of 200 or more CGG repeats in the 5' untranslated region of the FMR1 gene (Willemsen
et al., 2011). The resulting increased concentration of cytosine and guanine nucleotides causes
the global methylation of not only the CGG-repeat region but also adjacent regions, which
happen to include FMR1 promoter elements.

8.4. Rett syndrome

A missense mutation of the protein Mecp2 is known to produce Rett syndrome, a disease
formerly termed cerebral atrophic hyperammonemia, the signs and symptoms of which are
often confused with Angelman syndrome. Interestingly, hyperammonemia can also be
produced by urea cycle disorders and exposure to valproic acid (the latter being a known risk
factor for ASDs). Damage to the locus coeruleus-noradrenergic and midbrain dopaminergic
systems have been demonstrated and the etiology of Rett syndrome appears to be confirmed
by a study demonstrating that restoration of Mecp2 activity may be achieved by an IGF-1
treatment (Tropea et al., 2009).
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specifically in female offspring following perinatal exposure to BDE-47. This hypomethyla‐
tion is associated with decreased social interactions and decreased expression of DNMT3a,
a DNA methyltransferase required for learning and memory in hippocampus, specifically
in BDE-47-exposed Mecp2(308/+) offspring (Woods et al., 2012). Collectively, these results
demonstrate  that  some  chemical  environment-gene  interactions  relevant  to  social  and
cognitive behaviors exhibit sexual dimorphism and epigenetic dysregulation that are likely
relevant to the pathogenesis ASDs.

8. Other ASD-like diseases

8.1. Angelman syndrome

Epigenetic effects may also manifest through aberrant methylation patterns of imprinted
genes. The expression of imprinted genes, which are mostly found in clusters on chromosomes
6, 7, 11, 14 and 15, is controlled by a series of DNA methylations and histone modifications.
Imprinting defects may be primary or secondary. Primary imprinting defects cause changes
in observed methylation patterns, but leaves the DNA sequence unaltered, and thus may be
classified as an epigenetic mechanism (Gos, 2013). Angelman syndrome, which is caused by
an absence of active maternal genes in the 15q11-1q13 region, may result from a primary
imprinting defect, although the syndrome is more commonly caused by a deletion on the
maternal chromosome or a paternal uniparental disomy. There is some basis to suspect a link
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between Angelman syndrome and autism. For instance, in one particular study, though the
frequency of Angelman syndrome was only found to be 4 out of approximately 49,000, each
of those four children were found to demonstrate autistic behaviors. (Steffenburg et al., 1996).
However, other studies place the rate of co-occurrence of autism and Angelman syndrome at
a rate of as low as 2%. It seems reasonable to assert that, to the extent that Angelman syndrome
and autism are linked, the condition of some percentage of these patients will be related to an
epigenetic primary imprinting defect. However, the available evidence does not establish
whether the epigenetic defect causing Angelman syndrome leads directly to autistic symptoms
or whether the relationship between Angelman syndrome and autism are merely correlative,
and not causative.

8.2. Prader-Willi syndrome

On the other hand, secondary imprinting defects occur when a gene mutation results in
improper epigenetic regulation. Such a defect may occur in Prader-Willi syndrome, which is
characterized by the lack of a paternal contribution at the 15q11-q13 locus. The specific
mutation most commonly responsible for secondary imprinting in Prader-Willi syndrome is
a cis-acting defect of the imprinting regulatory center of the Prader-Willi syndrome gene
(Dykens, and Shah, 2003). Prader-Willi patients present with autistic behavior more frequently
than Angelman syndrome patients; studies suggest the frequency of autism co-occurrence
with Prader-Willi syndrome is between 18% and 38% (Veltman et al., 2004), though the
causative nature of this relationship has not been established.

8.3. Fragile X syndrome

Fragile X syndrome is the leading single-gene cause of autism accounting for as many at 5%
of all cases (McLennan et al., 2011). As with Prader-Willi and Angelman syndromes, epigenetic
mechanisms can contribute to the development of the Fragile X, which is characterized by the
presence of 200 or more CGG repeats in the 5' untranslated region of the FMR1 gene (Willemsen
et al., 2011). The resulting increased concentration of cytosine and guanine nucleotides causes
the global methylation of not only the CGG-repeat region but also adjacent regions, which
happen to include FMR1 promoter elements.

8.4. Rett syndrome

A missense mutation of the protein Mecp2 is known to produce Rett syndrome, a disease
formerly termed cerebral atrophic hyperammonemia, the signs and symptoms of which are
often confused with Angelman syndrome. Interestingly, hyperammonemia can also be
produced by urea cycle disorders and exposure to valproic acid (the latter being a known risk
factor for ASDs). Damage to the locus coeruleus-noradrenergic and midbrain dopaminergic
systems have been demonstrated and the etiology of Rett syndrome appears to be confirmed
by a study demonstrating that restoration of Mecp2 activity may be achieved by an IGF-1
treatment (Tropea et al., 2009).
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9. Role of epigenetic drift in autism

Earlier, we discussed investigations involving identical twins to elucidate the effects of the
intrauterine environment on the epigenome. As it happens, twin studies are also valuable
because they allow us to explore the concept of epigenetic drift. The idea of epigenetic drift
closely parallels the more familiar notion of genetic drift: Beginning with identical starting
conditions, epigenetic drift is the divergence of two formerly identical epigenomes in response
to external pressures. An investigation of global histone H3 and H4 acetylation, 5 methyl
cytosine methylation and X chromosome inactivation concluded that despite very few
differences between the epigenomes of monozygotic twins at birth, significant differences
between the epigenomes develop as the twins age (Fraga et al., 2005). Some studies have
indicated that epigenomic drift may occur on a scale two orders of magnitude more substantial
than genetic drift (Martin, 2012). Clearly, any number of factors - smoking, diet and physical
activity among them - may be responsible for these different changes. But it might also be the
case that an intermittent failure to properly transfer epigenetic information during the gene
replication process may play a role as well. In any event, regardless of the specific etiology of
the epigenomic changes, these are the sorts of heritable changes in methylation and acetylation
that we've previously seen to be linked to the development of ASDs in offspring.

10. Summary and conclusions

Figure 1 summarizes the main epigenetic mechanisms that appear to play roles in ASDs
include low activity of Mecp2 at CpG islands in genes of frontal cortex is shown to reduce the
capacity for inhibiting HDAC1 and chromatin condensation for gene silencing. HDAC1
inhibition by valproic acid and GSK3β inhibition by lithium are shown to upregulate the Wnt
signaling pathway, which in turn causes accumulation of β-catenin in the cytoplasm and its
translocation to the nucleus. In the nucleus β-catenin can act as an activator of transcription
and cause macrocephaly and the attendant increase in the number of cerebral cortical columns.
DNMT is shown to methylate the oxytocin receptor gene and silence it, resulting in the low
oxytocin and estrogen activity necessary for androgen receptor mediation of high arousal
inputs to the amygdyla. This defect is associated with antisocial behaviors after exposure to
environmental stressors. Histone H3 phosphorylation by protein kinase C beta is shown to
activate the LSD1, an HMT that prevents demethylation of H3K4, which is also necessary for
androgen receptor mediation of high arousal inputs to the amygdyla. Hypomethylation by
decreased availability of S-adenosyl methionine (SAM) is shown to occur in mothers of autistic
children. Environmental and nutritional conditions acting as pro- or anti-autism factors by
epigenetic mechanisms suggest strategies for decreasing the prevalence of ASDs. This
knowledge of putative epigenetic targets should motivate clinical practitioners and educators
to develop novel treatment strategies based on the environment-gene interactions which could
contribute to the core symptoms of ASDs.
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9. Role of epigenetic drift in autism

Earlier, we discussed investigations involving identical twins to elucidate the effects of the
intrauterine environment on the epigenome. As it happens, twin studies are also valuable
because they allow us to explore the concept of epigenetic drift. The idea of epigenetic drift
closely parallels the more familiar notion of genetic drift: Beginning with identical starting
conditions, epigenetic drift is the divergence of two formerly identical epigenomes in response
to external pressures. An investigation of global histone H3 and H4 acetylation, 5 methyl
cytosine methylation and X chromosome inactivation concluded that despite very few
differences between the epigenomes of monozygotic twins at birth, significant differences
between the epigenomes develop as the twins age (Fraga et al., 2005). Some studies have
indicated that epigenomic drift may occur on a scale two orders of magnitude more substantial
than genetic drift (Martin, 2012). Clearly, any number of factors - smoking, diet and physical
activity among them - may be responsible for these different changes. But it might also be the
case that an intermittent failure to properly transfer epigenetic information during the gene
replication process may play a role as well. In any event, regardless of the specific etiology of
the epigenomic changes, these are the sorts of heritable changes in methylation and acetylation
that we've previously seen to be linked to the development of ASDs in offspring.

10. Summary and conclusions

Figure 1 summarizes the main epigenetic mechanisms that appear to play roles in ASDs
include low activity of Mecp2 at CpG islands in genes of frontal cortex is shown to reduce the
capacity for inhibiting HDAC1 and chromatin condensation for gene silencing. HDAC1
inhibition by valproic acid and GSK3β inhibition by lithium are shown to upregulate the Wnt
signaling pathway, which in turn causes accumulation of β-catenin in the cytoplasm and its
translocation to the nucleus. In the nucleus β-catenin can act as an activator of transcription
and cause macrocephaly and the attendant increase in the number of cerebral cortical columns.
DNMT is shown to methylate the oxytocin receptor gene and silence it, resulting in the low
oxytocin and estrogen activity necessary for androgen receptor mediation of high arousal
inputs to the amygdyla. This defect is associated with antisocial behaviors after exposure to
environmental stressors. Histone H3 phosphorylation by protein kinase C beta is shown to
activate the LSD1, an HMT that prevents demethylation of H3K4, which is also necessary for
androgen receptor mediation of high arousal inputs to the amygdyla. Hypomethylation by
decreased availability of S-adenosyl methionine (SAM) is shown to occur in mothers of autistic
children. Environmental and nutritional conditions acting as pro- or anti-autism factors by
epigenetic mechanisms suggest strategies for decreasing the prevalence of ASDs. This
knowledge of putative epigenetic targets should motivate clinical practitioners and educators
to develop novel treatment strategies based on the environment-gene interactions which could
contribute to the core symptoms of ASDs.
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of frontal cortex reduces capacity for complexing with histone deacetylase 1 (HDAC1) for gene silencing. 2. HDAC1 
inhibition by valproic acid exposure and glycogen synthetase kinase-3B (GSK3B) inhibition by lithium upregulate Wnt 
signaling pathway, activates transcription, associated with macrocephaly with increased number of cerebral cortical 
column. 3. DNA methyltransferase (DNMT) methylates oxytocin receptor gene produces low oxytocin and estrogen 
activity necessary for androgen receptor mediated high-arousal inputs to amygdala. 4. Histone H3 phosphorylation by 
protein kinase c beta activates the histone methyltransferase (HMT) lysine demethylase 1 (LSD1) which prevents 
demethylation of lysine-4 site of histone-3 (H3K4) also necessary for androgen receptor (AR) mediation of high arousal 
inputs to amygdala. 5. Maternal hypomethylation by dietary folic acid deficiency decreases availability of S-adenosyl 
methionine (SAM), associated with abnormal intrauterine growth.  
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Figure 1. Main mechanisms of epigenetic alterations in autism. Each alteration involves many enzymes but the main
players to cause methylation or acetylation are shown by arrows. These are not separate mechanisms and the en‐
zymes do not act alone. Several enzymes act at a promoter simultaneously. 1. Low methyl CpG binding protein-2
(Mecp2) at CpG islands of frontal cortex reduces capacity for complexing with histone deacetylase 1 (HDAC1) for gene
silencing. 2. HDAC1 inhibition by valproic acid exposure and glycogen synthetase kinase-3B (GSK3B) inhibition by lithi‐
um upregulate Wnt signaling pathway, activates transcription, associated with macrocephaly with increased number
of cerebral cortical column. 3. DNA methyltransferase (DNMT) methylates oxytocin receptor gene produces low oxyto‐
cin and estrogen activity necessary for androgen receptor mediated high-arousal inputs to amygdala. 4. Histone H3
phosphorylation by protein kinase c beta activates the histone methyltransferase (HMT) lysine demethylase 1 (LSD1)
which prevents demethylation of lysine-4 site of histone-3 (H3K4) also necessary for androgen receptor (AR) media‐
tion of high arousal inputs to amygdala. 5. Maternal hypomethylation by dietary folic acid deficiency decreases availa‐
bility of S-adenosyl methionine (SAM), associated with abnormal intrauterine growth.

Acknowledgements

This research supported in part by NIH/NCRR/RCMI Grant 2G12RR003048 to Howard
University.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

111



Author details

Tafari Mbadiwe and Richard M. Millis

Department of Physiology & Biophysics Howard University College of Medicine Washing‐
ton, DC, USA

The authors have no conflicts of interest, financial or otherwise, to disclose.

References

[1] Abdallah, M.W., Mortensen, E.L., Greaves-Lord. K. et al (2013). Neonatal levels of
neurotrophic factors and risk of autism spectrum disorders. Acta Psychiatr Scand. 128,
61-69.

[2] Adams, J.B., Audhya, T., McDonough-Means, S., et al (2011). Effect of a vitamin/
mineral supplement on children and adults with autism. BMC Pediatr. 11, 111, doi:
10.1186/1471-2431-11-111.

[3] Akashi, M. and Takumi, T. (2005). The orphan nuclear receptor RORα regulates cir‐
cadian transcription of the mammalian core-clock Bmal1. Nature Struct Mol Biol. 12,
441-448.

[4] Anderson, O.S., Sant, K.E. and Dolinoy, D.C (2012). Nutrition and epigenetics: an in‐
terplay of dietary methyl donors, one-carbon metabolism and DNA methylation. J
Nutr Biochem. 23, 853-859.

[5] Angelucci, F., Ricci, E., Padua, L. et al (2007). Music exposure differentially alters the
levels of brain-derived neurotrophic factor and nerve growth factor in the mouse hy‐
pothalamus. Neurosci Lett. 429, 152-155.

[6] Perrin, M.C., Brown, A.S. and Malaspina, D (2007). Aberrant epigenetic regulation
could explain the relationship of paternal age to schizophrenia. Schizophr Bull. 33,
1270-1273.

[7] Balaratnasingam, S. and Janca, A (2012). Brain derived neurotrophic factor: a novel
neurotrophin involved in psychiatric and neurological disorders. Pharmacol Ther. 134,
116-124.

[8] Beri, S., Tonna, N., Menozzi, G., et al (2007). DNA methylation regulates tissue-spe‐
cific expression of Shank3. J Neurochem. 101, 1380-1391.

[9] Beversdorf, D.Q., Manning, S.E., Hillier, A., et al (2005). Timing of prenatal stressors
and autism. J Autism Dev Dis. 35, 471-478.

Epigenetics and Epigenomics112

[10] Billin, A.N., Thirlwell, H. and Ayer, D.E (2000). Beta-catenin-histone deacetylase in‐
teractions regulate the transition of LEF1 from a transcriptional repressor to an acti‐
vator. Mol Cell Biol. 20, 6882-6890.

[11] Boukhtouche, F., Vodjdani, G., Jarvis, C.I., et al (2006). Human retinoic acid receptor-
related orphan receptor α1 overexpression protects neurones against oxidative
stress-induced apoptosis. J Neurochem. 96, 1778-1789.

[12] Cardona-Gomez, P., Perez, M., Avila, J., et al (2004). Estradiol inhibits GSK3 and reg‐
ulates interaction of estrogen receptors, GSK3, and beta-catenin in the hippocampus.
Mol Cell Neurosci. 25, 363-373.

[13] Chahrour, M., Jung, S.Y., Shaw, C., et al (2008). MeCP2, a key contributor to neuro‐
logical disease, activates and represses transcription. Science. 320, 1224-1229.

[14] Chauhan, A. and Chauhan, V (2006). Oxidative stress in autism. Pathophysiology 13,
171-181.

[15] Cohen, S., Zhou, Z. and Greenberg, M.E (2008). Medicine. Activating a repressor Sci‐
ence. 320, 1172–1173.

[16] Curran, L.K., Newschaffer, L.C., Lee, S.O., et al (2007). Behaviors associated with fe‐
ver in children with autism spectrum disorders. Pediatrics. 120, 1386-1392.

[17] Currenti, S.A (2010). Understanding and determining the etiology of autism. Cell Mol
Neurobiol. 30, 161-171.

[18] Dai, Y.M., Hu, Y.L., Wang, Z.Q. et al (2007). Loss of imprinting of IGF2 in cord blood
of newborns of Chinese Han population. Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 24,
10-14.

[19] Darling, R.D., Alzghoul, L., Zhang, J., et al (2011). Perinatal citalopram exposure se‐
lectively increases locus ceruleus circuit function in male rats. J Neurosci. 31,
16709-16715.

[20] Dufour-Rainfray, D., Vourc’h, P., Le Guisquet, A.M., et al (2010). Behavior and sero‐
tonergic disorders in rats exposed prenatally to valproate: a model for autism. Neuro‐
sci Lett. 470, 55–59.

[21] Dykens, E. and Shah, B (2003). Psychiatric disorders in Prader-Willi syndrome: epi‐
demiology and management. CNS Drugs. 17, 167-178.

[22] Ebert, D.H., Gabel, H.W., Robinson, N.D., et al (2013). Activity-dependent phosphor‐
ylation of MeCP2 threonine 308 regulates interaction with NCoR. Nature. 499,
341-345.

[23] Fatemi, S.H. and Halt, A.R (2001). Altered levels of Bcl2 and p53 proteins in parietal
cortex reflect deranged apoptotic regulation in autism. Synapse. 42, 281-284.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

113



Author details

Tafari Mbadiwe and Richard M. Millis

Department of Physiology & Biophysics Howard University College of Medicine Washing‐
ton, DC, USA

The authors have no conflicts of interest, financial or otherwise, to disclose.

References

[1] Abdallah, M.W., Mortensen, E.L., Greaves-Lord. K. et al (2013). Neonatal levels of
neurotrophic factors and risk of autism spectrum disorders. Acta Psychiatr Scand. 128,
61-69.

[2] Adams, J.B., Audhya, T., McDonough-Means, S., et al (2011). Effect of a vitamin/
mineral supplement on children and adults with autism. BMC Pediatr. 11, 111, doi:
10.1186/1471-2431-11-111.

[3] Akashi, M. and Takumi, T. (2005). The orphan nuclear receptor RORα regulates cir‐
cadian transcription of the mammalian core-clock Bmal1. Nature Struct Mol Biol. 12,
441-448.

[4] Anderson, O.S., Sant, K.E. and Dolinoy, D.C (2012). Nutrition and epigenetics: an in‐
terplay of dietary methyl donors, one-carbon metabolism and DNA methylation. J
Nutr Biochem. 23, 853-859.

[5] Angelucci, F., Ricci, E., Padua, L. et al (2007). Music exposure differentially alters the
levels of brain-derived neurotrophic factor and nerve growth factor in the mouse hy‐
pothalamus. Neurosci Lett. 429, 152-155.

[6] Perrin, M.C., Brown, A.S. and Malaspina, D (2007). Aberrant epigenetic regulation
could explain the relationship of paternal age to schizophrenia. Schizophr Bull. 33,
1270-1273.

[7] Balaratnasingam, S. and Janca, A (2012). Brain derived neurotrophic factor: a novel
neurotrophin involved in psychiatric and neurological disorders. Pharmacol Ther. 134,
116-124.

[8] Beri, S., Tonna, N., Menozzi, G., et al (2007). DNA methylation regulates tissue-spe‐
cific expression of Shank3. J Neurochem. 101, 1380-1391.

[9] Beversdorf, D.Q., Manning, S.E., Hillier, A., et al (2005). Timing of prenatal stressors
and autism. J Autism Dev Dis. 35, 471-478.

Epigenetics and Epigenomics112

[10] Billin, A.N., Thirlwell, H. and Ayer, D.E (2000). Beta-catenin-histone deacetylase in‐
teractions regulate the transition of LEF1 from a transcriptional repressor to an acti‐
vator. Mol Cell Biol. 20, 6882-6890.

[11] Boukhtouche, F., Vodjdani, G., Jarvis, C.I., et al (2006). Human retinoic acid receptor-
related orphan receptor α1 overexpression protects neurones against oxidative
stress-induced apoptosis. J Neurochem. 96, 1778-1789.

[12] Cardona-Gomez, P., Perez, M., Avila, J., et al (2004). Estradiol inhibits GSK3 and reg‐
ulates interaction of estrogen receptors, GSK3, and beta-catenin in the hippocampus.
Mol Cell Neurosci. 25, 363-373.

[13] Chahrour, M., Jung, S.Y., Shaw, C., et al (2008). MeCP2, a key contributor to neuro‐
logical disease, activates and represses transcription. Science. 320, 1224-1229.

[14] Chauhan, A. and Chauhan, V (2006). Oxidative stress in autism. Pathophysiology 13,
171-181.

[15] Cohen, S., Zhou, Z. and Greenberg, M.E (2008). Medicine. Activating a repressor Sci‐
ence. 320, 1172–1173.

[16] Curran, L.K., Newschaffer, L.C., Lee, S.O., et al (2007). Behaviors associated with fe‐
ver in children with autism spectrum disorders. Pediatrics. 120, 1386-1392.

[17] Currenti, S.A (2010). Understanding and determining the etiology of autism. Cell Mol
Neurobiol. 30, 161-171.

[18] Dai, Y.M., Hu, Y.L., Wang, Z.Q. et al (2007). Loss of imprinting of IGF2 in cord blood
of newborns of Chinese Han population. Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 24,
10-14.

[19] Darling, R.D., Alzghoul, L., Zhang, J., et al (2011). Perinatal citalopram exposure se‐
lectively increases locus ceruleus circuit function in male rats. J Neurosci. 31,
16709-16715.

[20] Dufour-Rainfray, D., Vourc’h, P., Le Guisquet, A.M., et al (2010). Behavior and sero‐
tonergic disorders in rats exposed prenatally to valproate: a model for autism. Neuro‐
sci Lett. 470, 55–59.

[21] Dykens, E. and Shah, B (2003). Psychiatric disorders in Prader-Willi syndrome: epi‐
demiology and management. CNS Drugs. 17, 167-178.

[22] Ebert, D.H., Gabel, H.W., Robinson, N.D., et al (2013). Activity-dependent phosphor‐
ylation of MeCP2 threonine 308 regulates interaction with NCoR. Nature. 499,
341-345.

[23] Fatemi, S.H. and Halt, A.R (2001). Altered levels of Bcl2 and p53 proteins in parietal
cortex reflect deranged apoptotic regulation in autism. Synapse. 42, 281-284.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

113



[24] Fatemi, S.H., Stary, J.M., Halt, A.R., et al (2001). Dysregulation of reelin and bcl-2
proteins in autistic cerebellum. J Autism Dev Dis 31, 529-535.

[25] Ferguson, J.N., Young, L.J., Hearn, E.F., et al (2000). Social amnesia in mice lacking
the oxytocin gene. Nature Gen. 25, 284-288.

[26] Foldi, C.J., Eyles, D.W., Flatscher-Bader, T. et al (2011). New perspectives on rodent
models of advanced paternal age: relevance to autism. Front Behav Neurosci. 5, 32.
doi: 10.3389/fnbeh.2011.00032.

[27] Foote, S.L., Bloom, F.E. and Aston-Jones, G (1983). Nucleus locus ceruleus: new evi‐
dence of anatomical and physiological specificity. Physiol Rev. 63, 844-914.

[28] Fraga, M.F., Ballestar, E., Paz, M.F. et al (2005). Epigenetic differences arise during
the lifetime of monozygotic twins. Proc Natl Acad Sci U S A. 102, 10604-10609.

[29] Gillis, R.F. and Rouleau, G.A (2011). The ongoing dissection of the genetic architec‐
ture of autistic spectrum disorder. Mol Autism. 2, 12. doi: 10.1186/2040-2392-2-12.

[30] Glantz, L.A., Gilmore, J.H., Lieberman, J.A., et al (2006). Apoptotic mechanisms and
the synaptic pathology of schizophrenia. Schiz Res. 81, 47–63.

[31] Goriely, A., McGrath, J.J., Hultman, C.M. et al (2013). Selfish spermatogonial selec‐
tion: a novel mechanism for the association between advanced paternal age and neu‐
rodevelopmental disorders. Am J Psychiatry. 170, 599-608.

[32] Gos, M (2013). Epigenetic mechanisms of gene expression regulation in neurological
diseases. Acta Neurobiol Exp (Warsaw). 73, 19-37.

[33] Gouin, J.P., Carter, C.S., Pournajafi-Nazarloo, H., et al (2010). Marital behavior, oxy‐
tocin, vasopressin, and wound healing. Psychoneuroendocrinology. 35, 1082-1090.

[34] Gregory, S.G., Connelly, J.J., Towers, A.J., et al (2009). Genomic and epigenetic evi‐
dence for oxytocin receptor deficiency in autism. BMC Med. 7, 62, doi:
10.1186/1741-7015-7-62.

[35] Hu, V.W., Frank, B.C., Heine, S. et al (2006). Gene expression profiling of lympho‐
blastoid cell lines from monozygotic twins discordant in severity of autism reveals
differential regulation of neurologically relevant genes. BMC Genomics. 7, 118.

[36] Insel, T.R (1992). Oxytocin--a neuropeptide for affiliation: evidence from behavioral,
receptor autoradiographic, and comparative studies. Psychoneuroendocrinology. 17,
3-35.

[37] Jacob, S., Brune, C.W., Carter, C.S., et al (2007). Association of the oxytocin receptor
gene (OXTR) in Caucasian children and adolescents with autism. Neurosci Lett. 417,
6-9.

Epigenetics and Epigenomics114

[38] James, S.J., Melnyk, S., Jernigan, S., et al (2008). Abnormal transmethylation/transsul‐
furation metabolism and DNA hypomethylation among parents of children with au‐
tism. J Autism Dev Dis. 38, 1966-1975.

[39] James, S.J., Melnyk, S., Jernigan, S., et al (2010). A functional polymorphism in the re‐
duced folate carrier gene and DNA hypomethylation in mothers of children with au‐
tism. Am J Med Gen B Neuropsychiat Gen. 153B, 1209-1220.

[40] Jope, R.S (2003). Lithium and GSK-3: one inhibitor, two inhibitory actions, multiple
outcomes. Trends Pharmacol Sci. 24, 441-443..

[41] Kadesjö, B., Gillberg, C. and Hagberg, B (1999). Brief report: autism and Asperger
syndrome in seven-year-old children: a total population study. J Autism Dev Dis. 29,
327-331.

[42] Kimura, T., Saji, F., Nishimori, K., et al (2003). Molecular regulation of the oxytocin
receptor in peripheral organs. J Mol Endocrinol. 30, 109-115.

[43] LaSalle, J.M., Goldstine, J., Balmer, D., et al (2001). Quantitative localization of heter‐
ogeneous methyl-CpG-binding protein 2 (MeCP2) expression phenotypes in normal
and Rett syndrome brain by laser scanning cytometry. Hum Mol Gen. 10, 1729-1740.

[44] Lee, M.H., Amin, N.D., Venkatesan, A. et al (2013). Impaired neurogenesis and neu‐
rite outgrowth in an HIV-gp120 transgenic model is reversed by exercise via BDNF
production and Cdk5 regulation. Neurovirol. 19, 418-431.

[45] Levy, S.E., Mandell, D.S. and Schultz, R.T (2007). Autism. Lancet. 374, 1627-1638.

[46] Lintas, C., Sacco, R., Garbett, K., et al (2009). Involvement of the PRKCB1 gene in au‐
tistic disorder: significant genetic association and reduced neocortical gene expres‐
sion. Mol Psychiat. 14, 705-718.

[47] Linthorst, A.C., Flachskamm, C., Holsboer, F., et al (1995). Intraperitoneal adminis‐
tration of bacterial endotoxin enhances noradrenergic neurotransmission in the rat
preoptic area: relationship with body temperature and hypothalamic--pituitary--
adrenocortical axis activity. Eur J Neurosci. 7, 2418-2430.

[48] Liu, X., Kawamura, Y., Shimada, T., et al (2010). Association of the oxytocin receptor
(OXTR) gene polymorphisms with autism spectrum disorder (ASD) in the Japanese
population. J Hum Gen. 55, 137-141.

[49] Liu, Y., Du, Y., Liu, W., et al (2013). Lack of association between NLGN3, NLGN4,
SHANK2 and SHANK3 gene variants and autism spectrum disorder in a Chinese
population. PLoS One. 8, e56639, doi: 10.1371/journal.pone.0056639.

[50] Luikenhuis, S., Giacometti, E., Beard, C.F., et al (2004). Expression of MeCP2 in post‐
mitotic neurons rescues Rett syndrome in mice. Proc Natl Acad Sci USA. 101, 6033–
6038.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

115



[24] Fatemi, S.H., Stary, J.M., Halt, A.R., et al (2001). Dysregulation of reelin and bcl-2
proteins in autistic cerebellum. J Autism Dev Dis 31, 529-535.

[25] Ferguson, J.N., Young, L.J., Hearn, E.F., et al (2000). Social amnesia in mice lacking
the oxytocin gene. Nature Gen. 25, 284-288.

[26] Foldi, C.J., Eyles, D.W., Flatscher-Bader, T. et al (2011). New perspectives on rodent
models of advanced paternal age: relevance to autism. Front Behav Neurosci. 5, 32.
doi: 10.3389/fnbeh.2011.00032.

[27] Foote, S.L., Bloom, F.E. and Aston-Jones, G (1983). Nucleus locus ceruleus: new evi‐
dence of anatomical and physiological specificity. Physiol Rev. 63, 844-914.

[28] Fraga, M.F., Ballestar, E., Paz, M.F. et al (2005). Epigenetic differences arise during
the lifetime of monozygotic twins. Proc Natl Acad Sci U S A. 102, 10604-10609.

[29] Gillis, R.F. and Rouleau, G.A (2011). The ongoing dissection of the genetic architec‐
ture of autistic spectrum disorder. Mol Autism. 2, 12. doi: 10.1186/2040-2392-2-12.

[30] Glantz, L.A., Gilmore, J.H., Lieberman, J.A., et al (2006). Apoptotic mechanisms and
the synaptic pathology of schizophrenia. Schiz Res. 81, 47–63.

[31] Goriely, A., McGrath, J.J., Hultman, C.M. et al (2013). Selfish spermatogonial selec‐
tion: a novel mechanism for the association between advanced paternal age and neu‐
rodevelopmental disorders. Am J Psychiatry. 170, 599-608.

[32] Gos, M (2013). Epigenetic mechanisms of gene expression regulation in neurological
diseases. Acta Neurobiol Exp (Warsaw). 73, 19-37.

[33] Gouin, J.P., Carter, C.S., Pournajafi-Nazarloo, H., et al (2010). Marital behavior, oxy‐
tocin, vasopressin, and wound healing. Psychoneuroendocrinology. 35, 1082-1090.

[34] Gregory, S.G., Connelly, J.J., Towers, A.J., et al (2009). Genomic and epigenetic evi‐
dence for oxytocin receptor deficiency in autism. BMC Med. 7, 62, doi:
10.1186/1741-7015-7-62.

[35] Hu, V.W., Frank, B.C., Heine, S. et al (2006). Gene expression profiling of lympho‐
blastoid cell lines from monozygotic twins discordant in severity of autism reveals
differential regulation of neurologically relevant genes. BMC Genomics. 7, 118.

[36] Insel, T.R (1992). Oxytocin--a neuropeptide for affiliation: evidence from behavioral,
receptor autoradiographic, and comparative studies. Psychoneuroendocrinology. 17,
3-35.

[37] Jacob, S., Brune, C.W., Carter, C.S., et al (2007). Association of the oxytocin receptor
gene (OXTR) in Caucasian children and adolescents with autism. Neurosci Lett. 417,
6-9.

Epigenetics and Epigenomics114

[38] James, S.J., Melnyk, S., Jernigan, S., et al (2008). Abnormal transmethylation/transsul‐
furation metabolism and DNA hypomethylation among parents of children with au‐
tism. J Autism Dev Dis. 38, 1966-1975.

[39] James, S.J., Melnyk, S., Jernigan, S., et al (2010). A functional polymorphism in the re‐
duced folate carrier gene and DNA hypomethylation in mothers of children with au‐
tism. Am J Med Gen B Neuropsychiat Gen. 153B, 1209-1220.

[40] Jope, R.S (2003). Lithium and GSK-3: one inhibitor, two inhibitory actions, multiple
outcomes. Trends Pharmacol Sci. 24, 441-443..

[41] Kadesjö, B., Gillberg, C. and Hagberg, B (1999). Brief report: autism and Asperger
syndrome in seven-year-old children: a total population study. J Autism Dev Dis. 29,
327-331.

[42] Kimura, T., Saji, F., Nishimori, K., et al (2003). Molecular regulation of the oxytocin
receptor in peripheral organs. J Mol Endocrinol. 30, 109-115.

[43] LaSalle, J.M., Goldstine, J., Balmer, D., et al (2001). Quantitative localization of heter‐
ogeneous methyl-CpG-binding protein 2 (MeCP2) expression phenotypes in normal
and Rett syndrome brain by laser scanning cytometry. Hum Mol Gen. 10, 1729-1740.

[44] Lee, M.H., Amin, N.D., Venkatesan, A. et al (2013). Impaired neurogenesis and neu‐
rite outgrowth in an HIV-gp120 transgenic model is reversed by exercise via BDNF
production and Cdk5 regulation. Neurovirol. 19, 418-431.

[45] Levy, S.E., Mandell, D.S. and Schultz, R.T (2007). Autism. Lancet. 374, 1627-1638.

[46] Lintas, C., Sacco, R., Garbett, K., et al (2009). Involvement of the PRKCB1 gene in au‐
tistic disorder: significant genetic association and reduced neocortical gene expres‐
sion. Mol Psychiat. 14, 705-718.

[47] Linthorst, A.C., Flachskamm, C., Holsboer, F., et al (1995). Intraperitoneal adminis‐
tration of bacterial endotoxin enhances noradrenergic neurotransmission in the rat
preoptic area: relationship with body temperature and hypothalamic--pituitary--
adrenocortical axis activity. Eur J Neurosci. 7, 2418-2430.

[48] Liu, X., Kawamura, Y., Shimada, T., et al (2010). Association of the oxytocin receptor
(OXTR) gene polymorphisms with autism spectrum disorder (ASD) in the Japanese
population. J Hum Gen. 55, 137-141.

[49] Liu, Y., Du, Y., Liu, W., et al (2013). Lack of association between NLGN3, NLGN4,
SHANK2 and SHANK3 gene variants and autism spectrum disorder in a Chinese
population. PLoS One. 8, e56639, doi: 10.1371/journal.pone.0056639.

[50] Luikenhuis, S., Giacometti, E., Beard, C.F., et al (2004). Expression of MeCP2 in post‐
mitotic neurons rescues Rett syndrome in mice. Proc Natl Acad Sci USA. 101, 6033–
6038.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

115



[51] Luo, W., Karpf, A.R., Deeb, K.K., et al (2010). Epigenetic regulation of vitamin D 24-
hydroxylase/CYP24A1 in human prostate cancer. Cancer Res. 70, 5953-5962.

[52] MacLusky, N.J., Clark, A.S., Naftolin, F., et al (1987). Estrogen formation in the mam‐
malian brain: possible role of aromatase in sexual differentiation of the hippocampus
and neocortex. Steroids. 50, 459-474.

[53] Martin, G.M (2012). Stochastic modulations of the pace and patterns of ageing: im‐
pacts on quasi-stochastic distributions of multiple geriatric pathologies. Mech Ageing
Dev. 133, 107-111.

[54] McLennan, Y., Polussa, J., Tassone, F et al (2011). Fragile x syndrome. Curr Genom. 12,
216-224.

[55] Mehler, M.F (2008). Epigenetic principles and mechanisms underlying nervous sys‐
tem functions in health and disease. Prog Neurobiol. 86, 305-341.

[56] Mehler, M.F. and Purpura, D.P (2009). Autism, fever, epigenetics and the locus co‐
eruleus. Brain Res Rev. 59, 388-392.

[57] Metzger, E., Imhof, A., Patel, D., et al (2010). Phosphorylation of histone H3T6 by
PKCbeta(I) controls demethylation at histone H3K4. Nature. 464, 792-796.

[58] Minshew, N.J. and Williams, D.L (2007). The new neurobiology of autism: cortex,
connectivity, and neuronal organization. Arch Neurol. 64, 945-950.

[59] Moore, S.J., Turnpenny, P., Quinn, A., et al (2000). A clinical study of 57 children
with fetal anticonvulsant syndromes. J Med Gen. 37, 489-497.

[60] Nagarajan, R.P., Hogart, A.R., Gwye, Y., et al (2006). Reduced MeCP2 expression is
frequent in autism frontal cortex and correlates with aberrant MeCP2 promoter
methylation. Epigenetics. 1, 31-e11.

[61] Nan, X., Ng, H.H., Johnson, C.A., et al (1998). Transcriptional repression by the meth‐
yl-CpG-binding protein MeCP2 involves a histone deacetylase complex. Nature. 393,
386-389.

[62] Nguyen, A., Rauch, T.A., Pfeifer, G.P., et al (2010). Global methylation profiling of
lymphoblastoid cell lines reveals epigenetic contributions to autism spectrum disor‐
ders and a novel autism candidate gene, RORA, whose protein product is reduced in
autistic brain. FASEB J. 24, 3036-3051.

[63] Nickl-Jockschat, T. and Michel, T.M (2011). The role of neurotrophic factors in au‐
tism. Mol Psychiatry. 16, 478-490.

[64] Oakes, C.C., Smiraglia, D.J., Plass, C. et al (2003). Aging results in hypermethylation
of ribosomal DNA in sperm and liver of male rats. Proc Natl Acad Sci U S A. 100,
1775-1780.

Epigenetics and Epigenomics116

[65] O'Connor, R.D., Zayzafoon, M., Farach-Carson, M.C., et al (2009). Mecp2 deficiency
decreases bone formation and reduces bone volume in a rodent model of Rett syn‐
drome. Bone. 45, 346-356.

[66] Pardo, C.A., Vargas, D.L. and Zimmerman, A.W (2005). Immunity, neuroglia and
neuroinflammation in autism. Int Rev Psychiat. 17, 485-495.

[67] Pareja-Galeano, H., Sanchis-Gomar, F. and Mayero, S (2013). Autism spectrum disor‐
ders: possible implications of BDNF modulation through epigenetics. Acta Psychiatr
Scand. 128, 97. doi: 10.1111/acps.12071.

[68] Pelphrey, K., Adolphs, R. and Morris, J.P (2004). Neuroanatomical substrates of so‐
cial cognition dysfunction in autism. Ment Retard Dev Dis Res Rev. 10, 259-271.

[69] Perrin, M.C., Brown, A.S. and Malaspina, D (2007). Aberrant epigenetic regulation
could explain the relationship of paternal age to schizophrenia. Schizophr Bull. 33,
1270-1273.

[70] Pfaff, D.W., Rapin, I. and Goldman, S (2011). Male predominance in autism: neuroen‐
docrine influences on arousal and social anxiety. Autism Res. 4, 163-176.

[71] Pidsley, R., Dempster, E., Troakes, C., et al (2012). Epigenetic and genetic variation at
the IGF2/H19 imprinting control region on 11p15.5 is associated with cerebellum
weight. Epigenetics. 7, 155-163.

[72] Ptak, C. and Petronis, A (2010). Epigenetic approaches to psychiatric disorders. Dia‐
log Clin Neurosci. 12, 25-35.

[73] Rai, D., Lee, B.K., Dalman, C., et al (2013). Parental depression, maternal antidepres‐
sant use during pregnancy, and risk of autism spectrum disorders: population based
case-control study. BMJ. 346, f2059, doi: 10.1136/bmj.f2059.

[74] Rasalam, A.D., Hailey, H., Williams, J.H., et al (2005). Characteristics of fetal anticon‐
vulsant syndrome associated autistic disorder. Dev Med Child Neurol. 47, 551-555.

[75] Sanders, B.K (2012). Flowers for Algernon: steroid dysgenesis, epigenetics and brain
disorders. Pharmacol Rep. 64, 1285-1290.

[76] Scholl, T.O. and Johnson, W.G (2000). Folic acid: influence on the outcome of preg‐
nancy. Am J Clin Nutr. 71, 1295S-1303S.

[77] Shimshoni, J.A., Dalton, E.C., Jenkins, A., et al (2007). The effects of central nervous
system-active valproic acid constitutional isomers, cyclopropyl analogs, and amide
derivatives on neuronal growth cone behavior. Mol Pharmacol. 71, 884-892.

[78] Simpson, K.L., Weaver, K.J., de Villers-Sidani, E., et al (2011). Perinatal antidepres‐
sant exposure alters cortical network function in rodents. Proc Natl Acad Sci USA. 108,
18465–18470.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

117



[51] Luo, W., Karpf, A.R., Deeb, K.K., et al (2010). Epigenetic regulation of vitamin D 24-
hydroxylase/CYP24A1 in human prostate cancer. Cancer Res. 70, 5953-5962.

[52] MacLusky, N.J., Clark, A.S., Naftolin, F., et al (1987). Estrogen formation in the mam‐
malian brain: possible role of aromatase in sexual differentiation of the hippocampus
and neocortex. Steroids. 50, 459-474.

[53] Martin, G.M (2012). Stochastic modulations of the pace and patterns of ageing: im‐
pacts on quasi-stochastic distributions of multiple geriatric pathologies. Mech Ageing
Dev. 133, 107-111.

[54] McLennan, Y., Polussa, J., Tassone, F et al (2011). Fragile x syndrome. Curr Genom. 12,
216-224.

[55] Mehler, M.F (2008). Epigenetic principles and mechanisms underlying nervous sys‐
tem functions in health and disease. Prog Neurobiol. 86, 305-341.

[56] Mehler, M.F. and Purpura, D.P (2009). Autism, fever, epigenetics and the locus co‐
eruleus. Brain Res Rev. 59, 388-392.

[57] Metzger, E., Imhof, A., Patel, D., et al (2010). Phosphorylation of histone H3T6 by
PKCbeta(I) controls demethylation at histone H3K4. Nature. 464, 792-796.

[58] Minshew, N.J. and Williams, D.L (2007). The new neurobiology of autism: cortex,
connectivity, and neuronal organization. Arch Neurol. 64, 945-950.

[59] Moore, S.J., Turnpenny, P., Quinn, A., et al (2000). A clinical study of 57 children
with fetal anticonvulsant syndromes. J Med Gen. 37, 489-497.

[60] Nagarajan, R.P., Hogart, A.R., Gwye, Y., et al (2006). Reduced MeCP2 expression is
frequent in autism frontal cortex and correlates with aberrant MeCP2 promoter
methylation. Epigenetics. 1, 31-e11.

[61] Nan, X., Ng, H.H., Johnson, C.A., et al (1998). Transcriptional repression by the meth‐
yl-CpG-binding protein MeCP2 involves a histone deacetylase complex. Nature. 393,
386-389.

[62] Nguyen, A., Rauch, T.A., Pfeifer, G.P., et al (2010). Global methylation profiling of
lymphoblastoid cell lines reveals epigenetic contributions to autism spectrum disor‐
ders and a novel autism candidate gene, RORA, whose protein product is reduced in
autistic brain. FASEB J. 24, 3036-3051.

[63] Nickl-Jockschat, T. and Michel, T.M (2011). The role of neurotrophic factors in au‐
tism. Mol Psychiatry. 16, 478-490.

[64] Oakes, C.C., Smiraglia, D.J., Plass, C. et al (2003). Aging results in hypermethylation
of ribosomal DNA in sperm and liver of male rats. Proc Natl Acad Sci U S A. 100,
1775-1780.

Epigenetics and Epigenomics116

[65] O'Connor, R.D., Zayzafoon, M., Farach-Carson, M.C., et al (2009). Mecp2 deficiency
decreases bone formation and reduces bone volume in a rodent model of Rett syn‐
drome. Bone. 45, 346-356.

[66] Pardo, C.A., Vargas, D.L. and Zimmerman, A.W (2005). Immunity, neuroglia and
neuroinflammation in autism. Int Rev Psychiat. 17, 485-495.

[67] Pareja-Galeano, H., Sanchis-Gomar, F. and Mayero, S (2013). Autism spectrum disor‐
ders: possible implications of BDNF modulation through epigenetics. Acta Psychiatr
Scand. 128, 97. doi: 10.1111/acps.12071.

[68] Pelphrey, K., Adolphs, R. and Morris, J.P (2004). Neuroanatomical substrates of so‐
cial cognition dysfunction in autism. Ment Retard Dev Dis Res Rev. 10, 259-271.

[69] Perrin, M.C., Brown, A.S. and Malaspina, D (2007). Aberrant epigenetic regulation
could explain the relationship of paternal age to schizophrenia. Schizophr Bull. 33,
1270-1273.

[70] Pfaff, D.W., Rapin, I. and Goldman, S (2011). Male predominance in autism: neuroen‐
docrine influences on arousal and social anxiety. Autism Res. 4, 163-176.

[71] Pidsley, R., Dempster, E., Troakes, C., et al (2012). Epigenetic and genetic variation at
the IGF2/H19 imprinting control region on 11p15.5 is associated with cerebellum
weight. Epigenetics. 7, 155-163.

[72] Ptak, C. and Petronis, A (2010). Epigenetic approaches to psychiatric disorders. Dia‐
log Clin Neurosci. 12, 25-35.

[73] Rai, D., Lee, B.K., Dalman, C., et al (2013). Parental depression, maternal antidepres‐
sant use during pregnancy, and risk of autism spectrum disorders: population based
case-control study. BMJ. 346, f2059, doi: 10.1136/bmj.f2059.

[74] Rasalam, A.D., Hailey, H., Williams, J.H., et al (2005). Characteristics of fetal anticon‐
vulsant syndrome associated autistic disorder. Dev Med Child Neurol. 47, 551-555.

[75] Sanders, B.K (2012). Flowers for Algernon: steroid dysgenesis, epigenetics and brain
disorders. Pharmacol Rep. 64, 1285-1290.

[76] Scholl, T.O. and Johnson, W.G (2000). Folic acid: influence on the outcome of preg‐
nancy. Am J Clin Nutr. 71, 1295S-1303S.

[77] Shimshoni, J.A., Dalton, E.C., Jenkins, A., et al (2007). The effects of central nervous
system-active valproic acid constitutional isomers, cyclopropyl analogs, and amide
derivatives on neuronal growth cone behavior. Mol Pharmacol. 71, 884-892.

[78] Simpson, K.L., Weaver, K.J., de Villers-Sidani, E., et al (2011). Perinatal antidepres‐
sant exposure alters cortical network function in rodents. Proc Natl Acad Sci USA. 108,
18465–18470.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

117



[79] Steffenburg, S., Gillberg, C.L., Steffenburg, U., et al (1996). Autism in Angelman syn‐
drome: a population-based study. Pediatr Neurol. 14, 131-136.

[80] Stoltenberg, C., Schjølberg, S., Bresnahan, M. et al (2010). ABC Study Group. The Au‐
tism Birth Cohort: A paradigm for gene-environment-timing research. Mol Psychiat.
15, 676-680.

[81] Sun, L., Huang, L., Nguyen, P., et al (2008). DNA methyltransferase 1 and 3B activate
BAG-1 expression via recruitment of CTCFL/BORIS and modulation of promoter his‐
tone methylation. Can Res. 68, 2726-2735.

[82] Surén, P., Roth, C., Bresnahan, M., et al (2013). Association between maternal use of
folic acid supplements and risk of autism spectrum disorders in children. JAMA. 309,
570-577.

[83] Takayanagi, Y., Yoshida M., Bielsky, I.F., et al (2005). Pervasive social deficits, but
normal parturition, in oxytocin receptor-deficient mice. Proc. Natl Acad Sci USA. 102,
16096-16101.

[84] Tropea, D., Giacometti, E., Wilson, N.R., et al (2009). Partial reversal of Rett syn‐
drome-like symptoms in MeCP2 mutant mice. Proc Natl Acad Sci USA. 106,
2029-2034.

[85] Tsujimoto, Y., Finger, L.R., Yunis, J., et al (1984). Cloning of the chromosome break‐
point of neoplastic B cells with the t(14;18) chromosome translocation. Science. 226,
1097-1099.

[86] Uchino, S. and Waga, C (2013). SHANK3 as an autism spectrum disorder-associated
gene. Brain Dev. 35, 106-110.

[87] Unternaehrer, E., Luers, P., Mill, J., et al (2012). Dynamic changes in DNA methyla‐
tion of stress-associated genes (OXTR, BDNF ) after acute psychosocial stress. Trans‐
lat Psychiat. 2, e150, doi: 10.1038/tp.2012.77.

[88] Veenstra-Vanderweele, J., Muller, C.L., Iwamoto, H., et al (2012). Autism gene var‐
iant causes hyperserotonemia, serotonin receptor hypersensitivity, social impairment
and repetitive behavior. Proc Natl Acad Sci USA. 109, 5469–5474.

[89] Veltman, M.W., Thompson, R.J., Roberts, S.E., et al (2004). Prader-Willi syndrome--a
study comparing deletion and uniparental disomy cases with reference to autism
spectrum disorders. Eur Child Adol Psychiat. 13, 42-50.

[90] Wang, Z., Xu, L., Zhu, X., et al (2010). Demethylation of specific Wnt/β-catenin path‐
way genes and its upregulation in rat brain induced by prenatal valproate exposure.
Anat Rec (Hoboken). 293, 1947-1953.

[91] Whitney, E.R., Kemper, T.L., Rosene, D.L., et al (2009). Density of cerebellar basket
and stellate cells in autism: evidence for a late developmental loss of Purkinje cells. J
Neurosci Res. 87, 2245-2254.

Epigenetics and Epigenomics118

[92] Willemsen, R., Levenga, J. and Oostra, B.A (2011). CGG repeat in the FMR1 gene: size
matters. Clin Gen. 80, 214-225.

[93] Williams, E.L. and Casanova, M.F (2010). Autism or autisms? Finding the lowest
common denominator. Boletin de la Asociacion Medica de Puerto Rico. 102, 17-24.

[94] Woods, R., Vallero, R.O., Golub, M.S., et al (2012). Long-lived epigenetic interactions
between perinatal PBDE exposure and Mecp2308 mutation. Hum Mol Genet. 21,
2399-2411.

[95] Wu, S., Jia, M., Ruan, Y., et al (2005). Positive association of the oxytocin receptor
gene (OXTR) with autism in the Chinese Han population. Biol Psychiat. 58, 74-77.

[96] Yasuda, Y., Hashimoto, R., Yamamori, H., et al (2011). Gene expression analysis in
lymphoblasts derived from patients with autism spectrum disorder. Mol Autism. 2, 9,
doi:10.1186/2040-2392-2-9.

[97] Yasui, D.H., Peddada, S., Bieda, M.C., et al (2007). Integrated epigenomic analyses of
neuronal MeCP2 reveal a role for long-range interaction with active genes. Proc Natl
Acad Sci USA. 104, 19416-19421.

[98] Zubkova, E.V. and Robaire, B (2006). Effects of ageing on spermatozoal chromatin
and its sensitivity to in vivo and in vitro oxidative challenge in the Brown Norway
rat. Hum Reprod. 21, 2901-2910.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

119



[79] Steffenburg, S., Gillberg, C.L., Steffenburg, U., et al (1996). Autism in Angelman syn‐
drome: a population-based study. Pediatr Neurol. 14, 131-136.

[80] Stoltenberg, C., Schjølberg, S., Bresnahan, M. et al (2010). ABC Study Group. The Au‐
tism Birth Cohort: A paradigm for gene-environment-timing research. Mol Psychiat.
15, 676-680.

[81] Sun, L., Huang, L., Nguyen, P., et al (2008). DNA methyltransferase 1 and 3B activate
BAG-1 expression via recruitment of CTCFL/BORIS and modulation of promoter his‐
tone methylation. Can Res. 68, 2726-2735.

[82] Surén, P., Roth, C., Bresnahan, M., et al (2013). Association between maternal use of
folic acid supplements and risk of autism spectrum disorders in children. JAMA. 309,
570-577.

[83] Takayanagi, Y., Yoshida M., Bielsky, I.F., et al (2005). Pervasive social deficits, but
normal parturition, in oxytocin receptor-deficient mice. Proc. Natl Acad Sci USA. 102,
16096-16101.

[84] Tropea, D., Giacometti, E., Wilson, N.R., et al (2009). Partial reversal of Rett syn‐
drome-like symptoms in MeCP2 mutant mice. Proc Natl Acad Sci USA. 106,
2029-2034.

[85] Tsujimoto, Y., Finger, L.R., Yunis, J., et al (1984). Cloning of the chromosome break‐
point of neoplastic B cells with the t(14;18) chromosome translocation. Science. 226,
1097-1099.

[86] Uchino, S. and Waga, C (2013). SHANK3 as an autism spectrum disorder-associated
gene. Brain Dev. 35, 106-110.

[87] Unternaehrer, E., Luers, P., Mill, J., et al (2012). Dynamic changes in DNA methyla‐
tion of stress-associated genes (OXTR, BDNF ) after acute psychosocial stress. Trans‐
lat Psychiat. 2, e150, doi: 10.1038/tp.2012.77.

[88] Veenstra-Vanderweele, J., Muller, C.L., Iwamoto, H., et al (2012). Autism gene var‐
iant causes hyperserotonemia, serotonin receptor hypersensitivity, social impairment
and repetitive behavior. Proc Natl Acad Sci USA. 109, 5469–5474.

[89] Veltman, M.W., Thompson, R.J., Roberts, S.E., et al (2004). Prader-Willi syndrome--a
study comparing deletion and uniparental disomy cases with reference to autism
spectrum disorders. Eur Child Adol Psychiat. 13, 42-50.

[90] Wang, Z., Xu, L., Zhu, X., et al (2010). Demethylation of specific Wnt/β-catenin path‐
way genes and its upregulation in rat brain induced by prenatal valproate exposure.
Anat Rec (Hoboken). 293, 1947-1953.

[91] Whitney, E.R., Kemper, T.L., Rosene, D.L., et al (2009). Density of cerebellar basket
and stellate cells in autism: evidence for a late developmental loss of Purkinje cells. J
Neurosci Res. 87, 2245-2254.

Epigenetics and Epigenomics118

[92] Willemsen, R., Levenga, J. and Oostra, B.A (2011). CGG repeat in the FMR1 gene: size
matters. Clin Gen. 80, 214-225.

[93] Williams, E.L. and Casanova, M.F (2010). Autism or autisms? Finding the lowest
common denominator. Boletin de la Asociacion Medica de Puerto Rico. 102, 17-24.

[94] Woods, R., Vallero, R.O., Golub, M.S., et al (2012). Long-lived epigenetic interactions
between perinatal PBDE exposure and Mecp2308 mutation. Hum Mol Genet. 21,
2399-2411.

[95] Wu, S., Jia, M., Ruan, Y., et al (2005). Positive association of the oxytocin receptor
gene (OXTR) with autism in the Chinese Han population. Biol Psychiat. 58, 74-77.

[96] Yasuda, Y., Hashimoto, R., Yamamori, H., et al (2011). Gene expression analysis in
lymphoblasts derived from patients with autism spectrum disorder. Mol Autism. 2, 9,
doi:10.1186/2040-2392-2-9.

[97] Yasui, D.H., Peddada, S., Bieda, M.C., et al (2007). Integrated epigenomic analyses of
neuronal MeCP2 reveal a role for long-range interaction with active genes. Proc Natl
Acad Sci USA. 104, 19416-19421.

[98] Zubkova, E.V. and Robaire, B (2006). Effects of ageing on spermatozoal chromatin
and its sensitivity to in vivo and in vitro oxidative challenge in the Brown Norway
rat. Hum Reprod. 21, 2901-2910.

Epigenetic Mechanisms in Autism Spectrum Disorders
http://dx.doi.org/10.5772/57195

119



Chapter 5

Genomic Imprinting
and Human Reproduction

I.N. Lebedev

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57241

1. Introduction

The high frequency of reproductive losses is specific to the human race. The chances of
conceiving and giving birth to a healthy child for women between 20 and 30 years old are
estimated to be as low as 21-28% per cycle [1]. About 60% of zygotes are eliminated during the
pre-implantation or early post-implantation developmental stages and 15-20% of clinically
recognized pregnancies are lost during the first trimester [2]. Approximately 50-60% of
spontaneously aborted embryos have chromosomal abnormalities which are not compatible
with prenatal development [3]. At the same time, the death of another considerable number
of embryos with normal karyotypes cannot be explained by existing cytogenetic theories.
Considering ontogenesis as a result of the unrolling of the strict developmental program, the
epigenetic basis of this process may be of outstanding significance.

According to the classical definition, coined by Conrad Waddington in 1942, epigenetics is a
branch of biology which studies “causal mechanisms” by which “the genes of the genotype
bring about phenotypic effects” [4]. In its beginning, epigenetics was a synonym for develop‐
mental genetics. However, in contrast to classical genetic theories, the subject of epigenetics
has a wider diversity of phenomena, which may be unrelated to changes in gene nucleotide
sequences [5]. A strong surge of interest in studying the epigenetic basis of human hereditary
pathology has been noted over the last several years [6, 7]. New classes of epigenetic diseases,
namely chromatin diseases [8] and imprinting disorders [9] have been identified. However,
little is known about the features and nature of epigenetic abnormalities, i.e., epimutations,
[10] during human prenatal development. In this chapter information on the impact of genomic
imprinting abnormalities on embryo development is summarized and discussed.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Genomic imprinting and its role in embryogenesis

Genomic imprinting is an epigenetic phenomenon, which is related to differential parent-of-
origin gene expression. The term “imprinting” was taken from physiology. It was Konrad
Lorenz, an Austrian zoologist, ethologist and ornithologist, who, when working with geese,
rediscovered the principle of imprinting (originally described by Douglas Spalding in the
19th century) in the behaviour of nidifugous birds when a young bird acquired several of its
behavioural characteristics from one parent.

The term “chromosomal imprinting” was coined in 1960 by Helen Crouse, one of only three
PhD students trained by Nobel Laureate Barbara McClintock. Crouse described the selective
elimination of paternal chromosomes in the male meiosis in Sciara fly [11]. In the first meiotic
division of spermatogenesis, a monopolar spindle forms upon which all the maternally derived
homologues move to a single pole and all the paternally derived homologues move away from
the single pole and are completely eliminated from the cell as a nucleoplasmic bud. Crouse
wrote, “the ‘imprint’ a chromosome bears is unrelated to the genetic construction of the
chromosome and is determined only by the sex of the germ line through which the chromo‐
some has been inherited” (cited in [12]). At the time that Crouse first used the term, chromo‐
some imprinting was known to occur in Sciara spermatogenesis. This mechanism of selected
chromosome segregation remains enigmatic, although much headway has been made in
mammalian systems [12].

The first evidence of the parental genome’s memory in mammals came from experiments
conducted by the Surani, McGrath and Solter groups with pronuclei transplantation in mouse
zygotes in 1984 [13, 14]. These studies were aimed at answering the question about the absence
of parthenogenesis in mammalian reproduction. It was discovered that diploid androgenic
mouse embryos derived from zygotes, which contained two paternal pronuclei and none of
the maternal pronuclei, demonstrated an extensive proliferation of extraembryonic tissues but
poor development of the embryo per se, which usually did not reach a 4-6 somite stage. In
contrast, gynogenic zygotes with two maternal pronuclei and an absence of the paternal
genome resulted in embryos which developed until the stage of early somites, but then died
due to the poor development of supportive extraembryonic tissues. These pioneers’ studies
established that diploidy alone is not sufficient for embryonic development, but that a balance
of maternal and paternal genomes is strongly required for normal embryogenesis. Moreover,
the impact of parental genomes on embryo development is different. It seems that the maternal
genome is responsible for the development of the embryo body to a greater extent, whereas
the paternal one is involved in the support of extraembryonic tissue differentiation.

It is interesting to note that a similar effect of the increasing number of paternal genomes in
the zygote is also observed in humans due to an abnormality of fertilization [15]. Fertilization
of a diploid oocyte by normal haploid sperm or double fertilization of a normal oocyte by two
haploid sperms leads to triploidy in the zygote. In this case, the partial hydatidiform mole
(PHM) arises. PHM is characterized by the cystic degeneration of chorionic villi and the
presence of a visible embryo in the foetal sac. In the case of the extrusion of the maternal
pronucleus from such a triploid zygote, a diploid karyotype is restored through the postzygotic
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triploid diploidization mechanism [16], but both haploid genomes are paternal in their nature.
This bipaternal karyotype is not compatible with the development of an embryo body, but
leads to a hyper proliferation of trophoblasts cells and a complete hydatidiform mole (CHM)
with an increased risk of chorioepithelioma. The observed effect may be explained by the
double increase in the dose of imprinted genes expressed from paternal chromosomes, which
promotes proliferative and invasive activity of the trophoblasts cells as well as an absence of
activity of the maternal imprinted genes, which, in turn, must suppress trophoblast prolifer‐
ation.

The parental differences in imprinted genes expression are epigenetic in their nature. They are
established during gamete differentiation by sex-dependent epigenetic chromatin modifica‐
tions, mainly by the differential DNA methylation of promoter regions of imprinted genes or
regulatory imprinted centres, which are further stably inherited in the somatic cells of the
progeny. These regular and consecutive alterations of chromatin organization are referred to
as epigenetic genome reprogramming [17, 18] (Figure 1). This starts in the primordial germ
cells when they enter the gonads. Both imprinted and non-imprinted loci become demethy‐
lated. This total erasure of epigenetic information is required for the totipontency of future
germ cells, imprinting switching and for the prevention of the inheritance of epigenetic defects.
The demethylated chromatin’s state remains until the duration of the mitotic arrest in male
germ cells and the meiotic arrest in female ones. When mitotic divisions of spermogonia are
resumed, de novo DNA methylation begins, which terminates completely by the time of
pachytene of meiosis I. In oocytes, de novo DNA methylation starts only at their maturation
and ends by metaphase II. In this period, sex-specific methylation of imprinted genes is
established. In one imprinting genes, DNA methylation occurs exclusively in oogenesis,
whereas in others it occurs during spermatogenesis [19].

The second wave of epigenetic genome reprogramming, which involves somatic cells, begins
immediately after fertilization. The paternal chromosomes became decondensed, protamines
in the chromatin are replaced by histones and fast demethylation of paternal genome is
triggered. The maternal genome undergoes slow passive demethylation. It is believed that
demethylation of parental genomes is required to induce pluripotency in embryonic stem cells.
Later, during implantation, de novo DNA methylation is launched again, which results in
specific methylation patterns of particular genomic regions in different cells and tissues. This
process, in fact, provides one of the most important mechanisms for committing and regulating
tissue specific gene expression during ontogeny. It is significant that imprinted genes avoid
this reprogramming wave in somatic cells, preserving their differential methylation pattern
inherited from the parents. Genomic imprinting is also regulated through other epigenetic
mechanisms, such as histone modifications, antisense transcripts and small non-coding RNA,
which have been discussed in detail in some comprehensive reviews [19, 20].

At present, (August 2013), it is reported that there are about 90 imprinted genes in a human
genome [21]. Most of them are involved in the regulation of intrauterine foetal development
through the control of cell proliferation and the differentiation of placental tissues, regulation
of metabolism of some hormones and growth factors [22]. The evolutionary reverse to the
haploid expression of a subset of genes in mammalian and flowering plants genomes was a
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2. Genomic imprinting and its role in embryogenesis
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pronucleus from such a triploid zygote, a diploid karyotype is restored through the postzygotic
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triploid diploidization mechanism [16], but both haploid genomes are paternal in their nature.
This bipaternal karyotype is not compatible with the development of an embryo body, but
leads to a hyper proliferation of trophoblasts cells and a complete hydatidiform mole (CHM)
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as epigenetic genome reprogramming [17, 18] (Figure 1). This starts in the primordial germ
cells when they enter the gonads. Both imprinted and non-imprinted loci become demethy‐
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triggered. The maternal genome undergoes slow passive demethylation. It is believed that
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Later, during implantation, de novo DNA methylation is launched again, which results in
specific methylation patterns of particular genomic regions in different cells and tissues. This
process, in fact, provides one of the most important mechanisms for committing and regulating
tissue specific gene expression during ontogeny. It is significant that imprinted genes avoid
this reprogramming wave in somatic cells, preserving their differential methylation pattern
inherited from the parents. Genomic imprinting is also regulated through other epigenetic
mechanisms, such as histone modifications, antisense transcripts and small non-coding RNA,
which have been discussed in detail in some comprehensive reviews [19, 20].

At present, (August 2013), it is reported that there are about 90 imprinted genes in a human
genome [21]. Most of them are involved in the regulation of intrauterine foetal development
through the control of cell proliferation and the differentiation of placental tissues, regulation
of metabolism of some hormones and growth factors [22]. The evolutionary reverse to the
haploid expression of a subset of genes in mammalian and flowering plants genomes was a
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great surprise. Several hypotheses were introduced to explain this intriguing fact, but the “sex
conflict” was one the most popular among them [23]. According to this hypothesis, maternal
imprinted genes in mammals are responsible for the suppression of foetal growth in order to
save maternal resources for subsequent pregnancies. In contrast, paternal imprinted genes are
involved in the promotion of foetal growth that provides higher chances of survival for many
offspring.

Testing this hypothesis in mouse models, the direct evidence for the significant role of genomic
imprinting in mammalian embryo development was obtained. The generation of uniparental
disomies (UPD) in progeny of translocation carrier’s mice gives nonviable embryos [24]. This
fact leads to the idea of searching for UPD in human spontaneous abortions in order to estimate
the impact of genomic imprinting abnormalities on prenatal death.

3. UPD in spontaneous abortions

To date, eight studies have been performed to find UPD in spontaneous abortions [25-32]
(Table 1). However, the obtained results were modest. Only seven cases of UPD (2.3%) among
a total of 305 spontaneous abortions were found and most of them involved chromosomes
which did not contain known imprinted genes. Only in three cases segmental UPD (16p/16q
(mat), 14q (pat) and 7q (mat)) embryo death can be connected with a disturbance of the dose

- biparently expressed genes (and silenced methylated alleles of imprinted genes in the germline); 
- reprogramming of paternal genome (nonimprinted genes); 
- reprogramming of maternal genome (nonimprinted genes);  

- paternally silenced imprinted genes; 
- maternally silenced imprinted genes; 

- paternally expressed imprinted genes; 
- maternally expressed imprinted genes 
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Figure 1. Dynamics of epigenetic genome reprogramming
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of imprinted genes localized on these chromosomal regions. Moreover, spontaneous abortions
without previous cytogenetic analysis were included in some studies that could have led to
overestimation the obtained rate. As a result, the frequency of UPD for chromosomes, which
contain known imprinted genes in spontaneous abortions were estimated to be 1% (3/305) or
1.14 per 1,000 occasions of chromosome inheritance from parents to progeny. The latter figure
was obtained from the investigation of 6,156 cases of chromosome inheritance by DNA
microsatellite analyses and seven cases of UPD were found in the eight cited studies. This
figure does not significantly differ from the expected frequency (1.65:1,000), predicted from
data about frequencies of chromosome segregation errors in gametogenesis and early em‐
bryogenesis, which can lead to uniparental inheritance in humans [33].

Thus, it seems that UPD is a selectively neutral phenomenon in human reproduction. More‐
over, UPD for some chromosomes (6, 7, 11, 14 and 15) are compatible with postnatal life leading

Samples
Number of spontaneous

abortions
UPD cases References

Anembryonic pregnancies without

cytogenetic analysis
23

UPD(21)mat,

UPD(21)mat in combination

with trisomies 7 and 9

[25]

Spontaneous abortions:

18 0 [26]- first trimester, without cytogenetic

analysis

- with normal karyotype 35 0 [27]

- 6-22 weeks, with normal karyotype 71
UPD(9)mat

UPD(21)mat
[28]

- with normal karyotype 24

Maternal segmental heterosomy 16pter-

D16S3107

and isodisomy

D16S3018-qter

[29]

- with normal karyotype 81
Segmental UPD(14q)pat,

UPD(7q)mat
[30]

Missed abortions and anembryonic

pregnancies:

- with 46,ХХ karyotype (analysis of X-

chromosome inheritance only)

52* 0 [31]*

- with normal karyotype 87* 0 [32]*

Total: 305 7 (2,3%)

Note: * - samples partially overlap.

Table 1. Results of UPD studies in spontaneous abortions

Genomic Imprinting and Human Reproduction
http://dx.doi.org/10.5772/57241

125



great surprise. Several hypotheses were introduced to explain this intriguing fact, but the “sex
conflict” was one the most popular among them [23]. According to this hypothesis, maternal
imprinted genes in mammals are responsible for the suppression of foetal growth in order to
save maternal resources for subsequent pregnancies. In contrast, paternal imprinted genes are
involved in the promotion of foetal growth that provides higher chances of survival for many
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disomies (UPD) in progeny of translocation carrier’s mice gives nonviable embryos [24]. This
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3. UPD in spontaneous abortions
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(Table 1). However, the obtained results were modest. Only seven cases of UPD (2.3%) among
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of imprinted genes localized on these chromosomal regions. Moreover, spontaneous abortions
without previous cytogenetic analysis were included in some studies that could have led to
overestimation the obtained rate. As a result, the frequency of UPD for chromosomes, which
contain known imprinted genes in spontaneous abortions were estimated to be 1% (3/305) or
1.14 per 1,000 occasions of chromosome inheritance from parents to progeny. The latter figure
was obtained from the investigation of 6,156 cases of chromosome inheritance by DNA
microsatellite analyses and seven cases of UPD were found in the eight cited studies. This
figure does not significantly differ from the expected frequency (1.65:1,000), predicted from
data about frequencies of chromosome segregation errors in gametogenesis and early em‐
bryogenesis, which can lead to uniparental inheritance in humans [33].

Thus, it seems that UPD is a selectively neutral phenomenon in human reproduction. More‐
over, UPD for some chromosomes (6, 7, 11, 14 and 15) are compatible with postnatal life leading
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Anembryonic pregnancies without

cytogenetic analysis
23

UPD(21)mat,

UPD(21)mat in combination

with trisomies 7 and 9

[25]

Spontaneous abortions:

18 0 [26]- first trimester, without cytogenetic

analysis

- with normal karyotype 35 0 [27]

- 6-22 weeks, with normal karyotype 71
UPD(9)mat

UPD(21)mat
[28]

- with normal karyotype 24

Maternal segmental heterosomy 16pter-

D16S3107

and isodisomy

D16S3018-qter

[29]

- with normal karyotype 81
Segmental UPD(14q)pat,

UPD(7q)mat
[30]

Missed abortions and anembryonic

pregnancies:

- with 46,ХХ karyotype (analysis of X-

chromosome inheritance only)

52* 0 [31]*

- with normal karyotype 87* 0 [32]*

Total: 305 7 (2,3%)

Note: * - samples partially overlap.

Table 1. Results of UPD studies in spontaneous abortions
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to a formation of specific genomic imprinting disorders: transient neonatal diabetes mellitus
(TNDM), Silver-Russell syndrome (SRS), Beckwith-Wiedemann syndrome (BWS), Wang and
Temple syndromes, Prader-Willi syndrome (PWS) and Angelman syndrome (AS), respective‐
ly [34]. It became clear that UPD is a rare cytogenetic phenomenon, which cannot explain the
mechanisms of imprinted genes disturbances in human pregnancy loss. The only evidence for
the pathogenetic role of genomic imprinting abnormalities in human reproduction remains
from studies on a hydatidiform mole which originated from the doubling of paternal genome
in conception [15]. However, this conclusion does not offer an answer on the possible mech‐
anisms of imprinting disturbances associated with early pregnancy loss.

4. Epimutations of imprinted genes in spontaneous abortions

Taking into account the epigenetic nature of genomic imprinting, we proposed a hypothesis
that expected the deleterious effect of abnormal imprinted genes expression to be visible at the
epigenetic rather than cytogenetic level [35]. Indeed, UPD formation requires a combination
of several subsequent errors in chromosomal segregation during parental meiosis, fertilization
and embryo development. For example, the most frequent mechanism of UPD formation is
trisomy rescue. It arises from chromosomal nondisjunction in meiosis, trisomy formation in
the zygote after fertilization and the loss of additional chromosome in some somatic cells
during subsequent mitotic divisions. In a third of the cases of such correction, the situation of
inheritance of both homologues from one parent may be observed. If involved chromosome
contains an imprinted gene, then the double increase or complete loss of expression of
imprinted genes may be detected and it is dependent on the parental origin of expressed allele.

Epimutation 
(hypomethylation of 
imprinted gene on 

maternal chromosome) 

Normal
cells 

UPD pat 

CH3

CH3 CH3 CH3 CH3

Figure 2. Effects of UPD and epimutations on expression of imprinted genes.
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On the other hand, the change of the imprinted gene dose may be achieved by epimutations,
i.e., abnormal methylation of the expressed allele or demethylation of the silenced allele. From
a functional point of view, epimutations and UPD influences on imprinted genes expression
should be similar (Figure 2). It is important that epimutation on a single allele is enough to
achieve the imprinted gene dysfunction in a dominant manner.

Before the testing of the hypothesis about the influence of methylation defects in imprinted
genes on the aetiology of early pregnancy loss, a classification of epimutations was introduced
[36]. They were divided into the following several groups depending on their germinal or
somatic origin, hyper- or hypomethylation of active or silenced alleles, and affected parental
chromosomes (Table 2):

1. Types of epimutations of imprinted genes by the loci involved:

1.1. Epimutations causing a global disturbance of genomic imprinting at the genome level.

1.2. Epimutations at the imprinting centres causing a disturbance of imprinting of neighbouring genes.

1.3. Epimutations at the imprinted genes.

2. Types of epimutations of imprinted genes by their origin:

2.1. Germinal epimutations

2.1.1. Errors of genomic imprinting erasure in primordial germ cells with retention of methyl

groups (Critical Period 1, CP #1, on Figure 1). These errors may lead to transgenerational inheritance

of epigenetic defects.

2.1.2. Errors of imprinting establishment during gametogenesis (CP #2 on Figure 1)

2.1.2.1. Absence of methylation of imprinted genes alleles that normally should be

methylated in sperm or oocytes.

2.1.2.2. Aberrant methylation of imprinted genes alleles that normally should be

unmethylated in sperm or oocytes.

2.2. Somatic epimutations

2.2.1. Abnormal hypomethylation of inactive parental alleles of imprinted genes during epigenetic

genome reprogramming (CP #3 on Figure 1).

2.2.2. Abnormal methylation of expressed parental alleles of imprinted genes during de novo DNA

methylation upon epigenetic genome reprogramming (CP #4 on Figure 1).

2.2.3. Spontaneous hypomethylation of inactive parental alleles of imprinted genes in somatic cells

after epigenetic genome reprogramming (CP #5 on Figure 1).

2.2.4. Spontaneous hypermethylation of expressed parental alleles of imprinted genes in somatic

cells after epigenetic genome reprogramming (CP #5 on Figure 1).

3. Types of epimutations of imprinted genes by their functional consequences and affected parental alleles:

3.1. Hypomethylation of the inactive maternal allele of the imprinted gene.

3.2. Hypomethylation of the inactive paternal allele of the imprinted gene.

3.3. Hypermethylation of the expressed maternal allele of the imprinted gene.

3.4. Hypermethylation of the expressed paternal allele of the imprinted gene.
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On the other hand, the change of the imprinted gene dose may be achieved by epimutations,
i.e., abnormal methylation of the expressed allele or demethylation of the silenced allele. From
a functional point of view, epimutations and UPD influences on imprinted genes expression
should be similar (Figure 2). It is important that epimutation on a single allele is enough to
achieve the imprinted gene dysfunction in a dominant manner.

Before the testing of the hypothesis about the influence of methylation defects in imprinted
genes on the aetiology of early pregnancy loss, a classification of epimutations was introduced
[36]. They were divided into the following several groups depending on their germinal or
somatic origin, hyper- or hypomethylation of active or silenced alleles, and affected parental
chromosomes (Table 2):
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2.2.2. Abnormal methylation of expressed parental alleles of imprinted genes during de novo DNA
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after epigenetic genome reprogramming (CP #5 on Figure 1).
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cells after epigenetic genome reprogramming (CP #5 on Figure 1).

3. Types of epimutations of imprinted genes by their functional consequences and affected parental alleles:

3.1. Hypomethylation of the inactive maternal allele of the imprinted gene.

3.2. Hypomethylation of the inactive paternal allele of the imprinted gene.

3.3. Hypermethylation of the expressed maternal allele of the imprinted gene.
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Type of epimutations
Abnormal hypomethylation of Abnormal hypermethylation of

maternal allele paternal allele maternal allele paternal allele

G
er

m
in

al
 e

pi
m

ut
at

io
ns

Errors of genomic

imprinting erasure with

retention of methyl groups

(CP #1)

Not applicable Not applicable
IGF2/H19

(BWS)

SNURF-SNRPN

(PWS);

PEG1/MEST (SRS)

Absence of imprinted genes

alleles methylation (CP #2)

BiCHM;

IGF2/H19

(SRS)
Not applicable Not applicable

SNURF-SNRPN (AS);

KCNQ1OT1

(BWS, TNDM);

PLAGL1 (TNDM, BWS)

Aberrant hypermethylation

of imprinted genes alleles

(CP #2)

Not applicable Not applicable
IGF2/H19

(BWS)

SNURF-SNRPN

(PWS); PEG1/MEST

(SRS)

So
m

at
ic

 e
pi

m
ut

at
io

ns

Abnormal hypomethylation

of inactive parental alleles

of imprinted genes during

epigenetic genome

reprogramming (CP #3)

SNURF-SNRPN

(mosaic forms of AS).

MHS;

mosaic forms of TNDM

Partial hypomethylation

of IGF2/H19 (SRS)
Not applicable Not applicable

Abnormal

hypermethylation of

expressed parental alleles of

imprinted genes during

epigenetic genome

reprogramming (CP #4)

Not applicable Not applicable
IGF2/H19

(BWS)

SNURF-SNRPN

(PWS)

Stochastic epimutations

(hypo- and

hypermethylation) in

somatic cells after

epigenetic genome

reprogramming (CP #5)

KCNQ1OT1 (oesophagus

carcinoma, liver cancer);

P73 (renal carcinoma;

lung cancer)

IGF2/H19

(Wilm’s tumour);

SNURF-SNRPN

(mosaic forms of PWS);

P73 (acute leukaemia,

Burkitt’s lymphoma);

PEG3 (cervical and

endometrial

carcinomas);PEG3 (choriocarcinoma)

DLK1/GTL2 (renal

carcinoma)
PLAGL1 (ovarian cancer)

Table 2. Types of epimutations of imprinted genes in human (according to [36] with modifications)

The first evidence of epimutations in imprinted genes in reproductive losses came from studies
of biparental complete hydatidiform mole (BiCHM, MIM #231090). This pathology, as opposed
to classical androgenic complete mole, arose in the case of normal biparental karyotype [37]
(Figure 3). It was shown that imprinted genes, which are methylated on maternal chromo‐
somes in normal embryos, became hypomethylated in the case of BiCHM both on the paternal
and maternal homologues [15]. Functionally, this epigenetic status is the same as an androgenic
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complete mole. Subsequent studies revealed that BiCHM arose due to germinal epimutations,
namely the absence of de novo methylation of imprinted genes in oogenesis (type # 2.1.2.1
according to classification) [38]. However, these findings do not offer an answer about the
prevalence of imprinting defects in human reproductive losses. The convenient model system
for studies became spontaneous abortions.

Epigenotypes
of parents 
(P1, P2) 

Erasing of 
parental 

epigenotypes 
in gametes  

Establishment 
of imprinting  

in gametes 

Epigenotypes 
of progeny 

(F1) 

Normal
cells 

Androgenic complete 
hydatidiform mole  

Biparental complete 
hydatidiform mole 

CH3 CH3 CH3 CH3

CH3 CH3 CH3 CH3

CH3

CH3 CH3

CH3

CH3 CH3 CH3 CH3

Absence of 
methylation 

Figure 3. Cytogenetic and epigenetic mechanisms of hydatidiform mole formation.

The first study devoted to the analysis of methylation status of SNRPN imprinted gene was
published by our group in 2006 [39]. However, it was shown that all investigated spontaneous
abortions, as well as the control sample of induced (therapeutic) abortions, had normal
differential methylation of parental alleles of this imprinted gene.

Our further studies on imprinted genes PLAGL1 (ZAC), CDKN1C and regulatory imprinting
centres IGF2/H19 and KCNQ1OT1 (LIT1) in spontaneous abortions revealed that 9.5% and
10.3% of embryos with normal karyotype had hypomethylation of KCNQ1OT1 and PLAGL1,

Genomic Imprinting and Human Reproduction
http://dx.doi.org/10.5772/57241

129



Type of epimutations
Abnormal hypomethylation of Abnormal hypermethylation of

maternal allele paternal allele maternal allele paternal allele

G
er

m
in

al
 e

pi
m

ut
at

io
ns

Errors of genomic

imprinting erasure with

retention of methyl groups

(CP #1)

Not applicable Not applicable
IGF2/H19

(BWS)

SNURF-SNRPN

(PWS);

PEG1/MEST (SRS)

Absence of imprinted genes

alleles methylation (CP #2)

BiCHM;

IGF2/H19

(SRS)
Not applicable Not applicable

SNURF-SNRPN (AS);

KCNQ1OT1

(BWS, TNDM);

PLAGL1 (TNDM, BWS)

Aberrant hypermethylation

of imprinted genes alleles

(CP #2)

Not applicable Not applicable
IGF2/H19

(BWS)

SNURF-SNRPN

(PWS); PEG1/MEST

(SRS)

So
m

at
ic

 e
pi

m
ut

at
io

ns

Abnormal hypomethylation

of inactive parental alleles

of imprinted genes during

epigenetic genome

reprogramming (CP #3)

SNURF-SNRPN

(mosaic forms of AS).

MHS;

mosaic forms of TNDM

Partial hypomethylation

of IGF2/H19 (SRS)
Not applicable Not applicable

Abnormal

hypermethylation of

expressed parental alleles of

imprinted genes during

epigenetic genome

reprogramming (CP #4)

Not applicable Not applicable
IGF2/H19

(BWS)

SNURF-SNRPN

(PWS)

Stochastic epimutations

(hypo- and

hypermethylation) in

somatic cells after

epigenetic genome

reprogramming (CP #5)

KCNQ1OT1 (oesophagus

carcinoma, liver cancer);

P73 (renal carcinoma;

lung cancer)

IGF2/H19

(Wilm’s tumour);

SNURF-SNRPN

(mosaic forms of PWS);

P73 (acute leukaemia,

Burkitt’s lymphoma);

PEG3 (cervical and

endometrial

carcinomas);PEG3 (choriocarcinoma)

DLK1/GTL2 (renal

carcinoma)
PLAGL1 (ovarian cancer)

Table 2. Types of epimutations of imprinted genes in human (according to [36] with modifications)

The first evidence of epimutations in imprinted genes in reproductive losses came from studies
of biparental complete hydatidiform mole (BiCHM, MIM #231090). This pathology, as opposed
to classical androgenic complete mole, arose in the case of normal biparental karyotype [37]
(Figure 3). It was shown that imprinted genes, which are methylated on maternal chromo‐
somes in normal embryos, became hypomethylated in the case of BiCHM both on the paternal
and maternal homologues [15]. Functionally, this epigenetic status is the same as an androgenic
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complete mole. Subsequent studies revealed that BiCHM arose due to germinal epimutations,
namely the absence of de novo methylation of imprinted genes in oogenesis (type # 2.1.2.1
according to classification) [38]. However, these findings do not offer an answer about the
prevalence of imprinting defects in human reproductive losses. The convenient model system
for studies became spontaneous abortions.

Epigenotypes
of parents 
(P1, P2) 

Erasing of 
parental 

epigenotypes 
in gametes  

Establishment 
of imprinting  

in gametes 

Epigenotypes 
of progeny 

(F1) 

Normal
cells 

Androgenic complete 
hydatidiform mole  

Biparental complete 
hydatidiform mole 

CH3 CH3 CH3 CH3

CH3 CH3 CH3 CH3

CH3

CH3 CH3

CH3

CH3 CH3 CH3 CH3

Absence of 
methylation 

Figure 3. Cytogenetic and epigenetic mechanisms of hydatidiform mole formation.

The first study devoted to the analysis of methylation status of SNRPN imprinted gene was
published by our group in 2006 [39]. However, it was shown that all investigated spontaneous
abortions, as well as the control sample of induced (therapeutic) abortions, had normal
differential methylation of parental alleles of this imprinted gene.

Our further studies on imprinted genes PLAGL1 (ZAC), CDKN1C and regulatory imprinting
centres IGF2/H19 and KCNQ1OT1 (LIT1) in spontaneous abortions revealed that 9.5% and
10.3% of embryos with normal karyotype had hypomethylation of KCNQ1OT1 and PLAGL1,
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respectively, on maternal chromosomes [35, 40]. It is interesting that in two embryos from the
investigated group (2.3%) epimutations were detected in both genes. In both families, the
women had not had a successfully delivered pregnancy. In one family, the woman had had
four spontaneous abortions, in the other, the woman had had two spontaneous abortions and
a stillbirth. It was shown that the frequency of recurrent pregnancy loss (i.e., the loss of three
or more consecutive pregnancies) was significantly higher in woman who had had a loss of
methylation in PLAGL1 in spontaneous abortions tissues, in comparison with woman without
epimutations in the aborted embryo (33% and 8%, respectively, p < 0.05). A similar tendency
was observed for KCNQ1OT1 epimutations, but it does not reach a statistically significant
difference.

It was remarkable also that all detected epimutations were confined to one placental tissue
(cytotrophoblast or extraembryonic mesoderm) only indicating their somatic origin in post-
implantation stages of development after the divergence of embryonic and extraembryonic
cell lineages. This observation has an important value for the discussion on the increase of
genomic imprinting disorders in children born after the application of assisted reproductive
technologies (ART) [20, 41-44]. Indeed, several cases of children with BWS, SRS and AS born
after in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) have been reported.
However, it is more significant that all patients with confirmed molecular diagnosis had
hypomethylation of imprinted genes on maternal chromosomes as a cause of disorder among
all the other known possible mechanisms which can alter imprinted genes expression – UPD,
chromosomal microdeletions or microduplications, point mutations in imprinted genes or
regulatory imprinted centres. This fact is supported by results of in vitro studies in model
organisms [45]. This often leads to a hasty one-sided conclusion that manipulations with
gametes and embryos in an artificial medium cannot support correct recording and mainte‐
nance of genomic imprinting and they are responsible for an increase of imprinting defects in
children after ART. Our, and other, recently published data from spontaneous abortions
studies [46] indicates that the same epimutations with relatively high frequency can be
observed in embryos from natural cycles also and not only from IVF or ICSI pregnancies. This
means that epimutations of imprinted genes arising during human embryo development, and
infertile pairs or couples with the history of recurrent pregnancy losses (typical patients of
ART clinics), may have increasing chances to produce progeny with epimutations after
overcoming the natural reproductive barriers by IVF or ICSI. This conclusion implies that the
nature of epimutations involves the interaction of hereditary and environmental factors.

Evidence for epimutations of imprinted genes in spontaneous abortions was also noted in other
subsequent studies (See tables 3 and 4). For example, multiple hypermethylation of imprinted
genes was detected in 4% (2 out of 55) of spontaneous abortions and 18% (10 out of 57) of
stillbirths [47]. In this study, H19, KCNQ1OT1, PEG3 and SNRPN genes with paternal expres‐
sion and MEG3 and NESP55 with maternal expression were investigated. In other studies, the
expression level of several imprinted genes was compared between placental tissues from
normal pregnancies and pregnancies complicated by intrauterine growth retardation (IUGR)
[48]. It was found that PHLDA2, ILK2, NNAT, CCDC86 and PEG10 genes had increased
expression in IUGR pregnancies, whereas the expression level of PLAGL1, DHCR24,
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ZNF331, and CDKAL1 was decreased. In this study, hypomethylation of DLK1, H19, and
SNRPN was demonstrated also in the placental tissues of foetuses with IUGR. In another study,
expression levels of four imprinted genes (IGF2, PEG10, PHLDA2, and CDKN1C) were
investigated in embryonic and placental tissues of 38 spontaneous abortions [49]. The in‐
creased expression of PHLDA2 was found both in the embryonic and placental tissues in the
first trimester. During the second trimester, elevated expression levels of all four genes were
observed in both tissues, however, for the PHLDA2 gene it was specific to the embryonic tissues
only. A decreased expression of PEG3 was detected in embryonic tissues during the third
trimester.
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Notes for tables 3 and 4: SA – spontaneous abortion; SB – stillbirth; МТ – muscular tissues of embryo; CC – chorion
cytotrophoblast; EM – extraembryonic mesoderm; MLMD – multilocus methylation defects (number of embryos with
MLMD is indicated in parentheses); ↓ – hypomethylation; ↑ – hypermethylation.
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respectively, on maternal chromosomes [35, 40]. It is interesting that in two embryos from the
investigated group (2.3%) epimutations were detected in both genes. In both families, the
women had not had a successfully delivered pregnancy. In one family, the woman had had
four spontaneous abortions, in the other, the woman had had two spontaneous abortions and
a stillbirth. It was shown that the frequency of recurrent pregnancy loss (i.e., the loss of three
or more consecutive pregnancies) was significantly higher in woman who had had a loss of
methylation in PLAGL1 in spontaneous abortions tissues, in comparison with woman without
epimutations in the aborted embryo (33% and 8%, respectively, p < 0.05). A similar tendency
was observed for KCNQ1OT1 epimutations, but it does not reach a statistically significant
difference.

It was remarkable also that all detected epimutations were confined to one placental tissue
(cytotrophoblast or extraembryonic mesoderm) only indicating their somatic origin in post-
implantation stages of development after the divergence of embryonic and extraembryonic
cell lineages. This observation has an important value for the discussion on the increase of
genomic imprinting disorders in children born after the application of assisted reproductive
technologies (ART) [20, 41-44]. Indeed, several cases of children with BWS, SRS and AS born
after in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) have been reported.
However, it is more significant that all patients with confirmed molecular diagnosis had
hypomethylation of imprinted genes on maternal chromosomes as a cause of disorder among
all the other known possible mechanisms which can alter imprinted genes expression – UPD,
chromosomal microdeletions or microduplications, point mutations in imprinted genes or
regulatory imprinted centres. This fact is supported by results of in vitro studies in model
organisms [45]. This often leads to a hasty one-sided conclusion that manipulations with
gametes and embryos in an artificial medium cannot support correct recording and mainte‐
nance of genomic imprinting and they are responsible for an increase of imprinting defects in
children after ART. Our, and other, recently published data from spontaneous abortions
studies [46] indicates that the same epimutations with relatively high frequency can be
observed in embryos from natural cycles also and not only from IVF or ICSI pregnancies. This
means that epimutations of imprinted genes arising during human embryo development, and
infertile pairs or couples with the history of recurrent pregnancy losses (typical patients of
ART clinics), may have increasing chances to produce progeny with epimutations after
overcoming the natural reproductive barriers by IVF or ICSI. This conclusion implies that the
nature of epimutations involves the interaction of hereditary and environmental factors.

Evidence for epimutations of imprinted genes in spontaneous abortions was also noted in other
subsequent studies (See tables 3 and 4). For example, multiple hypermethylation of imprinted
genes was detected in 4% (2 out of 55) of spontaneous abortions and 18% (10 out of 57) of
stillbirths [47]. In this study, H19, KCNQ1OT1, PEG3 and SNRPN genes with paternal expres‐
sion and MEG3 and NESP55 with maternal expression were investigated. In other studies, the
expression level of several imprinted genes was compared between placental tissues from
normal pregnancies and pregnancies complicated by intrauterine growth retardation (IUGR)
[48]. It was found that PHLDA2, ILK2, NNAT, CCDC86 and PEG10 genes had increased
expression in IUGR pregnancies, whereas the expression level of PLAGL1, DHCR24,
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ZNF331, and CDKAL1 was decreased. In this study, hypomethylation of DLK1, H19, and
SNRPN was demonstrated also in the placental tissues of foetuses with IUGR. In another study,
expression levels of four imprinted genes (IGF2, PEG10, PHLDA2, and CDKN1C) were
investigated in embryonic and placental tissues of 38 spontaneous abortions [49]. The in‐
creased expression of PHLDA2 was found both in the embryonic and placental tissues in the
first trimester. During the second trimester, elevated expression levels of all four genes were
observed in both tissues, however, for the PHLDA2 gene it was specific to the embryonic tissues
only. A decreased expression of PEG3 was detected in embryonic tissues during the third
trimester.
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Notes for tables 3 and 4: SA – spontaneous abortion; SB – stillbirth; МТ – muscular tissues of embryo; CC – chorion
cytotrophoblast; EM – extraembryonic mesoderm; MLMD – multilocus methylation defects (number of embryos with
MLMD is indicated in parentheses); ↓ – hypomethylation; ↑ – hypermethylation.
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Pathology
Sample

size
Tissue

MLMD

frequenc

y

GRB10

(7q21)

CPA4

(7q32)

PHLDA2

(11p15)

ZNF215

(11p15)

H19

(11p15)

MEG3

(14q32)

NESP55

(20q13.3)
Ref.

SA 55 МТ 3.6% (2) - - - - 0 1↑ 0 [47]

SB 57 МТ
17.5%

(10)
- - - - 4↑ 8↑ 6↑ [47]

SA 87 CC 2.3% (2) - - - - 0 0 - [40]

SA 13 EM 100% (13) 1↓ 8↓ 2↓ 8↓ 1↑ 0 0 [50]

SA 13 CC 100% (13) 5↓ 5↓ 9↓ 4↓ 6↑ 0 0 [50]

SA 165 CC 3.6% (6) - - - - 4↑ - - [46]

SA 29 CC 10.3% (3) - - - - 0 0 0 [51]

Total 406
12.1%

(49)

23.1%

(6/26)

50.0%

(13/26)

42.3%

(11/26)

46.2%

(12/26)

3.7%

(15/406)

3.7%

(9/241)

3.9%

(6/154)

↓ - 10.3% (42/406); ↑ - 7.4% (30/406)

Table 4. Frequency of epimutations in maternally expressed imprinted genes in spontaneous abortions

It is important to note that all the above mentioned studies were performed by the “candidate
gene” approach, i.e., only several interesting genes were tested based on their supposed
functions in embryogenesis. A new era in this area of research began with the application of
array technologies. They provide comprehensive and unbiased analysis of the human
imprintome. Results of the first studies revealed a new, intriguing phenomenon of multilocus
methylation defects (MLMD) on imprinted genes. This effect is presented by multiple epimu‐
tations (hypo- and/or hypermethylation) affecting several imprinted genes simultaneously in
the genome in different combinations. In fact, the first example of MLMD is a BiCHM, which
results from errors of imprinting establishment on maternal chromosomes during epigenetic
genome reprogramming in oocytes leading to the hypomethylation of maternal alleles of
different imprinted genes [38]. MLMD were detected in human reproductive losses [50] as
well as in patients with genomic imprinting disorders [52]. Importantly, in one recent study
15 (8%) probands among 194 patients with clinical features of an imprinting disorder but no
molecular diagnosis had methylation anomalies, including missed and unexpected molecular
diagnosis [53].

Evidence of MLMD in 13 first trimester spontaneous abortions were obtained in our study by
DNA methylation array the GoldenGate Methylation Cancer Panel I (Illumina) analysis of 51
imprinted genes [50]. Multiple methylation defects affecting from four to 12 genes in each
embryo were found. Epimutations were presented by the hypomethylation of paternal alleles
of GRB10, CPA4, PHLDA2, ZNF215 genes, and maternal alleles of PEG10, PLAGL1, WT1,
HTR2A, DLK1, GABRB3, KCNQ1 genes. Hypermethylation was observed on paternal allele of
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H19 and on maternal alleles of INS, TRPM5, PWCR1, GABRA5 genes. The majority of epimu‐
tations (78%) were confined to single placental tissue (extraembryonic mesoderm or cytotro‐
phoblast), indicating postzygotic errors in imprinting maintenance in somatic cells.

Summarizing the published data, it is possible to note that MLMD were observed in 49 of 406
investigated spontaneous abortions (12%) (See tables 3 and 4). It is evident that this value, of
a significant magnitude greater than UPD frequency in miscarriages, indicates an appreciable
effect of epigenetic defects on imprinted genes in pregnancy losses. The incidence of epimu‐
tations for different genes varied from 1.8% (MEST) to 53.8% (WT1). For genes expressed from
maternal chromosomes, the frequency of epimutations was 17.7%, with 10.3 % of these
presented by the hypomethylation of respective inactive paternal alleles and 7.4% by the
hypermethylation of active maternal alleles. For genes expressed from the paternal allele, the
total frequency of epimutations was twice as frequent (34.7%). These epimutations were
presented by the hypomethylation of respective inactive maternal alleles (16%) and the
hypermethylation of expressed paternal alleles (18.7%).

The results of the studies suggest possible mechanisms of the selective influence of epimuta‐
tions of imprinted genes on early embryo development. As it was mentioned early, the “sex
conflict” hypothesis is the most popular in explaining the imprinted mode of gene expression.
From its point of view, the expected suppressive effect of epimutations should emerge from
the hypomethylation of paternal alleles, which leads to a loss of imprinting and the biallelic
expression of maternal genes responsible for foetal growth suppression, as well as from
hypermethylation of paternal alleles, which leads to the absence of products responsible for
foetal growth stimulation. The total incidence of such types of epimutations in spontaneous
abortions is 29% (10.3 + 18.7). At the same time, the total incidence of epimutations, which can
lead to the promotion of foetal growth (hypo- and hypermethylation of maternal alleles), was
23.4% (16 + 17.4). The differences between frequencies of “suppressive” and “promotion”
epimutations were not statistically significant (p = 0.07). However, this is a relative estimation
for several reasons, including complete acceptance of the “sex conflict” hypothesis for each
imprinted gene (maternal genes are suppressors, paternal genes are activators) and the idea
that there is a strong reverse correlation between gene methylation and its expression. To
obtain more precise and weighted estimations, further studies of imprinted gene functions and
molecular mechanisms of their expression regulation are encouraged.

Does MLMD arise spontaneously in different loci or is it driven by mutations in a candidate’s
genes responsible for genomic imprinting establishment and maintenance? To answer this
question the evidence of MLMD in patients with imprinting disorders should be discussed.

5. Multiple methylation defects in patients with imprinting disorders

The first evidence of multiple epimutations of imprinted genes was obtained in 2005 in the
comparative analysis of methylation status of two genes – ZAC (PLAGL1) and LIT1
(KCNQ1OT1) in eight patients with BWS and 17 patients with TNDM [54]. The idea for this
study was based on the fact that there is partial overlapping of some clinical features in these
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Pathology
Sample

size
Tissue

MLMD

frequenc

y

GRB10

(7q21)

CPA4

(7q32)

PHLDA2

(11p15)

ZNF215

(11p15)

H19

(11p15)

MEG3

(14q32)

NESP55

(20q13.3)
Ref.

SA 55 МТ 3.6% (2) - - - - 0 1↑ 0 [47]

SB 57 МТ
17.5%

(10)
- - - - 4↑ 8↑ 6↑ [47]

SA 87 CC 2.3% (2) - - - - 0 0 - [40]

SA 13 EM 100% (13) 1↓ 8↓ 2↓ 8↓ 1↑ 0 0 [50]

SA 13 CC 100% (13) 5↓ 5↓ 9↓ 4↓ 6↑ 0 0 [50]

SA 165 CC 3.6% (6) - - - - 4↑ - - [46]

SA 29 CC 10.3% (3) - - - - 0 0 0 [51]

Total 406
12.1%

(49)

23.1%

(6/26)

50.0%

(13/26)

42.3%

(11/26)

46.2%

(12/26)

3.7%

(15/406)

3.7%

(9/241)

3.9%

(6/154)

↓ - 10.3% (42/406); ↑ - 7.4% (30/406)

Table 4. Frequency of epimutations in maternally expressed imprinted genes in spontaneous abortions

It is important to note that all the above mentioned studies were performed by the “candidate
gene” approach, i.e., only several interesting genes were tested based on their supposed
functions in embryogenesis. A new era in this area of research began with the application of
array technologies. They provide comprehensive and unbiased analysis of the human
imprintome. Results of the first studies revealed a new, intriguing phenomenon of multilocus
methylation defects (MLMD) on imprinted genes. This effect is presented by multiple epimu‐
tations (hypo- and/or hypermethylation) affecting several imprinted genes simultaneously in
the genome in different combinations. In fact, the first example of MLMD is a BiCHM, which
results from errors of imprinting establishment on maternal chromosomes during epigenetic
genome reprogramming in oocytes leading to the hypomethylation of maternal alleles of
different imprinted genes [38]. MLMD were detected in human reproductive losses [50] as
well as in patients with genomic imprinting disorders [52]. Importantly, in one recent study
15 (8%) probands among 194 patients with clinical features of an imprinting disorder but no
molecular diagnosis had methylation anomalies, including missed and unexpected molecular
diagnosis [53].

Evidence of MLMD in 13 first trimester spontaneous abortions were obtained in our study by
DNA methylation array the GoldenGate Methylation Cancer Panel I (Illumina) analysis of 51
imprinted genes [50]. Multiple methylation defects affecting from four to 12 genes in each
embryo were found. Epimutations were presented by the hypomethylation of paternal alleles
of GRB10, CPA4, PHLDA2, ZNF215 genes, and maternal alleles of PEG10, PLAGL1, WT1,
HTR2A, DLK1, GABRB3, KCNQ1 genes. Hypermethylation was observed on paternal allele of
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H19 and on maternal alleles of INS, TRPM5, PWCR1, GABRA5 genes. The majority of epimu‐
tations (78%) were confined to single placental tissue (extraembryonic mesoderm or cytotro‐
phoblast), indicating postzygotic errors in imprinting maintenance in somatic cells.

Summarizing the published data, it is possible to note that MLMD were observed in 49 of 406
investigated spontaneous abortions (12%) (See tables 3 and 4). It is evident that this value, of
a significant magnitude greater than UPD frequency in miscarriages, indicates an appreciable
effect of epigenetic defects on imprinted genes in pregnancy losses. The incidence of epimu‐
tations for different genes varied from 1.8% (MEST) to 53.8% (WT1). For genes expressed from
maternal chromosomes, the frequency of epimutations was 17.7%, with 10.3 % of these
presented by the hypomethylation of respective inactive paternal alleles and 7.4% by the
hypermethylation of active maternal alleles. For genes expressed from the paternal allele, the
total frequency of epimutations was twice as frequent (34.7%). These epimutations were
presented by the hypomethylation of respective inactive maternal alleles (16%) and the
hypermethylation of expressed paternal alleles (18.7%).

The results of the studies suggest possible mechanisms of the selective influence of epimuta‐
tions of imprinted genes on early embryo development. As it was mentioned early, the “sex
conflict” hypothesis is the most popular in explaining the imprinted mode of gene expression.
From its point of view, the expected suppressive effect of epimutations should emerge from
the hypomethylation of paternal alleles, which leads to a loss of imprinting and the biallelic
expression of maternal genes responsible for foetal growth suppression, as well as from
hypermethylation of paternal alleles, which leads to the absence of products responsible for
foetal growth stimulation. The total incidence of such types of epimutations in spontaneous
abortions is 29% (10.3 + 18.7). At the same time, the total incidence of epimutations, which can
lead to the promotion of foetal growth (hypo- and hypermethylation of maternal alleles), was
23.4% (16 + 17.4). The differences between frequencies of “suppressive” and “promotion”
epimutations were not statistically significant (p = 0.07). However, this is a relative estimation
for several reasons, including complete acceptance of the “sex conflict” hypothesis for each
imprinted gene (maternal genes are suppressors, paternal genes are activators) and the idea
that there is a strong reverse correlation between gene methylation and its expression. To
obtain more precise and weighted estimations, further studies of imprinted gene functions and
molecular mechanisms of their expression regulation are encouraged.

Does MLMD arise spontaneously in different loci or is it driven by mutations in a candidate’s
genes responsible for genomic imprinting establishment and maintenance? To answer this
question the evidence of MLMD in patients with imprinting disorders should be discussed.

5. Multiple methylation defects in patients with imprinting disorders

The first evidence of multiple epimutations of imprinted genes was obtained in 2005 in the
comparative analysis of methylation status of two genes – ZAC (PLAGL1) and LIT1
(KCNQ1OT1) in eight patients with BWS and 17 patients with TNDM [54]. The idea for this
study was based on the fact that there is partial overlapping of some clinical features in these
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syndromes. This observation may reflect possible interactions between PLAGL1 and P57KIP2

genes. According to the author’s suggestion, an overexpression of PLAGL1 due to the loss of
methylation of inactive maternal allele may lead to the suppression or inhibition of cyclin-
dependent kinases P57KIP2 through the hyperactivation of LIT1 (KCNQ1OT1). It was shown
that all eight BWS patients had normal PLAGL1 methylation, whereas in two patients with
TNDM hypomethylation at LIT1 was detected. The first patient had UPD(6)pat. The second
one had a normal karyotype, but, typically for TNDM, a loss of methylation at PLAGL1 on
maternal chromosome 6. It is interesting that in the latter patient’s situation, clinical signs of
TNDM were supplemented with umbilical hernia and macroglassia that are typical for BWS.

In 2006, Mackay and colleagues reported on a study of two patients with TNDM and IUGR
who had hypomethylation of ZAC and KCNQ1OT1 on maternal chromosomes 6 and 11
respectively [55]. Significantly, both patients did not have the overgrowth which is typical for
BWS in the case of KCNQ1OT1 hypomethylation. However, they had moderate macroglassia,
which is not typical for TNDM, and abdomen wall defects and exomphalos that are frequent
in both syndromes.

Later in 2006, Mackay and colleagues described another 12 patients with TNDM and hypo‐
methylation of ZAC on maternal chromosome 6q24 [56]. In six patients (50%) additional
methylation defects were found in different imprinted genes. It was hypomethylation of
GRB10, PEG1/MEST, KCNQ1OT1, and PEG3 on maternal chromosomes in different combina‐
tions. All patients with multiple methylation defects had higher birth weight and were more
phenotypically diverse than other TNDM patients with different genetic aetiologies, except
for ZAC hypomethylation, presumably reflecting the influence of dysregulation of multiple
imprinted genes. It was proposed the existence of a “maternal hypomethylation syndrome”
(MHS), when a patient with the loss of methylation at one maternally-methylated locus may
also manifest DNA methylation loss at other loci, potentially complicated or even confounded
the clinical presentation [56].

Another specific finding of this study which is also very intriguing, is that the level of mosai‐
cism for the DNA methylation index varied in different investigated tissues (blood, mouth‐
brushes, fibroblasts) and affected different genes. The presence of mosaicism indicates
postzygotyic errors of imprinting maintenance in somatic cells. However, it is more significant
that such errors affected only maternally, but not paternally inherited alleles. This type of
epigenetic mosaicism may explain another interesting fact that all patients with MHS had a
major clinical manifestation of TNDM but no other genomic imprinting disorders that can be
expected from the involvement of different imprinted genes. It is reasonable to assume that
germinal epimutations at ZAC, which in theory must be presented (or at least maintained) in
all somatic cells, should lead to TNDM symptoms, whereas somatic epimutations at other
different genes can partially modify only a clinical manifestation of the “main” hereditary
imprinting syndrome.

Later, MLMD were also reported in other imprinting disorders. However, both maternal and
paternal alleles were affected in comparison with MHS. Hypermethylation and hypomethy‐
lation of imprinted genes were reported also. For example, in some cases of BWS, loss of
methylation at KCNQ1OT1 was accompanied by hypomethylation at PLAGL1, PEG/MEST and
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SNURF-SNRPN [57]. In some patients with SRS, hypomethylation at GRB10 and IGF2/H19 was
observed [58, 59]. Multiple epimutations were observed at H19, PEG3, NESPAS and GNAS
genes in one patient with overlapping clinical symptoms of PWS and BWS [60].

It was mentioned earlier that microarray technologies allow us to obtain comprehensive data
sets about the methylation status of imprinted genes over the whole genome. In a recent study,
65 patients with different genomic imprinting disorders (BWS, SRS, PWS, AS, TNDM and
pseudohypoparathyroidism (PHP-1B)) were investigated by using “GoldenGate Cancer Panel
I” (Illumina) DNA methylation microarray [61]. MLMD were detected in all the diseases except
PWS and AS, which demonstrated methylation defects at SNRPN only. Multiple epimutations
were observed in 33% of BWS patients with KCNQ1OT1 hypomethylation, 75% of TNDM
patients with PLAGL1 hypomethylation, 50% of PHP-1B patients with GNASXL/EX1A
hypomethylation, and in 17% of SRS patients with H19 hypomethylation. MLMD involved an
additional one to 16 imprinted genes in each patient.

Thus, examinations of patients with imprinting disorders indicate that the epigenetic basis of
these diseases may, in some cases, be supplemented by multiple methylation defects in several
other imprinting genes in addition to epimutation at the disease-specific gene, which is
responsible for the pathogenesis of major clinical features of a given syndrome. The incidence
of MLMD in different imprinting disorders varies from 8.9% (SRS) to 56.3% (TNDM) (Table
5). The incidence of methylation defects at different genes varies also. The KCNQ1OT1, H19,
and GNAS/NESPAS genes are the most frequently involved in MLMD. On the other hand,
SNURF-SNRPN imprinting centre is a very rare subject in the study of methylation defects in
BWS and SRS patients, and scarcely noted in the list of MLMD affected genes in patients with
TNDM and MHS.

Is the combination of imprinted genes affected by MLMD in different syndromes and preg‐
nancy losses non-random? Are there any specific features of nucleotide sequences and
mechanisms of expression regulation of imprinted genes with different incidence of methyl‐
ation defects? Does an interaction between imprinted genes that may lead to formation of
specific epigenotype and phenotype exist? Further studies are necessary to obtain answers to
these questions. However, there is some data which indicates the existence of coordination
mechanisms in the regulation of epigenetic status of human imprintome. For example, it was
shown that epigenetic changes in the cases of BiCHM and TNDM affected imprinted genes on
maternal chromosomes only, whereas other non-imprinted genes were not a subject for
epimutations [68, 69]. On the other hand, multiple methylation defects were observed by DNA
methylation array analysis both in imprinted and non-imprinted genes in spontaneous
abortions [50]. It is also possible that MLMD may have a different molecular nature in
comparison with a methylation defect at a single locus. For example, multiple methylation
defects in patients with BWS were observed only in the cases of KCNQ1OT1 hypomethylation,
but not in the ones with H19/IGF2 hypermethylation (Table 5). The possible regulation genetic
mechanisms for epigenetic status of imprinted genes are discussed in the last part of the
chapter.
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syndromes. This observation may reflect possible interactions between PLAGL1 and P57KIP2
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who had hypomethylation of ZAC and KCNQ1OT1 on maternal chromosomes 6 and 11
respectively [55]. Significantly, both patients did not have the overgrowth which is typical for
BWS in the case of KCNQ1OT1 hypomethylation. However, they had moderate macroglassia,
which is not typical for TNDM, and abdomen wall defects and exomphalos that are frequent
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Later in 2006, Mackay and colleagues described another 12 patients with TNDM and hypo‐
methylation of ZAC on maternal chromosome 6q24 [56]. In six patients (50%) additional
methylation defects were found in different imprinted genes. It was hypomethylation of
GRB10, PEG1/MEST, KCNQ1OT1, and PEG3 on maternal chromosomes in different combina‐
tions. All patients with multiple methylation defects had higher birth weight and were more
phenotypically diverse than other TNDM patients with different genetic aetiologies, except
for ZAC hypomethylation, presumably reflecting the influence of dysregulation of multiple
imprinted genes. It was proposed the existence of a “maternal hypomethylation syndrome”
(MHS), when a patient with the loss of methylation at one maternally-methylated locus may
also manifest DNA methylation loss at other loci, potentially complicated or even confounded
the clinical presentation [56].

Another specific finding of this study which is also very intriguing, is that the level of mosai‐
cism for the DNA methylation index varied in different investigated tissues (blood, mouth‐
brushes, fibroblasts) and affected different genes. The presence of mosaicism indicates
postzygotyic errors of imprinting maintenance in somatic cells. However, it is more significant
that such errors affected only maternally, but not paternally inherited alleles. This type of
epigenetic mosaicism may explain another interesting fact that all patients with MHS had a
major clinical manifestation of TNDM but no other genomic imprinting disorders that can be
expected from the involvement of different imprinted genes. It is reasonable to assume that
germinal epimutations at ZAC, which in theory must be presented (or at least maintained) in
all somatic cells, should lead to TNDM symptoms, whereas somatic epimutations at other
different genes can partially modify only a clinical manifestation of the “main” hereditary
imprinting syndrome.

Later, MLMD were also reported in other imprinting disorders. However, both maternal and
paternal alleles were affected in comparison with MHS. Hypermethylation and hypomethy‐
lation of imprinted genes were reported also. For example, in some cases of BWS, loss of
methylation at KCNQ1OT1 was accompanied by hypomethylation at PLAGL1, PEG/MEST and

Epigenetics and Epigenomics134

SNURF-SNRPN [57]. In some patients with SRS, hypomethylation at GRB10 and IGF2/H19 was
observed [58, 59]. Multiple epimutations were observed at H19, PEG3, NESPAS and GNAS
genes in one patient with overlapping clinical symptoms of PWS and BWS [60].

It was mentioned earlier that microarray technologies allow us to obtain comprehensive data
sets about the methylation status of imprinted genes over the whole genome. In a recent study,
65 patients with different genomic imprinting disorders (BWS, SRS, PWS, AS, TNDM and
pseudohypoparathyroidism (PHP-1B)) were investigated by using “GoldenGate Cancer Panel
I” (Illumina) DNA methylation microarray [61]. MLMD were detected in all the diseases except
PWS and AS, which demonstrated methylation defects at SNRPN only. Multiple epimutations
were observed in 33% of BWS patients with KCNQ1OT1 hypomethylation, 75% of TNDM
patients with PLAGL1 hypomethylation, 50% of PHP-1B patients with GNASXL/EX1A
hypomethylation, and in 17% of SRS patients with H19 hypomethylation. MLMD involved an
additional one to 16 imprinted genes in each patient.

Thus, examinations of patients with imprinting disorders indicate that the epigenetic basis of
these diseases may, in some cases, be supplemented by multiple methylation defects in several
other imprinting genes in addition to epimutation at the disease-specific gene, which is
responsible for the pathogenesis of major clinical features of a given syndrome. The incidence
of MLMD in different imprinting disorders varies from 8.9% (SRS) to 56.3% (TNDM) (Table
5). The incidence of methylation defects at different genes varies also. The KCNQ1OT1, H19,
and GNAS/NESPAS genes are the most frequently involved in MLMD. On the other hand,
SNURF-SNRPN imprinting centre is a very rare subject in the study of methylation defects in
BWS and SRS patients, and scarcely noted in the list of MLMD affected genes in patients with
TNDM and MHS.

Is the combination of imprinted genes affected by MLMD in different syndromes and preg‐
nancy losses non-random? Are there any specific features of nucleotide sequences and
mechanisms of expression regulation of imprinted genes with different incidence of methyl‐
ation defects? Does an interaction between imprinted genes that may lead to formation of
specific epigenotype and phenotype exist? Further studies are necessary to obtain answers to
these questions. However, there is some data which indicates the existence of coordination
mechanisms in the regulation of epigenetic status of human imprintome. For example, it was
shown that epigenetic changes in the cases of BiCHM and TNDM affected imprinted genes on
maternal chromosomes only, whereas other non-imprinted genes were not a subject for
epimutations [68, 69]. On the other hand, multiple methylation defects were observed by DNA
methylation array analysis both in imprinted and non-imprinted genes in spontaneous
abortions [50]. It is also possible that MLMD may have a different molecular nature in
comparison with a methylation defect at a single locus. For example, multiple methylation
defects in patients with BWS were observed only in the cases of KCNQ1OT1 hypomethylation,
but not in the ones with H19/IGF2 hypermethylation (Table 5). The possible regulation genetic
mechanisms for epigenetic status of imprinted genes are discussed in the last part of the
chapter.
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PLAGL1

(6q24)

MEST/

PEG1

(7q32)

LIT1 (11p15)

DLK1/

GTL2

(14q32)

SNRPN

(15q11)

IGF2R

(6q25)

GRB10/

MEG1

(7p13)

H19

(11p15)

GNAS/

NESPAS

(20q13)

Ref.

Genes with paternal expression Genes with maternal expression

TNDM 12
PLAGL1

hypometh
50% (6) 12↓ 5↓ 3↓ 0 0 n.a. 3↓ 0 n.a. [56]

TNDM 4
PLAGL1

hypometh
75% (3) 4↓ 0 0 0 0 1↓,1↑ 1↓ 0 0 [61]

Total 16
PLAGL1

hypometh
56.3% (9) 100%

31.4%

(5/16)

18.8%

(3/16)
0 0

12.5%

(2/16)

25.0%

(4/16)
0 0

BWS 40 LIT1 hypometh 25% (10) n.a. 3↓ 40↓ n.a. 1↓ 6↓ n.a. n.a. n.a. [62]

BWS 81 LIT1 hypometh 21% (17) 7↓ 6↓ 81↓ 0 0 6↓ 4↓ 0 10↓ [63]

BWS 68 LIT1 hypometh 23.5% (16) 6↓ 6↓ 68↓ 0 1↓ 10↓ n.a. 1↓ n.a. [64]

BWS 11 LIT1 hypometh 45.5% (5) 0 1↓ 11↓ 2↓ n.a. 2↓ 2↓ 2↓ 2↓ [65]

BWS 24 LIT1 hypometh 25% (6) 2↓ 4↓ 24↓ 0 1↓ n.a. n.a. n.a. n.a. [57]

BWS 43 LIT1 hypometh 33% (14) 3↓ 3↓ 43↓ 0 0 3↓ 3↓ 2↓ 3↑ [61]

Total 267 LIT1 hypometh 25.5% (68)
7.9%

(18/227)

8.6%

(23/267)
100%

0.9%

(2/227)

1.2%

(3/256)

10.9%

(27/243)

6.7%

(9/135)

2.5%

(5/203)

11.9%

(16/135)

BWS 20 H19 hypermeth 0 0 0 0 0 0 0 0 20↑ 0 [63]

SRS 23 H19 hypometh 8.2% (2) 0 0 1↓ 0 n.a. 1↓, 2↑ 1↓ 23↓ 2↓ [66]

SRS 74 H19 hypometh 9.5% (7) 2↓ 3↓ 3↓ 5↓ 1↓ 2↓ n.a. 74↓ n.a. [64]

SRS 65 H19 hypometh 7.7% (5) n.a. 1↓ 3↓ 1↓ n.a. 3↓ 0 65↓ n.a. [67]

SRS 6 H19 hypometh 16.6%(1) 0 1↓ 0 0 0 0 0 6↓ 0 [61]

Total 168 H19 hypometh 8.9% (15)
2.1%

(2/103)

2.5%

(5/168)

4.3%

(7/168)

3.7%

(6/168)

1.4%

(1/80)

4.9%

(8/168)

1.1%

(1/94)
100%

8.7%

(2/29)

PWS/BWS 1
SNRPN

hypometh
– n.a. n.a. 1↓ n.a. 1↓ n.a. n.a. 1↓ 1↓ [60]

PHP-1В 10 GNAS hypometh 50% (5) 0 2↓ 0 0 0 1↓ 0 0 10↓ [61]

Total 476
20.4%

(97/476)

10.3%

(38/370)

7.4%

(35/475)

58.4%

(278/476)

1.8%

(8/435)

1.1%

(4/377)

8.7%

(38/439)

5.2%

(14/269)

47.1%

(194/412)

15.0%

(29/193)

↓ – 75.6% (360/476); ↑ – 0.6% (3/476) ↓ – 52.9% (252/476); ↑ – 4.8% (23/476)

Note: MLMD – multilocus methylation defects (number of patients with MLMD is indicated in parentheses); n.a. – not analysed; ↓ – hypomethylation; ↑ – hyperme‐

thylation.

Table 5. Incidence of methylation defects in patients with imprinting disorders
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6. Genetic control of epigenetic status of imprinted genes

The story begins again with BiCHM. Recurrent cases of this pathology or classical CHM and
PHM in anamnesis, the occurrence of several cases within one pedigree, and the appearance
in consanguineous couples provide evidence for an autosomal recessive mode of inheritance
of BiCHM by maternal lineage. The first candidate’s genes were DNA methyltransferases,
however, the sequencing of it in women with a history of BiCHM did not reveal the presence
of mutations. Subsequent genome-wide association studies and homozigosity mapping
indicated the linkage of BiCHM with chromosomal segment 19q13.42, in which the NLRP7
(NALP7) gene was mapped [70]. In this first study, five mutations of NLRP7 in familial and
recurrent cases of hydatidiform mole were reported. Two mutations, IVS3+1G-A and
IVS7+1G-, were found in introns 3 and 7, respectively. Three single nucleotide changes were
detected in another three families: p.R693W, p.R693P, and p.N913S. All these mutations were
absent in the 348 individuals from the control group.

Homozygous c.295G>T (p.Glu99X) and heterozygous c.1970A>T (p.Asp657Val) mutations
were observed in a woman with four hydatidiform moles [71]. Her sister with two moles and
brother were compound heterozygotes for these mutations. Her father had a homozygous
p.Asp657Val mutation. Her mother had a homozygous p.Glu99X mutation, three successful
pregnancies and a stillbirth in anamnesis. In another studied family, a brother and his three
sisters with recurrent hydatidiform moles (two, three, and five cases in anamnesis, respec‐
tively) were homozygous for p.Arg693Pro mutations, but the brother did not have any
reproductive problems. The authors of this study made a very important conclusion that
mutations of NLRP7 do not affect the foetal development in the case of paternal inheritance,
but lead to recurrent hydatidiform moles when transmitted from the mother.

Several studies combined methylation analysis of imprinted genes and the search for NLRP7
mutations. For example, homozygous c.2248C>G (p.L750V), c.2471+1G>A missense mutations
and heterozygous c.2248C>G (p.Leu750Val), c.2810+2T>G NLRP7 mutations in women with
BiCHM and multiple hypomethylation at the PEG3, SNRPN, KCNQ1OT1, GNAS imprinted
genes were reported [72]. Studying 11 families with BiCHM, Hayward and colleagues
performed methylation analysis of the ZAC, GNAS-NESP55, LIT1/KCNQ1OT1, and SGCE/
PEG10 genes in four families. Hypomethylation of maternal alleles at the ZAC and LIT1 as well
as hypermethylation of maternal alleles at the NESP55, which is unusual for BiCHM, were
observed in all four families. The sequencing of NLRP7 revealed eight not previously described
mutations: p.K116X, p.L398R, p.S673X, p.W778X, c.939_952dup14, c.1456dupG, c.2030delT,
and c.277+1G>C [73]. Moreover, p.L398R was associated with multiple epimutations of
imprinted genes indicating that some mutations in NLRP7 may be connected with different
types of methylation defects, but not restricted by the hypomethylation of maternal alleles
only.

A search for NLRP7 mutations was performed in 40 Tunisian families with sporadic hydati‐
diform moles [74, 75]. Two sisters in one family had a homozygous mutation p.E570X.
Heterozygous mutations were found in 11 patients. There were several new mutations among
them: c.544G>A (p.Val182Met), c.1480G>A (p.Ala494Thr), c.1532A>G (p.Lys511Arg) and c.
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PLAGL1

(6q24)

MEST/

PEG1

(7q32)

LIT1 (11p15)

DLK1/

GTL2

(14q32)

SNRPN

(15q11)

IGF2R

(6q25)

GRB10/

MEG1

(7p13)

H19

(11p15)

GNAS/

NESPAS

(20q13)

Ref.

Genes with paternal expression Genes with maternal expression

TNDM 12
PLAGL1

hypometh
50% (6) 12↓ 5↓ 3↓ 0 0 n.a. 3↓ 0 n.a. [56]

TNDM 4
PLAGL1

hypometh
75% (3) 4↓ 0 0 0 0 1↓,1↑ 1↓ 0 0 [61]

Total 16
PLAGL1

hypometh
56.3% (9) 100%

31.4%

(5/16)

18.8%

(3/16)
0 0

12.5%

(2/16)

25.0%

(4/16)
0 0

BWS 40 LIT1 hypometh 25% (10) n.a. 3↓ 40↓ n.a. 1↓ 6↓ n.a. n.a. n.a. [62]

BWS 81 LIT1 hypometh 21% (17) 7↓ 6↓ 81↓ 0 0 6↓ 4↓ 0 10↓ [63]

BWS 68 LIT1 hypometh 23.5% (16) 6↓ 6↓ 68↓ 0 1↓ 10↓ n.a. 1↓ n.a. [64]

BWS 11 LIT1 hypometh 45.5% (5) 0 1↓ 11↓ 2↓ n.a. 2↓ 2↓ 2↓ 2↓ [65]

BWS 24 LIT1 hypometh 25% (6) 2↓ 4↓ 24↓ 0 1↓ n.a. n.a. n.a. n.a. [57]

BWS 43 LIT1 hypometh 33% (14) 3↓ 3↓ 43↓ 0 0 3↓ 3↓ 2↓ 3↑ [61]

Total 267 LIT1 hypometh 25.5% (68)
7.9%

(18/227)

8.6%

(23/267)
100%

0.9%

(2/227)

1.2%

(3/256)

10.9%

(27/243)

6.7%

(9/135)

2.5%

(5/203)

11.9%

(16/135)

BWS 20 H19 hypermeth 0 0 0 0 0 0 0 0 20↑ 0 [63]

SRS 23 H19 hypometh 8.2% (2) 0 0 1↓ 0 n.a. 1↓, 2↑ 1↓ 23↓ 2↓ [66]

SRS 74 H19 hypometh 9.5% (7) 2↓ 3↓ 3↓ 5↓ 1↓ 2↓ n.a. 74↓ n.a. [64]

SRS 65 H19 hypometh 7.7% (5) n.a. 1↓ 3↓ 1↓ n.a. 3↓ 0 65↓ n.a. [67]

SRS 6 H19 hypometh 16.6%(1) 0 1↓ 0 0 0 0 0 6↓ 0 [61]

Total 168 H19 hypometh 8.9% (15)
2.1%

(2/103)

2.5%

(5/168)

4.3%

(7/168)

3.7%

(6/168)

1.4%

(1/80)

4.9%

(8/168)

1.1%

(1/94)
100%

8.7%

(2/29)

PWS/BWS 1
SNRPN

hypometh
– n.a. n.a. 1↓ n.a. 1↓ n.a. n.a. 1↓ 1↓ [60]

PHP-1В 10 GNAS hypometh 50% (5) 0 2↓ 0 0 0 1↓ 0 0 10↓ [61]

Total 476
20.4%

(97/476)

10.3%

(38/370)

7.4%

(35/475)

58.4%

(278/476)

1.8%

(8/435)

1.1%

(4/377)

8.7%

(38/439)

5.2%

(14/269)

47.1%

(194/412)

15.0%

(29/193)

↓ – 75.6% (360/476); ↑ – 0.6% (3/476) ↓ – 52.9% (252/476); ↑ – 4.8% (23/476)

Note: MLMD – multilocus methylation defects (number of patients with MLMD is indicated in parentheses); n.a. – not analysed; ↓ – hypomethylation; ↑ – hyperme‐

thylation.
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The story begins again with BiCHM. Recurrent cases of this pathology or classical CHM and
PHM in anamnesis, the occurrence of several cases within one pedigree, and the appearance
in consanguineous couples provide evidence for an autosomal recessive mode of inheritance
of BiCHM by maternal lineage. The first candidate’s genes were DNA methyltransferases,
however, the sequencing of it in women with a history of BiCHM did not reveal the presence
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2156C>T (p.Ala719Val). The authors concluded that the presence of some heterozygous
mutations of NLRP7 in woman may be a risk factor not only for BiCHM, but also for a sporadic
mole.

There are current reports on mutations at almost all exons and introns of NLRP7 gene, which
were associated with BiCHM. The product of the gene belongs to CATERPILLER proteins
family. These NLRP proteins are implicated in the activation of proinflammatory caspases
through multiprotein complexes called inflammasomes. This gene may act as a feedback
regulator of caspase-1-dependent interleukin 1-beta secretion, which is pleiotropic cytokine
involved in trophoblast invasion in the uterus during implantation [76].

As mentioned previously, NLRP7 may be a gene with a maternal effect. The products of such
genes are necessary for oocytes to support early embryo development before the activation of
embryo genome. These genes do not have an influence on ovulation and fertilization, but the
absence of their products leads to the termination of early embryo development. This feature
may explain the lack of reproductive problems in NLRP7 mutation’s male carriers. It seems
that another gene from the NRLP family in mice – Nalp5, is a gene with maternal effect also.
Nalp5-/- females had normal ovaries. Their oocytes fertilized normally, but embryos arrested
their development at the 2-cell stage [77].

NLRP7 protein has no DNA-binding motifs in its sequence, which is why it is unclear how it
may be involved in imprinting recording during oogenesis. In this situation, an alternative
hypothesis is attractive. According to this hypothesis, the involvement of NLRP7 in BiCHM
pathogenesis may be related to its participation in inflammation and autoimmune response.
It was found that patients with NLRP7 mutations cannot provide specific responses to different
antigens [78]. As a result, in such women androgenic blastocysts, which are in fact are complete
allografts, can implant and develop without rejection from the maternal side. It is also possible
that androgenic blastocysts arise spontaneously de novo with definite frequency due to errors
of fertilization or through epigenetic mechanisms independently from NRLP7 mutations. In
women without NRLP7 mutations and normal immune systems, such androgenic blastocysts
die or stop in development. It is interesting that mutations in other members of the CATER‐
PILLER family – NLRP1 and NOD2 were also associated with some clinical forms of vitiligo
(MIM #606579) and inflammatory bowel disease (MIM #266600) [78]. There were no reports
on the association of molar pregnancies with these autoimmune diseases, except for one study
[79]. However, the association of Crohn’s disease with recurrent pregnancy loss was noted
repeatedly [80, 81]. It is possible that this association is based on common pathogenic mecha‐
nisms involved in the disturbance of autoimmune response regulation.

Mutations at the NLRP7 gene have not been found in every case of BiCHM and only 48-60%
of patients with recurrent hydatidiform moles indicate a heterogeneous nature of this repro‐
ductive pathology. Indeed, in 2011 a type II of BiCHM was described (MIM #614293), which
is clinically indistinguishable from the classical variant of the biparental complete mole. It was
related to mutations at the KHDC3L (C6orf221) gene in 6q13. The search for mutations in this
gene was performed in 14 pedigrees with BiCHM without NLRP7 mutations. As a result,
homozygous change c.3G>T, deletion c.322_325delGACT and compound heterozygote c.
322_325delGACT were found in three families [82]. This study revealed that KHDC3L is
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mutated in 14% of patients with recurrent a hydatidiform mole who are negative for NLRP7
mutations.

Sequencing of KHDC3L in 97 patients with recurrent moles, reproductive loss and absence of
NLRP7 mutations allows to identify three unrelated patients, each homozygous for one of the
two protein-truncating mutations, a novel 4-bp deletion resulting in a frame shift c.
299_302delTCAA (p.Ile100Argfs*2), and a previously described 4-bp deletion c.322_325del‐
GACT (p.Asp108Ilefs*30), transmitted on a shared haplotype to three patients from different
populations [83]. It was also shown that molar tissues from one of the spontaneous abortions
were diploid and biparental. In this study, immunofluorescence analysis revealed colocaliza‐
tion of KHDC3L and NLRP7 proteins in lymphoblastoid cell lines from normal subjects. Using
cell lines from patients, it was demonstrated that the KHDC3L mutations do not change the
subcellular localization of protein in haematopoietic cells. This finding highlights the similar‐
ities between the two causative genes for recurrent moles, KHDC3L and NLRP7, in their
subcellular localization, the parental contribution to the mole tissues caused by them, and the
presence of several founder mutations and variants in different populations in both of them
indicating positive selection and adaptation.

It is probable that some patients with imprinting disorders and MLMD also have mutations
in two other genes – NLRP2 (NALP2) (19q13.42) and ZFP57 (6p22.1), which may be involved
in imprinting maintenance. The NALP2 is a cytosolic protein of the CATERPILLER’s subfam‐
ily. It is suggested that NALP2 is a component of inflammosomes, like NLRP7. Mutation c.
1479delAG (p.Arg493SerfsX32) at the NLRP2 was found in a family with one healthy child and
two children with BWS [84]. KCNQ1OT1 imprinted centres were hypomethylated in both
affected children, whereas PEG1 hypomethylation was observed in only one of them. Homo‐
zygous mutation at the NLRP2 was detected in the mother and the affected child, whereas the
father, the healthy child and the other diseased child were heterozygotes. The mutation was
absent in the control group. This data is in agreement with the hypothesis that NLRP2 is a
maternal-effect gene, like NLRP7. It is interesting that NLRP2 per se is imprinted. Its monoallelic
expression from the maternal chromosome was detected in decidual tissue, foetal heart and
liver [85]. However, there is a single report, which does not support the maternal effect of
NLRP2. In 2013, a paternally inherited mutation c.2077C>T (p.R693W) was observed in BWS
patient with KCNQ1OT1 hypomethylation [61]. This mutation was absent in individuals from
the control group and may be pathogenic according to the “PolyPhen-2” database. However,
it seems that this example does not cover multiple methylation defects.

In 2008, mutations at the ZNF57 were detected for the first time in seven out of twelve families
with TNDM and multiple hypomethylation of imprinted genes PLAGL1, CRB10, PEG3,
KCNQ1OT1, PEG1/MEST, and NESPAS [86]. Homozygous mutation p.C241X was found in a
brother with hypomethylation at the KCNQ1OT1, NASPAS and PEG1/MEST and his sister
with KCNQ1OT1 and PEG1/MEST hypomethylation. Proband in another family had deletion
c.257_258delAG (p.E86VfsX28). His father was a heterozygote for this deletion. Compound
heterozygous mutation c.683G>A (p.R228H) was detected in two families, including one
patient with hypomethylation of PEG1/MEST and NESPAS. None of the mutations were found
in 200 individuals from the control group.
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of patients with recurrent hydatidiform moles indicate a heterogeneous nature of this repro‐
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liver [85]. However, there is a single report, which does not support the maternal effect of
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patient with KCNQ1OT1 hypomethylation [61]. This mutation was absent in individuals from
the control group and may be pathogenic according to the “PolyPhen-2” database. However,
it seems that this example does not cover multiple methylation defects.
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Two years later, Mackay and Temple reported about ZFP57 mutations in 10 out of 16 patients
with TNDM and hypomethylation at the PLAGL1, GRB10 and PEG3 genes [87]. It is interesting
that all patients with maternal hypomethylation syndrome, ZFP57 mutations and PLAGL1
hypomethylation also had PEG3 and GRB10 hypomethylation. However, in the absence of
ZFP57 mutations, PEG3 and GRB10 genes were infrequently affected by methylation defects.
This observation indicates that ZFP57 may be involved in imprinting maintenance in somatic
cells in contrast to germinal methylation defects, which are associated with mutations at the
NLRP7.

ZFP57 mutations were also observed in patients with other imprinting disorders, like SRS and
BWS. For example, seven mutations at the ZFP57 were found in 30 patients with SRS and
hypomethylation of imprinting centre H19/IGF2 on chromosome 11 [88]. Other imprinted
genes were not tested in this study. Six nucleotide changes were recognized as known
polymorphisms, whereas one patient had not previously detected homozygous mutation
p.R125Q in the exon 6. This mutation was also found in heterozygous form in two of the 80
(2.5%) healthy individuals.

Twenty-seven BWS patients with KCNQ1OT1 hypomethylation were tested for the presence
of ZFP57 mutations [89]. As a result, three new nucleotide changes were found. Two twin girls
and their father were heterozygous for the c.503C>T (p.Ser168Phe). Two other changes c.
723C>T and c.1026T>C were detected in a diseased child and his father.

ZFP57 mutations were found in a recent study of patients with TNDM, SRS, BWS and
methylation defects [61]. New homozygous deletion c.371delC was identified in a patient with
TNDM and maternal hypomethylation of five imprinted genes, including PLAGL1. Both
parents in this family were heterozygous carriers of deletion, whereas it was absent in the 180
individuals from the control group. Two cases of maternal inheritance of the mutation c.
374G>A (p.R125Q) were observed in a SRS patient with H19/IGF2 hypomethylation and in a
BWS patient with a loss of methylation at the KCNQ1OT1. This mutation was not found in the
control sample. The mother of the SRS patient was a compound heterozygote for p.R125Q and
c.559G>A (p.R187C) mutation.

The protein encoded by ZFP57 is a zinc finger protein containing the Kruppel-associated box
repressor (KRAB) domain, which acts as transcription repressor. It is interesting that this
domain may be involved in the de novo DNA methylation during mouse embryogenesis [90].
It was also shown that Zfp57 mutations in mice may induce multiple methylation defects of
imprinted genes. Partial hypomethylation of maternal and paternal alleles was noted in
progeny with Zfp57-/- genotype in zygote [Li et al., 2008]. The authors of this study suggested
that Zfp57 is a maternal-zygotic effect gene and its product is required for imprinting mainte‐
nance in different genomic loci.

Taking the discussed results together, it is possible to make an unexpected conclusion that
some part of imprinting diseases and reproductive disorders associated with abnormal
imprinting are related to defects in gene (or genes) involved in the establishment and main‐
tenance of epigenetic organization of imprinted loci. In other words, imprinting diseases, or
at least some part of them, that were usually considered epigenetic in nature, have, in fact, a
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single gene basis sometimes modified by parental-of-origin effects. A similar situation is
specific for chromatin diseases (ICF, Rett, Rubinshtein-Taybi, Coffin-Lowry, ATR-X syn‐
dromes), which arise due to mutations in genes involved in the control of chromatin organi‐
zation [8]. From this point of view, the presence of one form of TNDM, a classical imprinting
disorder, in the OMIM catalogue (MIM # 601410) as a result of ZFP57 mutations is not
unexpected.

Considering the high incidence of reproductive losses in humans and the elevated level of
methylation defects at different imprinted loci in spontaneous abortions, the search for
mutations in genes involved in the control of genomic imprinting is a challenge for modern
reproductive epigenetics and medicine. In our preliminary study, 11 first trimester missed
abortions with MLMD of imprinted genes were tested for the presence of NLRP7 mutations
[92]. Nine genetic variants of NLRP7 were found. Seven of them were presented in specific
databases for women with BiCHM and normal reproductive outcomes. Whereas two new
changes, c1405delC and c1444delC, in homozygous form were found in spontaneous abortion
with hypomethylation at the PEG10, KCNQ1, WT1, ZNF215 and hypermethylation at the INS,
PWCR1 and GABRA5 genes.

7. Conclusion

The reviewed data clearly indicates that epigenetic abnormalities are the leading cause of
imprinted gene dysfunction in pregnancy complications and losses. This is not surprising
because of the fact that the rate of epimutations is estimated to be one or two orders higher
than the incidence of classical gene mutations. It is import to also note that epimutation in one
allele is enough to cause the loss of imprinting or the silencing of an imprinted gene due to
one of its main inherent features, namely monoallelic expression.

The application of genome wide technologies of DNA methylation analysis revealed the
phenomenon of multiple methylation defects at imprinting genes both in spontaneous
abortions and in some patients with imprinting disorders. Today we are witnesses of data
accumulation about spectrum and the incidence of this type of methylation abnormalities in
different diseases. However, cautious estimations should be provided because of a lack of
current data about possible benign epipolymorphisms of imprinted genes. However, obtained
results change and supplement existent concepts about pathogenesis of imprinting disorders.
One of the most intriguing findings is that some part of epigenetic imprinting defects has, in
fact, a genetic nature due to mutations in genes, which are responsible for imprinting regula‐
tion. This remark may have obvious significance for the likes of molecular genetic diagnosis
in the light of the application of high-throughput genomic and post-genomic technologies and
for medical genetic counselling. Carriers of mutations in imprinting control genes may have
incorrect or instable epigenomes in their gametes or progeny which will be not compatible
with fertilization, implantation, normal prenatal development or the delivery of a healthy
child. Preimplantation genetic diagnosis for the excluding of embryo transfer with mutations
in such genes may be a successful reproductive choice for such couples.
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1. Introduction

Epigenetic modifications stably influence gene expression without changing the underlying
DNA sequence [1]. The epigenomic era has revealed a well-connected network of molecular
processes. These processes comprise abnormal methylomes, transcriptosomes, genome-wide
histone post-transcriptional modifications patterns, histone variants, and noncoding RNAs [2].
The genome-wide DNA methylation status of cells exists in a methylated, hydroxymethylated
or unmethylated state, collectively referred to as the DNA methylome [3]. Methylation of the
DNA (DNAme) occurs in position 5 in cytosine residues. In mammals, the vast majority (98%)
of DNA methylation occurs in CpG (cytosine-phosphate-guanine) dinucleotides in somatic
cells [4]. In embryomic stem (ES) cells, however, about one-quarter of all DNA methylation
occurs in non-CpG context [4]. The haploid human genome contains approximately 29 million
CpGs, DNA methylation involves the transfer of a methyl group to cytosine in a CpG dinu‐
cleotide through DNA methyltransferases that creates or maintains methylation patterns [3].
Hydroxymethylation of cytosines has also been reported, though its biological functions are
unknown. Several methods have been developed which enable capture of genome-wide
profiling of DNA methylation. The complete DNA methylomes for several organisms are now
available, helping clarify the evolutionary story of this epigenetic mark and its distribution in
key genomic elements. The variation of DNA methylome plays an important role in regulating
normal development and differentiation. DNA methylation patterns can be inherited and
influenced by the environment, diet and aging, and disrupted in diseases [5]. From a functional
perspective, the DNA methylome variation is a stable change in a transcriptional regulatory
element, which changes the expression of a gene without any change in DNA sequence or in
the intracellular environment. However, a change in environmental conditions could perturb
the stability profile of the methylome at a locus, changing the probability of variant states
arising, even making a variant state more stable than the previous reference state [6].
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2. Methylomes and evolution

DNA methylation is a typical characteristic of most eukaryotes and some of its features are
conserved in many species. The methylation states that present in the germline are heritable
and participate in evolution. Boffelli D and Martin DI [6] combined phylogenomic and somatic
methylation data to infer germline methylation states. Methylated CGs undergo mutation to
TG much more frequently than unmethylated CGs, but only CG decay that occurs in the
germline results in heritable sequence changes that can become fixed within a species. The
predominant trend within the genome is to lose methylated cytosines and this destrucrion of
a CpG dinucleotide by a SNP has been shown to lead to significant cis-methylation effects [7].
The loss and gain of CpGs over time is proposed to be a significant evolutionary device, the
polymorphic nature of CpG-SNP dinucleotide sequences will help define human population
epigenomics [8].

Currently, by the base-resolution sequencing, the complete methylomes for 25 organisms are
available (10 animals, 8 plants, 2 insect and 5 fungi). These eukaryotic methylomes have
provided initial insights into the evolutionary history of DNA methylation (Figure 1). Since
the density of possible methylation sites, and the distribution of 5-methyl-cytosines (5meC) is
not uniform in the genome contexts, the role of DNA methylation in promoters, gene bodies,
regulatory features, and transposable and repetitive elements can be remarkably different.
Such as, the evolutionary history of DNA methylation in gene bodies and transposons is
independent. Zemach et al. quantified DNA methylation in 17 eukaryotic genomes and found
that gene body methylation is an ancient property of eukaryotic genomes, and is conserved
between plants and animals, whereas selective methylation of transposons is not [9]. The
transposon methylation is only conserved in fungi [10], and appears to be related to the degree
of sexual outcrossing [11]. In general, the DNA methylation landscape can be either continuous
along the genome, or constituted by a series of heavily methylated DNA domains interspersed
with domains that are methylation free, and the methylation pattern is quite conserved [5].

3. Human methylomes

Because of its association with human development and disease, DNA methylation has stayed
in the research focus for almost half a century. The development of methods for whole-genome
methylation profiling has now enabled acquisition of the complete human methylomes,
especially powerful are methylome profiling techniques with single-base resolution sequenc‐
ing. Genome-wide, tissue-specific or cell type-specific DNA methylation profiling has begun
to shift the focus of DNA methylation research from mostly promoters and immediate
upstream enhancers to including intragenic regions and distal intergenetic regions [12]. These
revealed that methylation of gene bodies is more frequent than in promoters in the vertebrate
genomes [13]. Shen et al [14] characterized the methylome in purified peripheral blood
monocytes (PBMs) by using methylated DNA immunoprecipitation combined with high-
throughput sequencing, and found that promoters were commonly (58%) found to be
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unmethylated; whereas protein coding regions were largely (84%) methylated. Zilbauer et al
[15] provide detailed functional genome-wide methylome maps of five primary peripheral
blood leukocyte subsets including T-cells, B-cells, monocytes/ macrophages and neutrophils
obtained from healthy individuals and identified important cell-type specific hypomethylated
regions (HMRs) that strongly correlate with gene transcription levels. SNPs associated with

Figure 1. Methylation levels in 25 eukaryotic organisms. The organisms are organized according to their evolutionary
distance. Tree topology is determined from the NCBI Taxonomy (http://www.ncbi.nlm.nih.gov/guide/taxonomy/)
and displayed using TreeView X (http://darwin.zoology.gla.ac.uk/~rpage/treeviewx/index.html). The genome size is
indicated together with the percentage of methylated sites within three sequence contexts: CpG, CHG and CHH (H
being A, C or T).
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immune-mediated disease in genome-wide association studies (GWAS) preferentially
localised to these cell-specific regulatory HMRs, offering insight into the pathogenesis role of
DNA hypomethylation in regulating immune mediated disease. Recent insights into tissue-
specific intra-and intergenic methylation and into cancer methylomes suggest that both cancer-
associated DNA hypomethylation and hypermethylation are found throughout the genome
[16]. The hypermethylation includes promoters of tumor suppressor genes whose expression
becomes repressed, thereby facilitating cancer formation. Cancer-associated DNA hypome‐
thylation from intergenic enhancers, promoter regions, silencers, and chromatin boundary
elements may alter transcription rates. Whereas, the intragenic DNA hypomethylation might
modulate alternative promoter usage, production of intragenic noncoding RNA transcripts,
cotranscriptional splicing, and transcription initiation or elongation [16].The new discoveries
that genomic 5-hydroxymethylcytosine is an intermediate in DNA demethylation and exhibits
cancer-associated losses.

4. Methylomes in cell differentiation and reprogramming

During embryonic development, cells become gradually restricted in their developmental
potential and start elaborating lineage-specific transcriptional networks to ultimately acquire
a unique differentiated state [17].That is, cell differentiation is a process characterized by the
progressive loss of developmental potential and gain in functional specialization. During this
process, DNA methylation plays an important role in epigenetic programming by silencing
developmental genes and activating tissue-specific genes, thus establishing a cellular memory
that defines both cell lineage and cell type.

4.1. DNA methylation remodeling in the embryo development

Over the course of mammalian development, the genome undergo nearly complete remodel‐
ing of DNA methylation patterns. Primordial germ cells begin with very low DNA methylation
levels, then with gametogenesis parental imprinting tags are established, with substantially
methylated but differing methylomes in the sperm and egg. In the preimplantation early
embryo there is a wave of genome-wide demethylation that occurs, which is rapid in the
paternal genome, except for centromeric, repetitive and paternally imprinted genes, with a
comparative slow process occurring in the maternal genome [18].This is then followed by
heavy de novo methylation, DNA methylation patterns are then progressively re-established,
marking gradual commitment towards lineage-specific differentiation [19].

4.2. DNA methylomes in embryonic stem cells

Embryonic stem cells (ESCs) are a special population of pluripotent cells derived from the
inner cell mass (ICM) of a blastocyst during mammalian development. ESCs retain the ability
to indefinitely self-renew and differentiate into all cell types found in the adult body. The
importance of DNA methylation in ESC stemness maintenance and differentiation is indicated
by diverse studies demonstrating the following: (1) DNA methylation is essential for pluripo‐
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tency but not self-renewal in ESCs. Embryonic stem cells deficient in Dnmt1 and/or
Dnmt3a/3b or lacking CpG-binding proteins show a loss of pluripotency and severe impair‐
ment of differentiation potential, but still maintain self-renew [20-23]. (2) CpG methylation
contributes to differentiation of ESCs. In a search for differentially methylated (DM) regions
(DMRs) by reduced-representation bisulfite sequencing(RRBS), Meissner et al [24] found that
approximately 8% of CpGs that were unmethylated in ESCs became methylated in ESC-
derived neural progenitor cells and approximately 2% of CpGs methylated in ESCs were
unmethylated in the neural progenitor derivatives; Genomic analysis provides supporting
evidence for the CpG methylation of gene promoters to selectively silence differentiation genes
in ESCs, and global DNA demethylation is mostly linked with the upregulation of tissue-
specific genes [25]. (3) ESCs are enriched in non-CpG methylation. A recent major study using
Methyl-Seq technology reports significant non-CpG methylation in human ESCs, estimating
nearly 25% of total cytosine methylation to be non-CpG sites, with CHG and CHH as the major
motifs (where H=A, C, or T). Genomic regions enriched in non-CpG methylation are associated
with genes involved in RNA processing, RNA splicing and RNA metabolic processes.
Interestingly, enrichment of non-CpG methylation in gene bodies correlates with significantly
more intronic RNA.

4.3. DNA methylation remodeling in multipotent stem cells

Multipotent stem cells provide a unique intermediate between pluripotent ESCs and unipotent
differentiated cells. Multipotent stem cells also show significant reprogramming variability,
including somatic memory and aberrant reprogramming of DNA methylation [26].

4.3.1. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are multipotent stem cells of mesodermal origin that can be
isolated from various sources and induced into different cell types [27]. Adipose tissue-derived
stem cells (ADSCs) are isolated from liposuction material, which provide an abundant source
of MSCs. Studies show that select adipogenic and nonadipogenic promoters in MSCs, ADSCs
and hESCs are hypomethylated and hypermethylated, respectively, suggesting DNA meth‐
ylation controls adipogenic differentiation by activating adipogenic-related genes and
silencing nonspecific lineage genes[27]. In addition, epigenomic changes in DNA methylation
and chromatin structure have been hypothesized to be critical in the determination of lineage-
specific differentiation and tumorigenesis of MSCs [27]. Leu et al [27] applied a targeted DNA
methylation method to methylate a polycomb group protein-governed gene, Trip10, in MSCs,
which accelerated the cell fate determination of MSCs. However, targeted methylation of HIC1
and RassF1A, both tumor suppressor genes, transformed MSCs into tumor stem cell-like cells.

4.3.2. Hematopoietic stem cells

Hematopoietic stem cells (HSCs) are a special population of multipotent stem cells that are
derived from the bone marrow and give rise to a subset of mature blood cells that directs
all  the  immune responses.  Accumulating evidence suggests  that  DNA methylation play
critical roles in the maintenance of both self-renewing hematopoietic stem cells and leukemic
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paternal genome, except for centromeric, repetitive and paternally imprinted genes, with a
comparative slow process occurring in the maternal genome [18].This is then followed by
heavy de novo methylation, DNA methylation patterns are then progressively re-established,
marking gradual commitment towards lineage-specific differentiation [19].

4.2. DNA methylomes in embryonic stem cells

Embryonic stem cells (ESCs) are a special population of pluripotent cells derived from the
inner cell mass (ICM) of a blastocyst during mammalian development. ESCs retain the ability
to indefinitely self-renew and differentiate into all cell types found in the adult body. The
importance of DNA methylation in ESC stemness maintenance and differentiation is indicated
by diverse studies demonstrating the following: (1) DNA methylation is essential for pluripo‐
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tency but not self-renewal in ESCs. Embryonic stem cells deficient in Dnmt1 and/or
Dnmt3a/3b or lacking CpG-binding proteins show a loss of pluripotency and severe impair‐
ment of differentiation potential, but still maintain self-renew [20-23]. (2) CpG methylation
contributes to differentiation of ESCs. In a search for differentially methylated (DM) regions
(DMRs) by reduced-representation bisulfite sequencing(RRBS), Meissner et al [24] found that
approximately 8% of CpGs that were unmethylated in ESCs became methylated in ESC-
derived neural progenitor cells and approximately 2% of CpGs methylated in ESCs were
unmethylated in the neural progenitor derivatives; Genomic analysis provides supporting
evidence for the CpG methylation of gene promoters to selectively silence differentiation genes
in ESCs, and global DNA demethylation is mostly linked with the upregulation of tissue-
specific genes [25]. (3) ESCs are enriched in non-CpG methylation. A recent major study using
Methyl-Seq technology reports significant non-CpG methylation in human ESCs, estimating
nearly 25% of total cytosine methylation to be non-CpG sites, with CHG and CHH as the major
motifs (where H=A, C, or T). Genomic regions enriched in non-CpG methylation are associated
with genes involved in RNA processing, RNA splicing and RNA metabolic processes.
Interestingly, enrichment of non-CpG methylation in gene bodies correlates with significantly
more intronic RNA.

4.3. DNA methylation remodeling in multipotent stem cells

Multipotent stem cells provide a unique intermediate between pluripotent ESCs and unipotent
differentiated cells. Multipotent stem cells also show significant reprogramming variability,
including somatic memory and aberrant reprogramming of DNA methylation [26].

4.3.1. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are multipotent stem cells of mesodermal origin that can be
isolated from various sources and induced into different cell types [27]. Adipose tissue-derived
stem cells (ADSCs) are isolated from liposuction material, which provide an abundant source
of MSCs. Studies show that select adipogenic and nonadipogenic promoters in MSCs, ADSCs
and hESCs are hypomethylated and hypermethylated, respectively, suggesting DNA meth‐
ylation controls adipogenic differentiation by activating adipogenic-related genes and
silencing nonspecific lineage genes[27]. In addition, epigenomic changes in DNA methylation
and chromatin structure have been hypothesized to be critical in the determination of lineage-
specific differentiation and tumorigenesis of MSCs [27]. Leu et al [27] applied a targeted DNA
methylation method to methylate a polycomb group protein-governed gene, Trip10, in MSCs,
which accelerated the cell fate determination of MSCs. However, targeted methylation of HIC1
and RassF1A, both tumor suppressor genes, transformed MSCs into tumor stem cell-like cells.

4.3.2. Hematopoietic stem cells

Hematopoietic stem cells (HSCs) are a special population of multipotent stem cells that are
derived from the bone marrow and give rise to a subset of mature blood cells that directs
all  the  immune responses.  Accumulating evidence suggests  that  DNA methylation play
critical roles in the maintenance of both self-renewing hematopoietic stem cells and leukemic
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stem cells [29].  Changes in the DNA methylation profile have a critical  role in the divi‐
sion of these stem cells into the myeloid and lymphoid lineages and in the establishment
of a specific phenotype and functionality in each terminally differentiated cell  type [30].
HSCs  deficient  in  both  Dnmt3a  and  3b  show  a  loss  of  proliferative  ability  but  retain
differentiation potential,  suggesting de novo methylation is important for self-renewal in
HSCs  [28].  The  aberrant  DNA  methylation  has  been  associated  with  several  immune
deficiencies and autoimmune disorders [30].

4.3.3. Multipotent neural progenitor cells

The central nervous system (CNS) is composed of three major cell types-neurons, astrocytes,
and oligodendrocytes-which differentiate from common multipotent neural stem cells (NSCs).
Comparisons between ESCs, NSCs and terminally differentiated neurons demonstrate that the
majority of de novo methylated genes are already present in NSCs, suggesting that the bulk
of DNA methylation changes during differentiation is associated with a loss of pluripotency
and a commitment to a multipotent state, rather than terminal differentiation [28]. Interest‐
ingly, when NSCs further differentiate into astroglial lineage, selective promoter demethyla‐
tion occurs in glial marker genes, including GFAP and S100B [31, 32]. Loss of methylation using
5-azacytidine (5-azaC) also triggers premature glial differentiation [31]. Consistently, Dnmt1-
deficient NSCs precociously differentiate into astroglial cells, which have been linked to
increase JAK-STAT signaling and demethylation of the STAT1 and GFAP promoters [32].

4.4. DNA methylations in cell reprogramming

Epigenetic marks can be reset and usually result in the gain of developmental potential, called
epigenetic reprogramming. Researches indicated that mammalian somatic cells can be directly
reprogrammed into induced pluripotent stem cells (iPSCs) by introducing defined sets of
transcription factors Oct4, Sox2, Klf4 and c-Myc [33-35]. The ultimate aim of research on cell
reprogramming is to create iPSC that is identical to embryonic stem cells (ESC) and differen‐
tiates into tissue specific cell types with intact function, which will pave the way for great
advances in regenerative medicine in the future.

4.4.1. 5-hydroxymethylcytosine-mediated epigenetic modifications during reprogramming to
pluripotency

Although 5-hydroxymethylcytosine (5hmC) was discovered several decades ago, it became a
major focus of epigenomic research only after it was recently identified in murine brain and
stem cell DNA. 5hmC is an oxidative product of 5-methylcytosine (5mC) which catalyzed by
the ten eleven translocation (TET) family of enzymes [36]. TET1-mediated 5hmC modification
could contribute to the epigenetic variation of iPSCs reprogramming and iPSC-hESC differ‐
ences [37]. Wang et al [37] found that 5hmC levels is increased significantly during reprog‐
ramming to human iPSCs mainly owing to TET1 activation, and this hydroxymethylation
change is critical for optimal epigentic reprogramming, but does not compromise primed
pluripotency.
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4.4.2. Non-CpG cytosine methylation in cells reprogramming

Although methylation mainly occurs on the cytosines in the CpG dinucleotide context, non-
CG methylation (mCH:DNA methylation targeting CpA, CpT, and CpC dinucleotides) is
prevalent in brain, oocytes and pluripotent stem cell [38-40]. Compared to non-growing
oocytes (NGOs), germinal vesicle oocytes (GVOs) were over four times more methylated at
non-CG sites, indicating that non-CG methylation accumulates during oocyte growth.
Widespread methylome reconfiguration occurs during fetal to young adult development,
coincident with synaptogenesis. During this period, highly conserved non-CG methylation
(mCH) accumulates in neurons, but not glia, to become the dominant form of methylation in
the human neuronal genome[38]. Shirane et al [39] found that nearly two-thirds of all meth‐
ylcytosines occur in a non-CG context in GVOs. The distribution of non-CG methylation closely
resembled that of CG methylation throughout the genome and showed clear enrichment in
gene bodies. Ziller et al [40] reported a comprehensive analysis of non-CpG methylation in 76
genome-scale DNA methylation maps across pluripotent and differentiated human cell types,
and confirm non-CpG methylation to be predominantly present in pluripotent cell types and
observe a decrease upon differentiation and near complete absence in various somatic cell
types. Non-CpG cytosine methylation has been identified at a high level in stem cells and
reprogrammed progenitor cells, indicating that loss of this form of methylation may be critical
in the path from pluripotency to differentiation. The total level of global methylation and the
degree of non-CpG methylation is inversely proportional to the level of differentiation.

5. Methylomes in cancer

Carcinogenesis is a complex multifactorial process of the transformation of normal cells into
malignant cells, and is characterized by many biologically significant and interdependent
alterations triggered by the mutational and/or non-mutational (i.e., epigenetic) events. One of
these events, specific to all types of cancer, is alterations in DNA methylation. Aberrant DNA
methylation is frequently observed and considered to be a hallmark of cancers.

5.1. DNA methylome alterations induced by carcinogens

According to the mechanism of cancer causation, all carcinogenic agents may be divided into
genotoxic (carcinogenic agents that interact with DNA) and non-genotoxic (carcinogenic
agents causing tumor by mechanisms other than directly damaging DNA) carcinogens (Figure
2). Exposure to genotoxic carcinogens induces genotoxic and non-genotoxic effects in the DNA
methylome, whereas exposure to non-genotoxic carcinogens causes non-genotoxic effects
only. Genotoxic effects on the DNA methylome are consist of increased carcinogen–DNA-
adduct formation at methylated CpG sites and subsequent elevated mutation rates; however,
genotoxic effects may cause also non-genotoxic events in the DNA methylome by compro‐
mising ability of the DNA methylation machinery to methylate DNA accurately. Nongenotoxic
effects of both genotoxic and non-genotoxic carcinogens consist of global loss of DNA
methylation, gene-specific hypermethylation, and gene-specific hypomethylation. Non-
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reprogrammed into induced pluripotent stem cells (iPSCs) by introducing defined sets of
transcription factors Oct4, Sox2, Klf4 and c-Myc [33-35]. The ultimate aim of research on cell
reprogramming is to create iPSC that is identical to embryonic stem cells (ESC) and differen‐
tiates into tissue specific cell types with intact function, which will pave the way for great
advances in regenerative medicine in the future.

4.4.1. 5-hydroxymethylcytosine-mediated epigenetic modifications during reprogramming to
pluripotency

Although 5-hydroxymethylcytosine (5hmC) was discovered several decades ago, it became a
major focus of epigenomic research only after it was recently identified in murine brain and
stem cell DNA. 5hmC is an oxidative product of 5-methylcytosine (5mC) which catalyzed by
the ten eleven translocation (TET) family of enzymes [36]. TET1-mediated 5hmC modification
could contribute to the epigenetic variation of iPSCs reprogramming and iPSC-hESC differ‐
ences [37]. Wang et al [37] found that 5hmC levels is increased significantly during reprog‐
ramming to human iPSCs mainly owing to TET1 activation, and this hydroxymethylation
change is critical for optimal epigentic reprogramming, but does not compromise primed
pluripotency.
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resembled that of CG methylation throughout the genome and showed clear enrichment in
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reprogrammed progenitor cells, indicating that loss of this form of methylation may be critical
in the path from pluripotency to differentiation. The total level of global methylation and the
degree of non-CpG methylation is inversely proportional to the level of differentiation.
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Carcinogenesis is a complex multifactorial process of the transformation of normal cells into
malignant cells, and is characterized by many biologically significant and interdependent
alterations triggered by the mutational and/or non-mutational (i.e., epigenetic) events. One of
these events, specific to all types of cancer, is alterations in DNA methylation. Aberrant DNA
methylation is frequently observed and considered to be a hallmark of cancers.

5.1. DNA methylome alterations induced by carcinogens

According to the mechanism of cancer causation, all carcinogenic agents may be divided into
genotoxic (carcinogenic agents that interact with DNA) and non-genotoxic (carcinogenic
agents causing tumor by mechanisms other than directly damaging DNA) carcinogens (Figure
2). Exposure to genotoxic carcinogens induces genotoxic and non-genotoxic effects in the DNA
methylome, whereas exposure to non-genotoxic carcinogens causes non-genotoxic effects
only. Genotoxic effects on the DNA methylome are consist of increased carcinogen–DNA-
adduct formation at methylated CpG sites and subsequent elevated mutation rates; however,
genotoxic effects may cause also non-genotoxic events in the DNA methylome by compro‐
mising ability of the DNA methylation machinery to methylate DNA accurately. Nongenotoxic
effects of both genotoxic and non-genotoxic carcinogens consist of global loss of DNA
methylation, gene-specific hypermethylation, and gene-specific hypomethylation. Non-
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genotoxic global DNA hypomethylation leads to genotoxic events such as elevated mutation
rates and genome instability. Gene specific DNA hypermethylation of critical tumor suppres‐
sor genes causes transcriptional repression and the loss of gene function. In contrast, gene
specific DNA hypomethylation induces activation of oncogenes and tumor-promoting genes.
Silencing of DNA repair genes, e.g., MGMT, BRCA1 and MLH1, or activation of xenobiotic
metabolizing genes, e.g., CYP1A1, may elevate mutation rates indirectly.

Figure 2. Alterations of the DNA methylome induced by carcinogens

5.1.1. Global DNA hypomethylation in cancer

DNA hypomethylation arises mainly from the loss of methylation at normally heavily
methylated areas of genome. The loss of global DNA methylation is one of the most common
DNA methylome alterations in human cancers, which is closely related to carcinogenesis. First,
genomic demethylation causes a significant elevation in mutation rates] and aberrant activa‐
tion of“normally”silenced tumor promoting genes [41-43]. Second, hypomethylation of DNA
results in the loss of genomic imprinting (LOI), which is currently considered as one of the
earliest and most frequent alterations in human tumors [44-46]. Third, demethylation of
repetitive sequences, such as long interspersed nucleotide elements (LINE)-1, short inter‐
spersed nucleotide elements (SINE), and retroviral intracisternal. Alu elements may cause
chromosomal abnormalities and genomic instability via the induction of permissive transcrip‐
tional activity of repetitive elements [47-48]. Finally, the recent research indicated that the loss
of 5hmC has been found in a broad spectrum of solid tumors, including lung, breast, brain,
gastric, and colorectal cancers [49-50].

5.1.2. Cancer-linked gene-specific DNA hypermethylation or hypomethylation

DNA hypermethylation is the most extensively studied epigenetic abnormality in cancer, and
the hypermethylation of promoter CpG islands causes permanent and stable transcriptional
silencing of a wide range of protein-coding genes and non-coding RNA genes. There is also
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growing evidence for the importance of non-CpG island-promoter methylation in cancer,
including methylation of CpG island shores [51], non-CpG promoters [52], and coding regions
[53], which results in gene silencing. A mechanistic link between DNA hypermethylation and
carcinogenesis is epigenetic silencing of critical tumor-suppressor genes, such as cyclin-
dependent kinase inhibitor 2A (CDKN2A; p16INK4A), secreted frizzled-related protein genes
(SFRPs), adenomatous polyposis coli (APC), Ras association (RalGDS/AF-6) domain family
member 1 (RASSF1A) [54], et al. It has been established unequivocally that role of epigeneti‐
cally-driven gene silencing has been the main mechanism favoring tumor development and
progression. This overshadowed the importance of gene-specific hypomethylation in cancer;
however, accumulating evidence indicates that the hypomethylation of “normally” methylat‐
ed CpG island-containing genes also plays a significant role in tumor development. Currently,
several hypomethylated tumor-promoting genes, including S100 calcium binding protein A4
(S100A4), plasminogen activator, urokinase (UPA), heparanase (HPA), synuclein, gamma
(SNCG), trefoil factor 3 (TFF3), and flap structure-specific endonuclease 1 (FEN1), have been
identified in major human cancers [55].

Anyway, cancer-linked gene-specific DNA hypermethylation and hypomethylation are
associated with the well-established hallmarks of cancer, including the acquisition of persistent
proliferative signaling, resistance to cell death, evasion of growth suppression, replicative
immortality, inflammation, deregulation of energy metabolism, induction of angiogenesis,
and activation of invasion, complement and enhance each other in the disruption of cellular
homeostasis favoring cancer development [56]. Next, as examples, the role of DNA methyla‐
tion alterations in carcinogenesis was demonstrated in chronic lymphocytic leukemia and
glioma.

5.2. Methylome in chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL) is the most frequent leukemia of adults in western
countries. Next-generation sequencing of whole genomes, exomes and DNA methylomes in
CLL has provided the first comprehensive view of somatic mutations and methylation changes
in this disease. Here, we mainly elaborate the change of DNA methylomes in CLL.

5.2.1. Hypomethylation contributes to the genomic instability and oncogene activation in CLL

Two decades ago, high-pressure liquid chromatography (HPLC) analysis revealed the genome
DNA of CLL to be globally hypomethylated relative to healthy controls. The subsequent study
found that aberrant hypomethylation of repetitive sequences, such as ALU, LINE and SATα
leading to genomic instability may be a contributing factor in the increased propensity of TP53-
deleted/mutated cases to acquire CLL genomic alterations [57]. Recently, next-generation
sequencing of the DNA methylome has also noted gene body hypomethylation to be partic‐
ularly widespread within enhancer regions in CLL patients [57-59]. After the CLL genome was
discovered to be hypomethylated, hypomethylation of oncogene is found to correlate with
increased protein expression in CLL. Such as, BCL2, a key anti-apoptotic gene, MDR1, the
multiple drug resistance gene, and TCL1, an activator of NF-κB, were subsequently found to
be hypomethylated and upregulated in CLL [57].
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growing evidence for the importance of non-CpG island-promoter methylation in cancer,
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(SNCG), trefoil factor 3 (TFF3), and flap structure-specific endonuclease 1 (FEN1), have been
identified in major human cancers [55].
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immortality, inflammation, deregulation of energy metabolism, induction of angiogenesis,
and activation of invasion, complement and enhance each other in the disruption of cellular
homeostasis favoring cancer development [56]. Next, as examples, the role of DNA methyla‐
tion alterations in carcinogenesis was demonstrated in chronic lymphocytic leukemia and
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Chronic lymphocytic leukemia (CLL) is the most frequent leukemia of adults in western
countries. Next-generation sequencing of whole genomes, exomes and DNA methylomes in
CLL has provided the first comprehensive view of somatic mutations and methylation changes
in this disease. Here, we mainly elaborate the change of DNA methylomes in CLL.

5.2.1. Hypomethylation contributes to the genomic instability and oncogene activation in CLL

Two decades ago, high-pressure liquid chromatography (HPLC) analysis revealed the genome
DNA of CLL to be globally hypomethylated relative to healthy controls. The subsequent study
found that aberrant hypomethylation of repetitive sequences, such as ALU, LINE and SATα
leading to genomic instability may be a contributing factor in the increased propensity of TP53-
deleted/mutated cases to acquire CLL genomic alterations [57]. Recently, next-generation
sequencing of the DNA methylome has also noted gene body hypomethylation to be partic‐
ularly widespread within enhancer regions in CLL patients [57-59]. After the CLL genome was
discovered to be hypomethylated, hypomethylation of oncogene is found to correlate with
increased protein expression in CLL. Such as, BCL2, a key anti-apoptotic gene, MDR1, the
multiple drug resistance gene, and TCL1, an activator of NF-κB, were subsequently found to
be hypomethylated and upregulated in CLL [57].
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5.2.2. Cells origin and subtypes of CLL on basis of genome and methylome

Because of the differences in the immunoglobulin heavy variation (IGHV) mutational status
and B-cell receptor reactivity, chronic lymphocytic leukemia was classified into two subtypes:
chronic lymphocytic leukemia lacking significant somatic IGHV mutation (uCLL) and chronic
lymphocytic leukemia with significant somatic IGHV mutation (mCLL), which was derived
from naive B cells and memory B cells [60]. Most mutated genes cluster in a few molecular
pathways that are also differentially represented in the two subtypes of CLL. Mutations in
NOTCH1 signaling, mRNA splicing, processing and transport, and DNA damage response
pathways are more common in uCLL, whereas mutations in the innate inflammatory pathway
occur predominantly in mCLL.

B cells at different maturation stages require a different level of DNA methylation reprogram‐
ming to give rise to uCLL and mCLL. Microarray analysis of a large series of patients indicates
that uCLLs acquire approximately seven times more DNA methylation changes than mCLL
compared with their respective cells of origin. In particular, two-thirds of the DNA methylation
changes that take place in the transformation of naive B cells into uCLL can also be detected
in their physiological differentiation into memory B cells [58].

By genome-wide differential DNA methylation profile analysis in uCLL and mCLL, CLL was
derived from three different B-cell subpopulations: uCLL resembles both native B cells (IgD
+and CD27-) and CD5+ pregerminal center mature B cells (CD5+, IgD+, and CD27-), whereas
mCLL is more similar to non class-switched and class-switched memory B cells (IgM/ D+ or
IgA/G+, CD27+). The third group of CLL was accompied with an intermediate DNA methyla‐
tion pattern and enriched for mCLLs with a significantly lower level of somatic IGHV
mutations [58]. This group might be derived from a third B-cell type, for example, an antigen-
experienced, germinal center-independent B cell that has acquired low levels of somatic
hypermutations [60].

5.3. Methylomes in glioma

Glioma is the most frequent and devastating primary brain tumor in adults. Aberrant DNA
methylation contributes to glioma development and progression.We employed MeDIP-chip
to investigate the whole-genome differential methylation patterns between glioma and normal
brain samples. We identified 524 hypermethylated and 114 hypomethylated differential
regions in the primary gliomas. Intriguingly, some of the human genome differential methyl‐
ation regions (DMRs), 199 hypermethylation and 30 hypomethylated differential regions were
mapped to genomic regions without any gene annotation (Fig 3A). Only 325 hypermethylation
and 74 hypomethylation differential regions were mapped to annotated genes regions,
including promoter, intragenic and downstream of genes (Fig3A). A great percentage of
DMRs, 63.0% (216) of hypermethylated and 79.0% (60) of hypomethylated differential regions,
was mapped to promoter regions of known genes (Fig 3B). 53 hypermethylated and 27
hypomethylated differential regions were mapped to the regions which were both promoter
of known genes and CpG islands (Fig 3C). Thus, we identified many novel DMRs that reside
in promoters, intragenic, downstream of known genes and unannotated genomic regions in
primary gliomas. Since change of promoter methylation status may have close related with
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gene expression and involved in tumor development, we focused on the analysis of DMRs in
glioma which were mapped to gene promoter regions. The 216 promoter hypermethylated
genes and 60 promoter hypomethylated genes identified by MeDIP-chip were analyzed
according to their chromosomal location and the physical distribution of these loci was further
analyzed (Fig 3D). Except that there were intensive promoter hypermethylation genes in 1, 2,
3, 17 and X chromosomes, the promoter hypermethylated genes were found to be distributed
evenly in other chromosomes. While promoter hypomethylated genes mainly distributed in
1, 11, 16, 19, 20 and 22 chromosomes, the number of genes in these chromosomes account for
the majority of the total promoter hypomethylated genes [61].

Figure 3. Genome-wide analysis of DMRs in primary glioma. (A) Number of differentially methylated regions that are
associated with or without genes. (B) Distribution of diifferentially methylated regions associated with genes. Most of
the identified DMRs associated with genes were mapped to gene promoters. (C) Number of DMRs which were both
gene promoters and CpG islands. (D) Chromosomal distribution of 216 promoter hypermethylated genes and 60 pro‐
moter hypomethylated genes.

6. The connected networks of DNA methylation, histone modifications,
transcript factor and miRNAs

Epigenetic mechanisms include: DNA methylation; histone tail modifications; chromatin
remodeling; and noncoding RNA expression. DNA methylation is essential for a properly
functioning genome through its roles in the maintenance of chromatin structure, chromosome
stability and transcription. Histones are the protein moiety around which DNA is packaged
within the chromatin, and they can suffer a variety of post-translational modifications of their
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NOTCH1 signaling, mRNA splicing, processing and transport, and DNA damage response
pathways are more common in uCLL, whereas mutations in the innate inflammatory pathway
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mCLL is more similar to non class-switched and class-switched memory B cells (IgM/ D+ or
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tion pattern and enriched for mCLLs with a significantly lower level of somatic IGHV
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experienced, germinal center-independent B cell that has acquired low levels of somatic
hypermutations [60].
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methylation contributes to glioma development and progression.We employed MeDIP-chip
to investigate the whole-genome differential methylation patterns between glioma and normal
brain samples. We identified 524 hypermethylated and 114 hypomethylated differential
regions in the primary gliomas. Intriguingly, some of the human genome differential methyl‐
ation regions (DMRs), 199 hypermethylation and 30 hypomethylated differential regions were
mapped to genomic regions without any gene annotation (Fig 3A). Only 325 hypermethylation
and 74 hypomethylation differential regions were mapped to annotated genes regions,
including promoter, intragenic and downstream of genes (Fig3A). A great percentage of
DMRs, 63.0% (216) of hypermethylated and 79.0% (60) of hypomethylated differential regions,
was mapped to promoter regions of known genes (Fig 3B). 53 hypermethylated and 27
hypomethylated differential regions were mapped to the regions which were both promoter
of known genes and CpG islands (Fig 3C). Thus, we identified many novel DMRs that reside
in promoters, intragenic, downstream of known genes and unannotated genomic regions in
primary gliomas. Since change of promoter methylation status may have close related with
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gene expression and involved in tumor development, we focused on the analysis of DMRs in
glioma which were mapped to gene promoter regions. The 216 promoter hypermethylated
genes and 60 promoter hypomethylated genes identified by MeDIP-chip were analyzed
according to their chromosomal location and the physical distribution of these loci was further
analyzed (Fig 3D). Except that there were intensive promoter hypermethylation genes in 1, 2,
3, 17 and X chromosomes, the promoter hypermethylated genes were found to be distributed
evenly in other chromosomes. While promoter hypomethylated genes mainly distributed in
1, 11, 16, 19, 20 and 22 chromosomes, the number of genes in these chromosomes account for
the majority of the total promoter hypomethylated genes [61].

Figure 3. Genome-wide analysis of DMRs in primary glioma. (A) Number of differentially methylated regions that are
associated with or without genes. (B) Distribution of diifferentially methylated regions associated with genes. Most of
the identified DMRs associated with genes were mapped to gene promoters. (C) Number of DMRs which were both
gene promoters and CpG islands. (D) Chromosomal distribution of 216 promoter hypermethylated genes and 60 pro‐
moter hypomethylated genes.

6. The connected networks of DNA methylation, histone modifications,
transcript factor and miRNAs

Epigenetic mechanisms include: DNA methylation; histone tail modifications; chromatin
remodeling; and noncoding RNA expression. DNA methylation is essential for a properly
functioning genome through its roles in the maintenance of chromatin structure, chromosome
stability and transcription. Histones are the protein moiety around which DNA is packaged
within the chromatin, and they can suffer a variety of post-translational modifications of their
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N-terminal tails, including acetylation, methylation, phosphorylation, sumoylation, ubiquiti‐
nation and ADP ribosylation [62,63]. miRNAs are ~20–22 nucleotide non-coding RNA
molecules that tend to negatively regulate genes by binding to the 3' untranslated region of
the target mRNA via the RNA-induced silencing complex causing mRNA destabilization and/
or translational inhibition [64,65]. Growing evidence supports a role for miRNAs as both
targets and effectors in aberrant mechanisms of DNA methylation [66,67]. Meanwhile,
miRNAs are also invovlved in the control of DNA methylation by targeting the DNA meth‐
ylation machinery [68, 69]. In this section, we combined with our own work to demonstrate
the connected networks of DNA methylation, histone modifications, transcript factor and
miRNAs in glioma. On the basis DNA methylome of glioma, we identified fifteen new
methylated genes including 9 hypermethylated genes(ANKDD1A, GAD1, SIX3, SST,
PHOX2B, PCDHA8,PCDHA13, HIST1H3E and LRRC4) and 6 hypomethylated genes (F10,
POTEH, CPEB1, LMO3, ELFN2 and PRDM16) were validated by the Sequenom MassARRAY
platform and bisulfite sequencing (BSP) in glioma. Aberrant promoter methylation and
changed histone modifications were associated with gene abnormal expression in glioma.
miR-185 targets the DNA methyltransferases 1 and regulates global DNA methylation [61],
however, miR-101 regulates histone methylation modication of hypomethylated gene CPEB1
by targeting EZH2 and EED, and DNMT3A, and affected their methylation level and expres‐
sion in glioma [70].

6.1. The regulation networks between hypermethylated gene, miRNA, transcript factor and
target gene in glioma

Leucine-rich repeat C4 (LRRC4) gene, a new hypermethylated gene identified by DNA
methylome of glioma, are highly specific to brain tissue and it behaved as a tumor suppressor
gene in the pathogenesis of gliomas. Methylation of the LRRC4 promoter has been considered
as one of the important mechanisms inactivating LRRC4 in gliomas. Exogenous overexpres‐
sion of LRRC4 could inhibit glioma cells growth and arrest glioma cells in the G0/G1 phase of
the cell cycle. Induction of LRRC4 expression inhibited glioma cell proliferation and invasion
by downregulating the ERK/MAPK and PI-3K/AKT signaling pathways [71-75].

6.1.1. LRRC4-AP-2-miR-182-LRRC4 loop played important role in the pathogenesis of glioma

It’s known that miRNAs took part in proliferation and growth in glioma cells. miR-182 or
miR-381 overexpression could promote glioma cell growth in vivo and in vitro. Therefore, they
were considered to be potential therapeutic biomarker in glioma. miR-182 or miR-381 silencing
could arrest glioma cells in the G0/G1 phase of the cell cycle and inhibit glioma cells growth
by upregulating phosphorylated Rb and suppressing E2F3. LRRC4 was the co-target gene of
miR-182 and miR-381. The expression of miR-182, miR-381 and BRD7 were inversely correlated
with LRRC4 expression in gliomas. miR-182 and miR-381 silencing was found to inhibit the
expression of BRD7, upregulate phosphorylated Rb, suppress E2F3, arrest glioma cells in the
G0/G1 phase of the cell cycle, inhibit glioma cells growth and induce differentiation of glioma
cells to astrocyte-like cell by upregulating LRRC4 and suppressing LRRC4-mediated binding
of AP-2/SP1/E2F6/c-Myc to BRD7 in ERK/MAPK and PI-3K/AKT signal pathways [76].
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Transcription of miR-182 was induced by transcription factor AP-2 predicted by online
softwares and confimed by ChIP. According to our previous results, miR-182 was verified to
inhibit the expression of LRRC4, and LRRC4 might inhibit the expression and transcription of
AP-2 through negatively regulating the ERK/MAPK and PI-3K/AKT signaling pathways. It’s
indicated that the LRRC4-AP-2-miR-182-LRRC4 loop formed among LRRC4, miR-182 and
AP-2 was involved in glioma development [77].

6.1.2. LRRC4-miR-185/SP1-DNMT1-LRRC4 loop played an important role in glioma

miR-185 could function as a tumor suppressor gene. It’s certified that miR-185 could inhibit
glioma cell growth, motility and invasion identified by MTT, scratch test and transwell test
[78-80]. DNMT1 is one of the most important DNA methyltransferase which maintains
methylation. Our research showed that overexpression of miR-185 could inhibit DNMT1 and
reduce global methylation by HPLC-DAD, and decreased the expression of nine new hyper‐
methylated genes (LRRC4, ANKDD1A, GAD1, HIST1H3E, PCDHA8, PCDHA13, PHOX2B,
SIX3 and SST) [61]. Hence, miR-185 was considered to inhibit glioma cells growth and
migration by targeting DNMT1, reducing global methylation and recovering expression of
such hypermethylation genes as LRRC4.

miR-185 also was predicted to participate in Rho GTPase activity based on GO analysis, while
CDC42 and RhoA were the main elements regulating Rho GTPase. Then CDC42 and RhoA
were identified to be the direct targets of miR-185[61]. Further, CDC42 and RhoA were
inversely correlated with miR-185 expression in gliomas. miR-185 was clarified to mediate
glioma cell growth and migration by inhibiting CDC42 and RhoA and VEGFA indirectly [61].

It’s verified that overexpressing LRRC4 could increase the expression of miR-185, while
miR-185 could regulate global methylation by inhibiting DNA methyltranferase DNMT1 and
increasing the expression of such hypermethylation gene as LRRC4. There may be form
LRRC4-miR-185-DNMT1-LRRC4 loop which LRRC4 are to be as core the loop, miR185 and
DNMT1 that participating in glioma development. In addition, DNMT1 was positively
regulated by SP1, and it could increase the expression of LRRC4, while LRRC4 could also
inhibit SP1 by negatively regulate ERK/MAPK and PI-3K/AKT signal pathway. So that the
LRRC4-SP1-DNMT1-LRRC4 loop formed among LRRC4, SP1 and DNMT1 took part in the
glioma formation.

In conclusion, development of glioma is the pathological processing with multiple genes and
multi-stages. Genes, miRNAs and DNA methylation play an important role in glioma
formation. They may support or antagonize each other and construct complicated network in
glioma. In sum of above study, at the time of LRRC4 regulating miRNAs as a tumor suppressor,
those miRNAs regulated by LRRC4 were found to regulate the binding of transcription factors
to DNA in their targets mediated signaling pathways by directly targeting genes (such as
LRRC4), or regulate methylation and expression of such hypermethylation genes as LRRC4
by directly targeting DNA methyltransferase and controlling global methylation. And
multipases regulation loops which the core was LRRC4 were formed. They were LRRC4-AP-2-
miR-182-LRRC4, LRRC4-miR-185-DNMT1-LRRC4 and LRRC4-SP1-DNMT1-LRRC4. These
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loops participated in glioma development with multiple positive feedback formation among
them (Fig 4).

Figure 4. The regulation networks of hypermethylated genes, miRNA, DNMT, transcript factors and targets genes in
glioma

6.2. miR-101 regulates the expression of hypomethylated/hpermethylated genes by
different histone protein methylaiton modification

It’s well-known that miRNAs play significant role by regulating gene expression in tumors.
We assumed to analyze the upregulation mechanism of hypomethylation genes in the extent
of gene regulation by miRNA. Subsequently, we predicted miRNAs which could regulate
hypomethylation genes CPEB1. Interestedly, CPEB1was predicted to be a target of miR-101
by online software Targetscan6.0. It’s confirmed that miR-101 could bind to the 3’UTR of
CPEB1 and inhibit their expression [70].

6.2.1. miR-101 indirectly suppressed expression of CPEB1 and affected their methylation levels by
targeting EZH2, EED and DNMT3A and regulating histone methylation in glioma cells

As miR-101 regulated the methylation status and expression of gene through histone modifi‐
cation, it may regulate the methylation status of CPEB1 in the same way. Hence, the effect of
miR-101, EZH2 siRNA, EED siRNA and DNMT3A siRNA on histone methylation and
expression of CPEB1 was detected. ChIP combining with qRT-PCR and BSP was used to verify
that miR-101 decreased the H3K4me2 and H3K27me3 occupancy at CPEB1 core promoter and
increased the H3K9me3 and H4K20me3 occupancy at CPEB1 core promoter by targeting
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EZH2, EED and DNMT3A, then it recovered the methylation levels of CPEB1 gene promoter,
and indirectly down-regulating the expression of these hypomethylation genes.

6.2.2. miR-101 recovered the expression of hypermethylation gene LRRC4 by down-regulating
H3K27me3 occupancy and hypomethylation level of LRRC4 in glioma cells

LRRC4 has  been a  glioma suppressor  gene and its  hypermethylation and down-expres‐
sion is common in glioma. In order to clarify the mechanism of LRRC4 regulation, miRNAs
regulating  LRRC4  were  predicted.  miR-101  was  predicted  to  target  LRRC4.  Here,  we
indicated that miR-101 could not bind to 3’UTR of LRRC4, but it remain to upregulate the
expression of LRRC4 in glioma cells.  miR-101 decreased the occupancy of H3K27me3 at
LRRC4 core promoter and induced hypomethylation of LRRC4 by targeting EZH2, EED
and DNMT3A [81].

Token together, deregulation of gene methylation including hypermethylation and hypome‐
thylation plays an important role in carcinogenesis of glioma. Hypermethylation or hypome‐
thylation of genes and their deregulated expression could be applied to predict the early
diagnosis and prognosis of glioma. miRNAs are small noncoding RNA, around 22-24 nucleo‐
tides in size. They could not only directly regulate expression hyper/hypo-methylation genes
by binding to 3’-UTR of genes, but also regulate the methylation level and gene expression
through histone and DNA methylation modification by targeting histone and DNA methyl‐
transferases (Fig 5).

Figure 5. The regulation networks of miRNA, genes methylation and histone protein modification in glioma
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7. Conclusion

The advances in next-generation sequencing technologies have allowed for mapping of DNA
methylation and its derivatives: 5hmC and 5fC at base-pair resolution. These studies have
provided key new insights into the function, dynamics and distribution of DNA methylation
in vertebrate genomes. In the near future, studies of DM sites and focal DMRs will aid the
discovery of transcription factors and transcription regulatory elements involved in control‐
ling the expression of specific genes in vivo. More experiments in model systems will be done
to directly test the functionality of DMRs or individual DM sites identified in epigenomic
profiles. It is likely that intragenic and distant intergenic changes in DNA methylation will be
studied much more than at present for their contribution to diseases involving epigenetic
deregulation, especially cancer, immunological diseases and neurological diseases.
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1. Introduction

Epigenome is a common name for heritable chemical modifications of DNA and histone
molecules, of which DNA methylation and histone acetylation and methylation represent the
most studied parts. Nucleosomes, the chromatin building units, are positioned in a way that
is strictly dependent on the epigenome changes. Based on the presence of a specific epigenetic
modification, the chromatin becomes less or more condensed. These changes in chromatin
structure are inevitably related to gene activity. For example, DNA hypermethylation joined
with histone hypoacetylation is frequently related to a condensed form of chromatin, marking
the region of DNA that should not be active during a specific time window. This implies that
genes in that specific region may become active once the aforementioned marks are removed.
Indeed, epigenome represents a very powerful, extremely flexible “tool” for regulating gene
activity and the major reason for the well-known phenomena of “time specific” and “tissue
specific” gene expression.

In the field of cancer research, epigenome changes are considered to be among the first steps
in carcinogenesis, preceding the structural changes in the DNA molecule, known generally as
“gene mutations”. Specifically, the most prominent change in the earliest phases of cancer is
inactivation of tumor suppressor genes which are frequently silenced through DNA methyl‐
ation and histone deacetylation taking place in the regions corresponding to their promoters.
It is known that enzymes regulating these processes, DNA methyltransferases (DNMTs) and
histone deacetylases (HDACs) are aberrantly up-regulated not only in a developed cancer, but
also in the early phases of carcinogenesis (as recently shown for ductal in situ breast cancer [1]).
Accordingly, significant effort has been given to the discovery and development of specific
chemical compounds that may act as DNA demethylating agents and histone deacetylases
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inhibitors (HDACi). Some of these compounds are already utilized in the clinic, like DNMT
inhibitors 5-azacytidine and decitabine and HDAC inhibitor vorinostat, with specific thera‐
peutic indications [2]. In parallel with these research efforts, considerable data has been
published on the role of natural compounds. The importance of these compounds has been
intensely studied in the field of cancer prevention, especially in light of the influence of a
specific diet on cancer prevention (as shown for the Mediterranean diet which may have a
modest beneficial effect related to the incidence of colorectal carcinoma [3]). Many dietary
compounds have been revealed to significantly impact gene expression through modulating
the epigenome. Logically, if a specific type of diet is considered to be protective in relation to
cancer, there has to be a molecular mechanism at the level of the epigenome explaining its
protective effect.

These will be addressed in this book chapter, where we describe polyphenols’ molecular
mechanisms of action, through well-known compounds belonging to different chemical
subgroups and shown in Table 1.

2. Chromatin structure

The native state of DNA, a double helix, is formed when two antiparallel strands are held
together by hydrogen bonds (H-bonds) between complementary purine and pyrimidine bases.
Each human diploid cell contains approximately two meters of DNA. Obviously, in order to
be kept in the nucleus, which is, on average, nine micrometers in diameter, the DNA must be
10,000-20,000 folds compacted [4].

Histones are small proteins that act as chromatin "compacting units. The tight binding of DNA
and histones is considerably dependent on the charge: DNA is negatively charged molecule
due to presence of phosphate groups, and the strength of interaction between DNA and
histones strongly depends on posttranslational modifications of histones' tails which can
modify their charge. This is possible due to a specific structure of histone proteins. Histones'
globular domain represents central part that is highly structured. In addition to this part,
histone proteins have "tails" at both, NH2-and COOH-ends. These tails may be modified
through numerous types of posttranslational modifications of which methylation and
acetylation will be discussed in detail through this chapter. These covalent modifications, by
which cell regulates access to DNA, depend on enzymes often called "writers" and "erasers" [5].

2.1. Histone modifications and gene transcription

The part of the genome that contains genes that are dynamically transcribed must be shaped
in an open, flexible way. Part of the chromatin that follows this rule is called euchromatin.
Non-coding parts of genome, joined with those parts that contain inactive genes (e.g., in the
region of centromeres and telomeres) do not need to follow significant reshape. This con‐
densed, closed shape of chromatin is known as heterochromatin. So, how do histone modifi‐
cations influence keeping these two forms of chromatin present in the cell and, also important,
how do histone modifications influence "the switch" between the two forms? In other words,
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Polyphenol Plant sources

Quercetin

Apples, grapes, blackberries, cranberries, blueberries, onion, kale, capers,

watercress, dill, bitter dock, red wines, black tea

Kaempferol

Tea, kale, carrot, capers, leek, celery, apples

Luteolin

Sage, thyme, peppermint, carrot, broccoli, onion, chilli

Apigenin

Chinese cabbage, parsley, papper, garlic , barley, endive, olive oil, chamomile,

apples, onion

Genistein

Soy, soy food – miso, tempeh, tofu etc.

EGCG

Green tea

Curcumin

Turmeric (Curcuma longa), curry

Table 1. Structures and sources of selected polyphenols with known epigenome modifying activities.
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how is the need for expression of a specific gene during very short time period regulated by
histone posttranslational modifications?

There are two basic mechanisms: a) direct, influencing the overall structure of chromatin, b)
indirect, through the regulation of binding of effector molecules [6]. For example, trymethy‐
lation of lysine at the position 9 of histone 3 (H3K9me3) can recruit the protein HP1 (hetero‐
chromatin protein 1). The interaction takes place in the area of heterochromatin and leads to
additional compacting that physically precludes access of transcriptional machinery [7]. There
is sufficient level of evidence on cis-interactions in chromosome-mediated gene expression.
For example, H3S10 phosphorylation enhances H3K4 methylation and H3K14 acetylation, and
inhibits H3K9 methylation, thus indirectly facilitating chromatin decondensation [8].

The first report on histone acetylation is 50 years old [9]. The earliest studies following this
discovery, revealed association of hyperacetylated histones with gene transcription [10]. In
general, keeping in mind that there is no rule that would not have an exception, hyperacety‐
lation of histone tails induces transcriptional activation, while hypoacetylation is associated
with repression of transcription. Lysine acetylation is very dynamic process, regulated by
antagonistic actions of two groups of enzymes: histone acetyltransferases (HATs) and HDACs.
The consequence of lysine acetylation, which occurs upon the transfer of an acetyl group to
the ε-amino-group of lysine side chain, is neutralization of lysine's positive charge and hence
weakening interactions between histone and DNA. Mainly as a result of cumulative charge
neutralizations at multiple lysines, the chromatin takes its "open", transcriptionally active
structure [11]. This process is fast and happens in only a few minutes, as measured by isotopic
pulse labeling [12]. In general, HDACs have the suppressing function, they are negative
regulators of gene activity. It must be told that these enzymes have also many non-histone
protein substrates that are included in regulation of important cellular processes, including
cell proliferation and cell death. These are but not limited to: transcription factors, hormone
receptors, cytoskeletal proteins, chaperons and various signaling mediators.

Histone methylation certainly is one of the best studied histone modifications, which takes
place on both lysine and arginine amino acid residues. These modifications are not only
residue-dependent (K4, K9, K27, K36, K79 in histone 3 (H3)) but also status-dependent (mono-,
di-and trimethylation). In most scenarios, H3K4me2/3, H3K36me1/3 and H3K79me1/2 and
H4K20m1 modifications are associated with activation of transcription, while H3K9me2/3,
H3K27me2/3 and H4K20me3 marks are usually associated with transcriptional repression [13].
H3K4me3 association with 5' regions of active genes strongly correlates with overall tran‐
scription rate, active RNA polymerase II occupancy and global histone acetylation (reviewed
in [14]). Such outcome is a consequence of binding of different proteins that specifically interact
with activators or repressors of transcription.

Histone methylation depends on activity of histone methylating (histone lysine methyltrans‐
ferases, KMTs) and demethylating (histone lysine demethylases, KDMs) enzymes. Both
groups of enzymes have a very important role in cancer initiation and development and their
mutations have been shown to exist in different types of malignant tumors. Methylation marks
on histones are highly specific, altering gene expression in a way that may be unique for
particular type of normal and/or cancer cell [13]. For example, histone demethylase KDM5A
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contains a highly specific H3K4me3 reader domain and is probably involved in modifying
nearby domains upon binding to H3K4m3. This enzyme was found to be present in regions
that are enriched in H3K4me3 and are transcriptionally active. This is particularly significant
in cells originating from bone marrow and peripheral blood where high expression of its target
genes was also found [13]. For that reason, the ratio of various histone demethylases and
histone methyltransferases, KDM/KMT, was suggested to be a sign of a specific "transcription
module", trying to predict expression of specific genes, members of specific module. This fact,
which should provide more specific way of acting compared to acetylation balancing enzymes,
makes enzymes involved in regulation of histone methylation status good candidates for
specific epigenetic interventions.

Histone lysine methylation depends on KMTs that are classified into two groups, based on the
sequence and structure of their catalytic domains: SET domain containing (suppressor of
variegation homologus (SUV), enhancer of zeste proteins (EZH), trithorax-group (TrxG)
proteins) and non-SET domain containing (DOT1 protein family) [15].

So far, histone demethylases KDMs are grouped in two families. KDM1 family includes only
two members, LSD1 (lysine-specific demethylase 1, KDM1A) and LSD2 (KDM1B). LSD1 was
the first discovered histone demethylase and its discovery revealed that histone lysine
methylation is reversible process [16]. LSD1 targets histone H3K4, and, when associated with
androgen or estrogen receptor, it can also target histone H3K9. In addition, LSD1 has been
shown to demethylate non-histone proteins, including tumor suppressor p53 and DNA
methyltransferase-1 (DNMT1). The second, Jumonji C (JmjC) domain containing protein
family, is numerous and includes seven subgroups with a total of 14 KDMs. There is no doubt
that KDMs and KTMs must work coordinately in order to keep a precise regulation of histone
methylation.

Both KDMs and KTMs are involved in cancer initiation and progression, although KDMs are
much less studied. There are firm data on histone lysine methyltransferases expression change
upon cell exposure to heavy metals. For example, peripheral blood mononuclear cells (PBMC)
were isolated from the whole blood of healthy volunteers and exposed to varying concentra‐
tion of nickel chloride (0.25, 0.5 and 1.0 mM) for 24 h and compared to untreated control
samples. The transcriptome analyses (Affymetrix Human Genome U133.20 Array) combined
with ChipSeq with anti-H3K4me3, have revealed that there are 1381 entities with 2-fold
difference in expression upon nickel exposure. This number was reduced to 382 and 246 with
more stringent cuts off - 3-fold and 5-fold, respectively. The global level of H3K4me3 was
increased. This study also showed that H3K4me3 does not occupy only the promoters of genes
that were transcriptionally active, but also extends into their coding regions, as previously
shown for nickel-exposed human lung adenocarcinoma cell line A549 [17]. When measured
in PBMC from subjects that had occupational exposure to nickel but did not have cancer, the
level of H3K4me3 was significantly increased when compared with PBMC from subjects
without exposure [17]. Since chronic exposure to nickel has been associated with lung and
nasal carcinoma, these results, obtained on human population, clearly show that harmful
exposure indeed reshapes chromatin in a direction that leads to carcinogenesis. So, if detected
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genes was also found [13]. For that reason, the ratio of various histone demethylases and
histone methyltransferases, KDM/KMT, was suggested to be a sign of a specific "transcription
module", trying to predict expression of specific genes, members of specific module. This fact,
which should provide more specific way of acting compared to acetylation balancing enzymes,
makes enzymes involved in regulation of histone methylation status good candidates for
specific epigenetic interventions.

Histone lysine methylation depends on KMTs that are classified into two groups, based on the
sequence and structure of their catalytic domains: SET domain containing (suppressor of
variegation homologus (SUV), enhancer of zeste proteins (EZH), trithorax-group (TrxG)
proteins) and non-SET domain containing (DOT1 protein family) [15].

So far, histone demethylases KDMs are grouped in two families. KDM1 family includes only
two members, LSD1 (lysine-specific demethylase 1, KDM1A) and LSD2 (KDM1B). LSD1 was
the first discovered histone demethylase and its discovery revealed that histone lysine
methylation is reversible process [16]. LSD1 targets histone H3K4, and, when associated with
androgen or estrogen receptor, it can also target histone H3K9. In addition, LSD1 has been
shown to demethylate non-histone proteins, including tumor suppressor p53 and DNA
methyltransferase-1 (DNMT1). The second, Jumonji C (JmjC) domain containing protein
family, is numerous and includes seven subgroups with a total of 14 KDMs. There is no doubt
that KDMs and KTMs must work coordinately in order to keep a precise regulation of histone
methylation.

Both KDMs and KTMs are involved in cancer initiation and progression, although KDMs are
much less studied. There are firm data on histone lysine methyltransferases expression change
upon cell exposure to heavy metals. For example, peripheral blood mononuclear cells (PBMC)
were isolated from the whole blood of healthy volunteers and exposed to varying concentra‐
tion of nickel chloride (0.25, 0.5 and 1.0 mM) for 24 h and compared to untreated control
samples. The transcriptome analyses (Affymetrix Human Genome U133.20 Array) combined
with ChipSeq with anti-H3K4me3, have revealed that there are 1381 entities with 2-fold
difference in expression upon nickel exposure. This number was reduced to 382 and 246 with
more stringent cuts off - 3-fold and 5-fold, respectively. The global level of H3K4me3 was
increased. This study also showed that H3K4me3 does not occupy only the promoters of genes
that were transcriptionally active, but also extends into their coding regions, as previously
shown for nickel-exposed human lung adenocarcinoma cell line A549 [17]. When measured
in PBMC from subjects that had occupational exposure to nickel but did not have cancer, the
level of H3K4me3 was significantly increased when compared with PBMC from subjects
without exposure [17]. Since chronic exposure to nickel has been associated with lung and
nasal carcinoma, these results, obtained on human population, clearly show that harmful
exposure indeed reshapes chromatin in a direction that leads to carcinogenesis. So, if detected
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early, before disease onset, can these changes be reversible? Even more so, can we influence
the enzymes that reshape epigenome in a procarcinogenic direction?

2.2. Interplay between DNA methylation and histone acetylation

There are several chromatin-regulating factors that recognize methylated DNA or modified
histone proteins. One of them, the HP1 protein, has already been mentioned. The common
characteristic of these effector molecules is that they use a range of different recognition
domains such as methyl-CpG-binding domains (MBD), zinc fingers (ZnF), chromo-domain,
or plant homeodomain (PHD) in order to direct establishing specific epigenomic marks and
orchestrate biological events [18, 19]. However, the most of studies performed so far have been
conducted using isolated DNA or histone peptides and cannot recapitulate the situation found
in chromatin in vivo. Recently, an approach named SNAP (SILAC nucleosome affinity
purification) was used for the identification of proteins that are influenced by DNA CpG
methylation and histone H3 K4-, K9- or K27-methylation (or a combination thereof) in the
context of a nucleosome. The approach itself seems to be very valuable in defining the
chromatin “interactome” and showing that DNA methylation and histone modifications act
in a concerted manner by creating a "modification landscape" that must be interpreted by
proteins able to recognize large molecular assemblies [20].

This is not surprising due to the fact that there are currently 18 HDACs identified in humans,
subclassified in four classes: a) class I HDACs 1, 2, 3 and 8 localized mainly in nucleus where
they acetylate numerous proteins, of which p53 (cellular tumor antigen p53) and BRCA1
(breast cancer type 1 susceptibility protein) are probably the most frequently studied non-
histonic substrates; b) class II with class IIa of HDAC 4, 5, 7 and 9 isoforms located in nucleus
and cytoplasm and class IIb of HDACs 6 and 10 located only in the nucleus; c) class III of
sirutins SIRT1-7 whose activity depends on the presence of nicotinamide adenine dinucleotide
(NAD+/NADH) and d) class IV containing only one enzyme, HDAC11 [21].

Besides actions on histone molecules, the importance of modifying "the guardian of genome"
p53 represents utmost important cellular event. One of the consequences of recruitment of
HDAC1 to p53, through MDM2 (E3 ubiquitin-protein ligase), is p53 deacetylation and
degradation. For this very reason, there is no p53-related induction of p21WAF1 (p21, cyclin-
dependent kinase inhibitor 1) and MDM2 [22]. Luckily, p21 is not regulated only by p53, but
also through many other transcription factors including Sp1 (transcription factor Sp1) for
which six binding sites are present in the p53 promoter. Thus, this is only one example of
multiple regulations and how complex the system has to be in keeping the balance of signals
that will prevent cell from uncontrolled division, which is a hallmark of cancer.

HDACi are generally subdivided into several groups, based on their diverse chemical
structures-short chain fatty acids, hydroxamates, cyclic peptides, aliphatic acids, benzamides,
SIRT inhibitors, electrophilic ketones and miscellaneous compounds [23]. The member of the
hydroxamate group, suberoylanilide hydroxamic acid (SAHA, vorinostat) has been approved
by FDA in October of 2006 for treatment of a rare cutaneous T-lymphoma. The approval for
the cyclopeptide, romidepsin (Istodax®), came in November of 2009. Although well tolerated
and with manageable side effects, HDACis have not entirely fulfilled expectations that were
based on well-known molecular mechanism associated with their application in vitro: early
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studies have undoubtedly shown that these HDACis upregulate p21 in p53-independent
fashion leading to G2/M cell cycle arrest [24]. Only two years later it was shown that this
treatment additionally increases cyclin E and decreases cyclin D1 [25].

As expected, the problem lies in insufficient selectivity of HDACis: in addition to an increase
of p21 and other pro-apoptotic genes, the treatment with HDACis also induces transcription
of genes that are pro-carcinogenic, like multiple isoforms of protein kinase C (PKC) and
downstream regulated matrix metalloproteinases (MMPs). Among 30 cancer cell lines (12 liver,
10 lung, 5 gastric and 3 breast cancer cell lines) that were tested for cell migration (indicating
metastatic potential) after being treated with HDACis belonging to different groups (including
vorinostat), 43% (13/30) cell lines showed several hundred folds increase in migration potential
[26]. This effect was initiated at low, non-cytotoxic sub-µM to low µM dosage of HDACis. In
an in vivo experiment, tumor cell lines were injected into HDACi treated mice. In contrast to
untreated control animals, these mice have developed metastatic disease with statistically
proved significance (p < 0.026). However, when combined with curcumin or tamoxifen, this
treatment had very promising effect both, in vitro and in vivo. Western blot analyses performed
on tumor lysates obtained from mice treated with HDACi trichostatin A, combined with
curcumin or tamoxifen revealed significant downregulation of PKCs and some other proteins
included in tumor progression. Of importance, the high expression of p21 induced with
HDACis remained unchanged.

It is well-known that dietary and other environmental factors induce epigenetic alterations.
For example, smoking induces numerous harmful epigenetic alterations that can be first steps
in malignant transformation. Accordingly, cellular epigenome may be protected from harmful
events through a proper diet and healthy way of living.

With development of sophisticated methods applicable in all fields of molecular biology,
anticancer properties have become proved for many natural compounds [27]. Their mode of
action frequently influences cellular epigenome through chromatin remodeling [28]. For
example, polyphenols can modulate chromatin structure through influencing expression of
chromatin remodeling enzymes, HDACs and DNMTs [29]. Targeting these proteins in
addition to various kinases (e.g. mitogen-activated protein kinases (MAPKs), phosphatidyli‐
nositide-3-kinase (PI3K), protein kinase B isozymes (AKT), Aurora B, Polo-like kinase 1
(PLK1)), poly(ADP-ribose) polymerase (PARP) and other epigenome modifying enzymes
KDMs (LSD1, JMJD3) and HATs (p300/CBP (CREB binding protein) coactivators) [30] make
them extremely powerful modifiers of cellular processes included in all aspects of cellular
survival and cellular death. Besides, for all these multilevel ways of acting, affecting a large
number of biochemical signaling pathways, natural polyphenols are excellent examples of
polypharmacological compounds.

3. Intracellular stability and nuclear localization of polyphenols

In order to exert their effect on chromatin organization, polyphenols must be stable and able
to enter cellular nucleus. There are numerous studies in the field of cancer research reporting
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early, before disease onset, can these changes be reversible? Even more so, can we influence
the enzymes that reshape epigenome in a procarcinogenic direction?

2.2. Interplay between DNA methylation and histone acetylation

There are several chromatin-regulating factors that recognize methylated DNA or modified
histone proteins. One of them, the HP1 protein, has already been mentioned. The common
characteristic of these effector molecules is that they use a range of different recognition
domains such as methyl-CpG-binding domains (MBD), zinc fingers (ZnF), chromo-domain,
or plant homeodomain (PHD) in order to direct establishing specific epigenomic marks and
orchestrate biological events [18, 19]. However, the most of studies performed so far have been
conducted using isolated DNA or histone peptides and cannot recapitulate the situation found
in chromatin in vivo. Recently, an approach named SNAP (SILAC nucleosome affinity
purification) was used for the identification of proteins that are influenced by DNA CpG
methylation and histone H3 K4-, K9- or K27-methylation (or a combination thereof) in the
context of a nucleosome. The approach itself seems to be very valuable in defining the
chromatin “interactome” and showing that DNA methylation and histone modifications act
in a concerted manner by creating a "modification landscape" that must be interpreted by
proteins able to recognize large molecular assemblies [20].

This is not surprising due to the fact that there are currently 18 HDACs identified in humans,
subclassified in four classes: a) class I HDACs 1, 2, 3 and 8 localized mainly in nucleus where
they acetylate numerous proteins, of which p53 (cellular tumor antigen p53) and BRCA1
(breast cancer type 1 susceptibility protein) are probably the most frequently studied non-
histonic substrates; b) class II with class IIa of HDAC 4, 5, 7 and 9 isoforms located in nucleus
and cytoplasm and class IIb of HDACs 6 and 10 located only in the nucleus; c) class III of
sirutins SIRT1-7 whose activity depends on the presence of nicotinamide adenine dinucleotide
(NAD+/NADH) and d) class IV containing only one enzyme, HDAC11 [21].

Besides actions on histone molecules, the importance of modifying "the guardian of genome"
p53 represents utmost important cellular event. One of the consequences of recruitment of
HDAC1 to p53, through MDM2 (E3 ubiquitin-protein ligase), is p53 deacetylation and
degradation. For this very reason, there is no p53-related induction of p21WAF1 (p21, cyclin-
dependent kinase inhibitor 1) and MDM2 [22]. Luckily, p21 is not regulated only by p53, but
also through many other transcription factors including Sp1 (transcription factor Sp1) for
which six binding sites are present in the p53 promoter. Thus, this is only one example of
multiple regulations and how complex the system has to be in keeping the balance of signals
that will prevent cell from uncontrolled division, which is a hallmark of cancer.

HDACi are generally subdivided into several groups, based on their diverse chemical
structures-short chain fatty acids, hydroxamates, cyclic peptides, aliphatic acids, benzamides,
SIRT inhibitors, electrophilic ketones and miscellaneous compounds [23]. The member of the
hydroxamate group, suberoylanilide hydroxamic acid (SAHA, vorinostat) has been approved
by FDA in October of 2006 for treatment of a rare cutaneous T-lymphoma. The approval for
the cyclopeptide, romidepsin (Istodax®), came in November of 2009. Although well tolerated
and with manageable side effects, HDACis have not entirely fulfilled expectations that were
based on well-known molecular mechanism associated with their application in vitro: early
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studies have undoubtedly shown that these HDACis upregulate p21 in p53-independent
fashion leading to G2/M cell cycle arrest [24]. Only two years later it was shown that this
treatment additionally increases cyclin E and decreases cyclin D1 [25].

As expected, the problem lies in insufficient selectivity of HDACis: in addition to an increase
of p21 and other pro-apoptotic genes, the treatment with HDACis also induces transcription
of genes that are pro-carcinogenic, like multiple isoforms of protein kinase C (PKC) and
downstream regulated matrix metalloproteinases (MMPs). Among 30 cancer cell lines (12 liver,
10 lung, 5 gastric and 3 breast cancer cell lines) that were tested for cell migration (indicating
metastatic potential) after being treated with HDACis belonging to different groups (including
vorinostat), 43% (13/30) cell lines showed several hundred folds increase in migration potential
[26]. This effect was initiated at low, non-cytotoxic sub-µM to low µM dosage of HDACis. In
an in vivo experiment, tumor cell lines were injected into HDACi treated mice. In contrast to
untreated control animals, these mice have developed metastatic disease with statistically
proved significance (p < 0.026). However, when combined with curcumin or tamoxifen, this
treatment had very promising effect both, in vitro and in vivo. Western blot analyses performed
on tumor lysates obtained from mice treated with HDACi trichostatin A, combined with
curcumin or tamoxifen revealed significant downregulation of PKCs and some other proteins
included in tumor progression. Of importance, the high expression of p21 induced with
HDACis remained unchanged.

It is well-known that dietary and other environmental factors induce epigenetic alterations.
For example, smoking induces numerous harmful epigenetic alterations that can be first steps
in malignant transformation. Accordingly, cellular epigenome may be protected from harmful
events through a proper diet and healthy way of living.

With development of sophisticated methods applicable in all fields of molecular biology,
anticancer properties have become proved for many natural compounds [27]. Their mode of
action frequently influences cellular epigenome through chromatin remodeling [28]. For
example, polyphenols can modulate chromatin structure through influencing expression of
chromatin remodeling enzymes, HDACs and DNMTs [29]. Targeting these proteins in
addition to various kinases (e.g. mitogen-activated protein kinases (MAPKs), phosphatidyli‐
nositide-3-kinase (PI3K), protein kinase B isozymes (AKT), Aurora B, Polo-like kinase 1
(PLK1)), poly(ADP-ribose) polymerase (PARP) and other epigenome modifying enzymes
KDMs (LSD1, JMJD3) and HATs (p300/CBP (CREB binding protein) coactivators) [30] make
them extremely powerful modifiers of cellular processes included in all aspects of cellular
survival and cellular death. Besides, for all these multilevel ways of acting, affecting a large
number of biochemical signaling pathways, natural polyphenols are excellent examples of
polypharmacological compounds.

3. Intracellular stability and nuclear localization of polyphenols

In order to exert their effect on chromatin organization, polyphenols must be stable and able
to enter cellular nucleus. There are numerous studies in the field of cancer research reporting
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on various changes in experiment-related pre-selected set of interesting proteins included in
cellular proliferation, after adding a polyphenol to cellular medium. However, their intracel‐
lular accumulation, stability and transformation are poorly understood. This is not surprising,
as there are only limited number of studies dealing with polyphenol’s cellular uptake and
efflux, their subcellular localization and intracellular stability [31]. These parameters are
crucial for understanding their mechanism of action and biological effects.

The polyphenols are usually assumed to bind to cellular membrane and/or are in the cytoso‐
plasm affecting membrane receptors and modulating kinases activity [32,33]. Polyphenols
whose effects on chromatin are described in this review, may cross both cellular and nuclear
membranes and enter nucleus. For example, quercetin has been shown to be localized mainly
in the nucleus of HepG2 cells [34,35]. Flavon apigenin has been reported to localize mostly in
nuclear matrix and less in cytosol, nuclear membranes and microsomes of prostate cancer cell
lines DU145, LNCaP and PC-3 [36]. By using a confocal laser scanning fluorescence micro‐
scope, the autofluorescence of galangin and kaempferol appeared stronger in the nucleus than
cytoplasm of mouse hepatoma Hepa-1c1c7 cells [37]. Among flavonoids, only flavonols
containing the conjugated 3-OH group (Figure 1), show autofluorescence and can be detected
by this approach. The highest percentage of curcumin in breast cancer cell line MCF-7 cells has
been found in membrane and decreases in the following order: membrane > cytoplasm >
nucleus > mitochondria [38]. The fluorescent conjugates of EGCG were localized onto the
membrane as well as in the cytoplasm and nucleus of mouse fibroblasts L-929 [39], but are
found on the membrane, in the cytoplasm and specifically in mitochondria of the human
umbilical vein endothelial cells (HUVECs) [40]. The largest fraction of soy isoflavone genistein
has been localized in cytoplasm, but it has also been registered in nuclei and mitochondria of
pooled female rat liver [41]. The associated concentrations of genistein were in the nmol/g
range, far below the concentrations required for most of its in vitro effects [41]. Concentrations
of parent polyphenols within cells in vitro are usually in low µM to sub-µM range [42].

Namely, significant portion of a polyphenol, such as in the cases of EGCG [43] and apigenin
[44], may be intracellularly transformed, depending on cell type and cell culture conditions,
particularly pH of the medium [43, 45]. At the cellular level, metabolic transformations of
polyphenols through phases I and II enzymes, have been well-documented, including
hydroxylation by CYP450 isoforms CYP1A2, CYP3A4 [44] and CYP1B1 [46] and methylation
of hydroxyl groups by catechol-O-methyl transferase (COMT) [31]. These reactions may be
necessary for generation of active metabolites, as is the case with conversion of apigenin into
its main metabolite, luteolin [47]. Furthermore, since polyphenols more or less readily
participate in redox processes, the contribution of their oxidized quinone/quinone methide
forms to their mechanisms of action may not be excluded [48], particularly when relatively
high concentrations of flavonoids (high µM to mM) have been applied to cells [31].

Metabolic conjugation alters the physicochemical properties of flavonoids and it is widely
assumed that this can affect their biological activity. Hence, for understanding the cellular
effects of parent polyphenol compounds, the influence of their uptake, intracellular metabo‐
lism, oxidation and localization should be taken into account or a priori excluded [49]. This is
enormously important when put in the context of cellular epigenome which is specific for each
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type of cell. It may not be surprising then that specific effects of metabolites are consistent with
findings that polyphenols’ actions are cell-type dependent.

As usual, observations presented in this review will be interpreted in terms of parent poly‐
phenol aglycons whose structures are shown within Table 1, but one should bear in mind that
they may be exerted by their metabolites and oxidized forms.

4. Dose-dependent effects of polyphenols

The cellular effects of polyphenols recorded in vitro are concentration- and time-dependent
[49,50]. Application of quercetin and EGCG as well as other polyphenols like resveratrol,
induces hormetic dose–response cellular phenomenon characterized by a low-dose stimula‐
tion and high-dose inhibition, often resulting in typical U-or J-shaped curves [50]. While
showing pro-oxidant properties joined with citotoxicity at high concentrations, low doses of
quercetin (1-40 µM) were shown to have antioxidant and chemopreventive properties [51].
Also, application of curcumin, even at a very low concentration (10 µM), and especially if
exposure was prolonged (up to 72 h), was shown to be cytotoxic for various cancer cells, but
not for fibroblasts WI-38 [52].

At the low µM doses, the polyphenols activate hormetic adaptive cellular stress response
signaling pathways that include various kinases and transcription factors [50]. As a result,
there is an activation of genes that encode stress resistance proteins such as antioxidant and
detoxifying enzymes, protein chaperones, neurotrophic factors, and other cytoprotective
proteins. Specific example of such a pathway is the Nrf2/ARE (NF-E2-related factor 2 /
antioxidant response element) pathway [50]. At these concentrations, these compounds are
not cytotoxic, but cytostatic. They commonly block the cell cycle in various cancer cells in
S/G2 and mitotic phase, leading to cell death. They also target multiple kinases that are
implicated in pathogenesis of cancer.

5. Plant polyphenols in cellular growth arrest and death

So far, all studied polyphenols have been shown to induce both, apoptosis and autophagy of
cancer cells, without affecting normal cells [53,54,55]. Epicatechin and quercetin have been
shown to stimulate autophagy by simultaneous promotion of cytoplasmic protein deacetyla‐
tion although with different potencies and, possibly, through distinct molecular pathways [53].
Selected polyphenols can induce G0/G1 (growth arrest effect) and / or G2/S (anti-mitotic effect)
phase cell cycle arrest of various human cancer cell lines [56]. The induction of autophagy and
apoptosis is a very important mechanism for cancer prevention by dietary polyphenols. It
represents an effective anti-cancer strategy since it is based on an effort to block or suppress
the multistage process of carcinogenesis which relates to six fundamental hallmarks of cancer:
self-sufficient proliferation, insensitivity to anti-proliferative signals, evasion of apoptosis,
unlimited replicative potential, maintenance of vascularization, and, finally, tissue invasion
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on various changes in experiment-related pre-selected set of interesting proteins included in
cellular proliferation, after adding a polyphenol to cellular medium. However, their intracel‐
lular accumulation, stability and transformation are poorly understood. This is not surprising,
as there are only limited number of studies dealing with polyphenol’s cellular uptake and
efflux, their subcellular localization and intracellular stability [31]. These parameters are
crucial for understanding their mechanism of action and biological effects.

The polyphenols are usually assumed to bind to cellular membrane and/or are in the cytoso‐
plasm affecting membrane receptors and modulating kinases activity [32,33]. Polyphenols
whose effects on chromatin are described in this review, may cross both cellular and nuclear
membranes and enter nucleus. For example, quercetin has been shown to be localized mainly
in the nucleus of HepG2 cells [34,35]. Flavon apigenin has been reported to localize mostly in
nuclear matrix and less in cytosol, nuclear membranes and microsomes of prostate cancer cell
lines DU145, LNCaP and PC-3 [36]. By using a confocal laser scanning fluorescence micro‐
scope, the autofluorescence of galangin and kaempferol appeared stronger in the nucleus than
cytoplasm of mouse hepatoma Hepa-1c1c7 cells [37]. Among flavonoids, only flavonols
containing the conjugated 3-OH group (Figure 1), show autofluorescence and can be detected
by this approach. The highest percentage of curcumin in breast cancer cell line MCF-7 cells has
been found in membrane and decreases in the following order: membrane > cytoplasm >
nucleus > mitochondria [38]. The fluorescent conjugates of EGCG were localized onto the
membrane as well as in the cytoplasm and nucleus of mouse fibroblasts L-929 [39], but are
found on the membrane, in the cytoplasm and specifically in mitochondria of the human
umbilical vein endothelial cells (HUVECs) [40]. The largest fraction of soy isoflavone genistein
has been localized in cytoplasm, but it has also been registered in nuclei and mitochondria of
pooled female rat liver [41]. The associated concentrations of genistein were in the nmol/g
range, far below the concentrations required for most of its in vitro effects [41]. Concentrations
of parent polyphenols within cells in vitro are usually in low µM to sub-µM range [42].

Namely, significant portion of a polyphenol, such as in the cases of EGCG [43] and apigenin
[44], may be intracellularly transformed, depending on cell type and cell culture conditions,
particularly pH of the medium [43, 45]. At the cellular level, metabolic transformations of
polyphenols through phases I and II enzymes, have been well-documented, including
hydroxylation by CYP450 isoforms CYP1A2, CYP3A4 [44] and CYP1B1 [46] and methylation
of hydroxyl groups by catechol-O-methyl transferase (COMT) [31]. These reactions may be
necessary for generation of active metabolites, as is the case with conversion of apigenin into
its main metabolite, luteolin [47]. Furthermore, since polyphenols more or less readily
participate in redox processes, the contribution of their oxidized quinone/quinone methide
forms to their mechanisms of action may not be excluded [48], particularly when relatively
high concentrations of flavonoids (high µM to mM) have been applied to cells [31].

Metabolic conjugation alters the physicochemical properties of flavonoids and it is widely
assumed that this can affect their biological activity. Hence, for understanding the cellular
effects of parent polyphenol compounds, the influence of their uptake, intracellular metabo‐
lism, oxidation and localization should be taken into account or a priori excluded [49]. This is
enormously important when put in the context of cellular epigenome which is specific for each
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type of cell. It may not be surprising then that specific effects of metabolites are consistent with
findings that polyphenols’ actions are cell-type dependent.

As usual, observations presented in this review will be interpreted in terms of parent poly‐
phenol aglycons whose structures are shown within Table 1, but one should bear in mind that
they may be exerted by their metabolites and oxidized forms.

4. Dose-dependent effects of polyphenols

The cellular effects of polyphenols recorded in vitro are concentration- and time-dependent
[49,50]. Application of quercetin and EGCG as well as other polyphenols like resveratrol,
induces hormetic dose–response cellular phenomenon characterized by a low-dose stimula‐
tion and high-dose inhibition, often resulting in typical U-or J-shaped curves [50]. While
showing pro-oxidant properties joined with citotoxicity at high concentrations, low doses of
quercetin (1-40 µM) were shown to have antioxidant and chemopreventive properties [51].
Also, application of curcumin, even at a very low concentration (10 µM), and especially if
exposure was prolonged (up to 72 h), was shown to be cytotoxic for various cancer cells, but
not for fibroblasts WI-38 [52].

At the low µM doses, the polyphenols activate hormetic adaptive cellular stress response
signaling pathways that include various kinases and transcription factors [50]. As a result,
there is an activation of genes that encode stress resistance proteins such as antioxidant and
detoxifying enzymes, protein chaperones, neurotrophic factors, and other cytoprotective
proteins. Specific example of such a pathway is the Nrf2/ARE (NF-E2-related factor 2 /
antioxidant response element) pathway [50]. At these concentrations, these compounds are
not cytotoxic, but cytostatic. They commonly block the cell cycle in various cancer cells in
S/G2 and mitotic phase, leading to cell death. They also target multiple kinases that are
implicated in pathogenesis of cancer.

5. Plant polyphenols in cellular growth arrest and death

So far, all studied polyphenols have been shown to induce both, apoptosis and autophagy of
cancer cells, without affecting normal cells [53,54,55]. Epicatechin and quercetin have been
shown to stimulate autophagy by simultaneous promotion of cytoplasmic protein deacetyla‐
tion although with different potencies and, possibly, through distinct molecular pathways [53].
Selected polyphenols can induce G0/G1 (growth arrest effect) and / or G2/S (anti-mitotic effect)
phase cell cycle arrest of various human cancer cell lines [56]. The induction of autophagy and
apoptosis is a very important mechanism for cancer prevention by dietary polyphenols. It
represents an effective anti-cancer strategy since it is based on an effort to block or suppress
the multistage process of carcinogenesis which relates to six fundamental hallmarks of cancer:
self-sufficient proliferation, insensitivity to anti-proliferative signals, evasion of apoptosis,
unlimited replicative potential, maintenance of vascularization, and, finally, tissue invasion
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and metastasis [57,58]. In addition, chemoprevention based on dietary polyphenols is not
expected to be accompanied by side effects since they are selectively toxic for the cancer cells.

Mechanistically, polyphenols have been shown to induce growth arrest and increase apoptosis
in cancer cells in various ways. Antiproliferative effects of dietary polyphenols are generally
associated with their capacity to regulate response to oxidative stress and/or DNA damage,
suppress angiogenesis, and inhibit various pro-proliferative signaling pathways. They affect
all aspects of carcinogenesis at its different stages through inhibition of various survival
transduction pathways related to NF-κB, PI3K, AKT and MAP kinases, as well as by stimu‐
lating expression of tumor suppressor genes (p53, BRCA1 and BRCA2) [57,58]. All polyphenols
studied so far, except apigenin, are able to modify redox cellular state as potent radical
scavengers [59]. They are also direct inhibitors of enzymes included in production of reactive
endogenous radicals. In addition to the effect on their enzymatic activity, dietary polyphenols
are also modulators of expression of proteins related to cellular antioxidant defenses and
detoxification, often through regulation of transcriptional activity of Nrf2.

These multiple effects of dietary polyhenols have been reviewed many times so far. Here, we
are focused on reviewing recent studies of some polyphenols’ influence on alteration of gene
expression through modulating epigenome by affecting DNA methylation and posttransla‐
tional modifications of histone proteins. Natural compounds seem to offer a huge source of
epigenetically active compounds of which flavonoids - flavonols quercetin and kaempferol,
flavones apigenin and luteolin, isoflavone genistein, catechin EGCG and curcuminoid
curcumin certainly take a very important place.

6. Quercetin

Quercetin is strong natural antioxidant flavonol ubiquitously present in dietary plant sources
(Table 1) [59]. Cellular sensitivity and specific response to quercetin depends on sensitivity to
hydrogen peroxide, H2O2. For example, quercetin induces formation of 8-oxo-7,8-dihydro-2'-
deoxyguanosine (8-oxodG), an indicator of oxidative DNA damage, in HL-60 cells, while in
their H2O2-resistant clone, HP 100 cells, this effect does not occur [60]. This, again, shows that
mode of action of specific nutraceuticals depends on cellular "molecular background".

In addition to its substantial redox activity, quercetin has multiple intracellular molecular
targets, affecting different signaling processes that are altered in cancer cells, with limited or
no toxicity against normal cells. Accordingly, quercetin inhibits carcinogenesis primarily
through inhibition of pro-proliferative signaling pathways. It has been found to be a pleiotropic
kinase inhibitor [61]. At 2 µM concentration, quercetin was shown to decrease the activity of
16 recombinant kinases by more than 80%, including ABL1, Aurora-A,-B,-C, CLK1, FLT3,
JAK3, MET, NEK4, NEK9, PAK3, PIM1, RET, FGF-R2, PDGF-Rα and –Rß [62]. Many of these
kinases are positive regulators of cell cycle. Thus, through simultaneous targeting of multiple
pathways related to these kinases, quercetin may act as antiproliferative agent [61].

Part of quercetin’s effects has been attributed to its ability to influence histone acetylation
(Figure 1). Quercetin was reported to block the binding of different transactivators including
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p300, CREB2, c-Jun, C/EBPβ and NF-κB to to the promoter of proinflammatory gene, COX2
(cyclooxygenase-2) [63]. As a consequence, there is a decrease in the level of the COX-2 protein.
Generally, COX-2 decrease is considered to be a very beneficial step to a successful cancer
chemoprevention [63,64]. While there is no doubt that quercetin affects numerous signaling
pathways, one of these was well-explained on mouse intestinal epithelial cell line MODE-K,
through its inhibitory effect on Akt phosphorylation, but without affecting cytoplasmic IKK
(inhibitor of nuclear factor kappa-B (IκB) kinase) activity. Thus, in this experimental model,
quercetin had no direct effect on NF-κB activation. Instead, it inhibited recruitment of the NF-
κB cofactor p300/CBP to the promoters of inflammatory genes IP-10 (10 kDa interferon gamma-
induced protein, C-X-C motif chemokine 10) and MIP-2 (WD repeat-containing protein 26),
through modulation of histone H3 acetylation and phosphorylation [65]. At 5 µM concentra‐
tion, quercetin was reported to increase acetylation of histones H3 and H4 induced by
trichostatin A in A549 (expressing wild-type p53) and H1299 (a p53 null mutant) lung cancer
cell lines, through p53 independent pathway [66].

Quercetin has also been found to effect activity of class III histone deacetylases SIRTs. Due to
the fact that biological effects of polyphenols depend on their own chemical stability and
metabolism, it is sometimes hard to predict whether in vitro test results may precisely predict
the situation in the living organism, in vivo. For example, it has been observed that quercetin
increases deacetylase activity of recombinant SIRT1, but at cellular level it inhibits SIRT1
activity [67]. This has been explained by metabolic transformation of quercetin. When
quercetin’s metabolite, quercetin-3-O-glucuronide, was taken instead of quercetin, an inhibi‐
tory function on recombinant SIRT-1 was shown. However, quercetin activates SIRT1 deace‐
tylase activity in hypoxia-exposed or hypoxic preconditioned HepG2 cells similarly to
resveratrol, resulting in hypoxic down-regulation of c-Myc and β-catenin [68].

Sirtuins affect the acetylation status of histones as well as other important cellular non-histone
proteins like HIF-1α, c-Myc and β-catenin [68]. SIRT1-mediated histone deacetylation (H1K26,
H3K9, H3K14, H4K16) is associated with the formation of heterochromatin. On the other hand,
SIRT1 interacts with numerous transcription factors and, through modifying their acetylation

Figure 1. Epigenetic factors modulated by quercetin. Ring and atom annotations of 2-phenyl-1,4-benzopyrone scaf‐
fold.
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and metastasis [57,58]. In addition, chemoprevention based on dietary polyphenols is not
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status, modifies their function. For example, in the presence of stress stimuli, SIRT1 deacety‐
lates p53 and FOXO3 (forkhead box protein O3) leading to inhibition of apoptosis [69]. Another
mechanism for inhibition of stress-induced apoptosis is through deacetylation of repair factor
Ku70 (X-ray repair cross-complementing protein 6) and consequential sequestration of the
proapoptitic factor BAX (Bcl-2-associated X protein) away from mitochondria [70]. While
SIRT1 is capable of protecting cells from p53-induced apoptosis, its activity augments apop‐
tosis in response to TNF-α (tumor necrosis factor alpha) by deacetylating RelA/p65 at lysine
310 and thus supressing transcription of NF-κB regulated genes [71].

Quercetin has been found to affect other class III HDAC, SIRT6, in vitro. Using frontal affinity
chromatographic techniques, it has been found to inhibit deacetylase activity of immobilized
recombinant SIRT6 protein against H3K9 [72].

Quercetin effects have been mostly studied on blood cancers. It induces apoptosis and
autophagy of human leukemia HL-60 cells through orchestrating various signaling pathways
and chromatin remodeling [73]. It has been reported to induce significant histone hyperace‐
tylation at concentrations 75 and 100 µM in human leukemia cells, indicating the possible
involvement of histone hyperacetylation in its in vitro anticancer activity [73,74].

Quercetin has also been found to influence DNA as well as protein methylation levels.
Hypermethylation of the tumor suppressor gene p16INK4a (p16, cyclin-dependent kinase
inhibitor 2A) in human colon cancer cell line RKO was successfully reversed after 120 h of
treatment with quercetin [75]. This effect was concentration dependent.

Quercetin inhibiting activity against demethylase LSD1 was shown recently [76]. LSD1,
commonly upregulated in cancer, has critical role in controlling the transcription of genes
involved in cell growth and differentiation [77], and its inhibition may have significant
therapeutic value. LSD1 functions primarily in multiprotein complexes, which includes, for
example, HDAC1/2 and SIRT1.

Quercetin, as well as other catechol polyphenols, may indirectly inhibit DNMTs and thus DNA
methylation, through changing intracellular concentrations of S-adenosyl methionine (SAM)
and S-adenosyl-L-homocysteine (SAH) in a manner illustrated in Figure 2 [78].

7. Kaempferol

Kaempferol is a flavonol found in various vegetables (Table 1). In comparison with quercetin,
it has considerably lower antioxidant capacity due to missing catechol moiety [59]. It possesses
only 4’-OH group at ring B (Figure 1). However, like quercetin, kaempferol has a wide range
of pharmacological activities, including antioxidant, anti-inflammatory and anticancer activity
[79]. It suppresses growth of a number of human cancer cell lines in a concentration-dependent
manner, through inducing an arrest in G0/G1 or G2/M phases of cell cycle [80]. Depending on
the type of the cell, kaempherol can induce apoptosis [81,82] and autophagy [80]. For example,
it induces apoptosis of human breast cancer cells MCF-7, by initiation of intrinsic caspase
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cascade and down-regulation of the expression of nuclear kinase PLK1, an early trigger for
G2/M transition and mitotic progression [83].

In human liver and colon cancer cell lines (HepG2, Hep3B, HCT-116) kaempferol (5-100 µM)
was shown to induce a prominent reduction of cell viability and proliferation rate, partly
mediated through induction of hyperacetylation of histone H3 complex [81]. By performing
in silico molecular docking analysis and in vitro profiling on these cancer cell lines, kaempferol
has been recognized as a pan-inhibitor of human HDACs of classes I, II and IV [81].

Treatment of the chronic myelogenous leukemia cell line K562 and promyelocitic human
leukemia U937 with 50 µM kaempferol resulted in inhibition of PI3K and dephosphorylation
of Akt at Ser473 and Thr308 as well as in an increase of the expression of deacetylase SIRT3
and its mitochondrial localization [84]. Finally, apoptotic death of these cells upon kaempferol
exposure was a consequence of the induction of mitochondrial phase of the apoptotic program
with an aforementioned increase of SIRT3, joined with an increase of BAX, decrease of Bcl-2,
release of cytochrome c, and caspase-3 activation. Kampferol was also shown to be an inhibitor
of recombinant SIRT6 activity [72].

Figure 2. Indirect inhibitory effect of polyphenols with catechol (quercetin, luteolin) or galloyl (EGCG) moiety on
DNMTs activity. In the O-methylation process of these polyphenols catalysed by the enzyme COMT, DNMT co-factor
SAM is transformed into SAH which inhibits DNMTs and COMT.
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Similar to quercetin, kaempferol has shown inhibitory effect on histone demethylase LSD1
[76]. This enzyme has been reported to inversely regulate expressions of iodothyronine
deiodinases of type 2 (D2) and type 3 (D3), acting as a molecular switch that dynamically finely
tunes cellular needs for active thyroid hormone during myogenesis [85]. Kaempferol has been
known to interfere with many aspects of the thyroid hormones synthesis [86]. LSD1 relieves
the repressive marks (H3K9me2/3) on the DIO2 promoter and the activation marks
(H3K4me2/3) on the DIO3 promoter. This action is well-orchestrated and depends on LSD1
interaction with transcription factor FoxO3.When FoxO3 binding to DNA is abrogated, LSD1
cannot induce D2.

8. Luteolin

Luteolin is a flavone widely distributed in the plant kingdom (Table 1). In difference to
quercetin, it misses conjugated 3-OH group in C-ring (Figure 1) which considerably contributes
to high radical scavenging capacity of quercetin [87]. Accordingly, luteolin is less efficient
radical scavenger than quercetin [59]. However, the rest of structures of luteolin and quercetin
are similar and hence similar biological activities have been observed. Both flavonoids have
3’-, 4’-catechol moiety in B-ring, resorcinol-like A-ring and extended π-electron delocalisation
through whole skeleton. Luteolin inhibits growth of various cancer cell lines in a concentration-
dependent manner [88]. The most common effect induced with luteolin, as well as other
studied polyphenols with resorcinol-like structure of A-ring, is G2/M arrest of the cell cycle
[88]. However, underlying mechanisms of action vary among flavonoid family members,
primarily due to different number and positions of other hydroxyl groups at a common flavone
(2-phenyl-1,4-benzopyrone) backbone, leading e.g. to different antioxidant capacities and
intracellular metabolic transformations. The difference in antioxidative capacity of considered
flavonoids may be relevant for the observed differences in biological activities as well as
molecular mechanisms of action. For example, as quercetin, luteolin induces apoptosis in
HL-60 cells [60]. However, luteolin acts in non-oxidative way via forming a luteolin-topoiso‐
merase II-DNA ternary complex and thus mediates DNA cleavage.

In addition to modulation of cellular redox level and inhibition of topoisomerases I and II, the
underlying antiproliferative activities of luteolin relate to suppression of cell survival path‐
ways including those related to PI3K/Akt, NF-κB and X-linked inhibitor of apoptosis protein
(XIAP). It also stimulates apoptotic pathways, including those that depend on the induction
of the p53 [89, 90].

Luteolin also inhibits recombinant LSD1 in vitro [76]. Actually, due to the sequence homology
between LSD1 and monoamine oxidases (MAO) catalytic domains, some synthetic MAO
inhibitors such as trans-2-phenylcyclo-propylamine (TCP) and well-known natural MAO
inhibitors [91,92] including luteolin, quercetin and curcumin (but not EGCG and apigenin)
have been detected as potent inhibitors of LSD1 [76]. Since TCP treatment of embryonic kidney
cell line HEK293 increases SIRT1 at the protein level (without recordable effect on SIRT1
mRNA level), the potent natural LSD1 inhibitors may be also expected to elevate the level of
SIRT1 protein.
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As measured with colorimetric HDAC Activity Assay Kit, luteolin at 50 µM inhibited total
HDAC activity joined with increased acetylation of histones H3 and H4. No doubt, this finding
suggests that this dietary flavonoid plays an important role in regulation of gene expression
and, consequentially, has an inhibitory effect on growth of various tumor cells (LNM35, HT29,
HepG2, MCF7/6 and MDA-MB231-1833) [93].

The resorcinol-like A ring was also found to be a part of flavonoid pharmacophore accounting
for SIRT6 inhibition. Accordingly, luteolin inhibits deacetylase activity of recombinant SIRT 6
against H3K9 [72]. Furthermore, since luteolin is also the substrate of COMT [94], it may
indirectly inhibit DNMTs by elevating endogenous SAH concentration (Figure 2) [78].

Histone H3 phosphorylation (H3S10) is a result of Aurora kinase B activity. This specific
epigenetic mark is the hallmark of mitosis. Similar to quercetin [62], luteolin inhibits recombi‐
nant Aurora B enzymatic activity (equilibrium dissociation constant KD 5.85 µM) [95]. Its
inhibitory effect on endogenous Aurora B activity in different cancer cell lines was also
documented [95]. The consequence of this inhibition, which was shown to be dose-dependent,
is down-regulation of H3S10 phosphorylation after 24 h treatment. Inhibition of Aurora B
kinase activity was also observed for fisetin and 3-hydroxyflavone [95], indicating that this
effect may be related to common 2-phenyl-1,4-benzopyrone backbone (Figure 1).

In addition to inhibiting Aurora B kinase activity and hence reducing H3 phosphorylation
(Figure 3), luteolin has been found to decrease the acetylation status of histone H4 at the
promoter of the pro-proliferative kinase PLK-1 in PC-3 cells [88], leading to transcriptional
silencing of this oncogene [83].

Luteolin is a ligand for the nuclear type II [(3)H]estradiol binding site-a binding domain on
histone H4 [88]. Although, it has also been reported to stimulate c-Fos and p21 and inhibit the
cell cycle pathway genes, these changes are considered to be only supportive factors in
regulation of proliferation. The data obtained so far suggest that type II ligands, including
luteolin, inhibit cell growth and proliferation through epigenetic control of key genes involved
in cell cycle progression [88].

9. Apigenin

Apigenin is a flavone ubiquitously present in vegetables and fruits (Table 1). It induces cell
cycle arrest, p53-dependent apoptosis as well as autophagy of different cancer cells. Like other
polyphenols, apigenin is selectively toxic to cancer cells. However, it is much weaker radical
scavenger when compared to already described flavonoids [59]. Its mechanism of action
depends on cancer cell type, indicating possible existence of structural modifications caused
by cellular metabolism. For example, apigenin (50 µM) blocks cellular proliferation through
G2/M phase arrest of myeloid HL60 cells, leading to caspase-dependent apoptosis [96]. In
contrast, it (100 µM) blocks erythroid TF1 cells in G0/G1 phase leading to autophagy. In both
cell lines the JAK/STAT pathway was one of major apigenin targets.
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Treatment of monocytic leukemia cells THP-1 with apigenin (50 µM) induced DNA damage
mediated by kinases PKCδ and p38 [97]. The cell cycle progression at G1/S was delayed and
joined with the increased number of apoptotic cells. The PKCδ-dependent phosphorylation of
ataxia-telangiectasia mutated (ATM) kinase and histone γH2AX (a marker of double strand
DNA breaks) upon treatment with apigenin, resulted in transcriptional down-regulation of
genes involved in cell-cycle control and DNA repair. This indicates that THP-1 cells may be
unable to repair DNA damage induced by apigenin, hence triggering apoptosis.

Exposure of LNCaP (hormone-dependent / p53 wild type) and PC-3 (hormone-independent /
p53 mutant type) prostate cancer cells to apigenin (and also genistein, see next section) resulted
in same pattern of cell cycle arrest and apoptosis, associated with p21 up-regulation and PLK1
suppression [98].

Apigenin (20-40 µM) treatment of prostate cancer cells PC-3 and 22Rv1 resulted in the
inhibition of HDACs of class I, particularly HDAC1 and HDAC3, at the mRNA and protein
levels [99]. Apigenin-mediated HDAC inhibition resulted in reversal of aberrant epigenetic
events that promote carcinogenesis, that is, in global histone H3 and H4 acetylation, as well as
localized hyperacetylation of histone H3 on the p21 promoter. A corresponding increase in p21
and BAX mRNA and protein expressions resulted in cell cycle arrest and induction of apoptosis
in both cell lines. This effect was additionally demonstrated in vivo by studies of PC-3 xeno‐
grafts in apigenin-fed athymic nude mice.

Like already described flavonoids, arginin modulates recombinant SIRT6 deacetylase activity
although more weakly than quercetin [72].

10. Genistein

Genistein is an isoflavone abundant in soybeans. Genistein represents a prototype of a
phytoestrogen able to bind to nuclear hormone receptors ER-α and ER-β. It also down-
regulates androgen receptor in androgen-dependent prostate cancer cell lines such as LNCaP
[100]. It has been investigated as a chemopreventive agent against various cancers, particularly
hormone-responsive breast and prostate malignancies. According to numerous in vitro
experimental results accompanied with in vivo models, it displays pro-apoptotic, antimeta‐
static and antiangiogenic properties.

Genistein is only moderately strong radical scavenger [59]. However, this isoflavone exerts
antioxidant effects on cellular level at low µM concentrations, which correspond to physio‐
logically relevant concentrations in plasma. The plasma level of genistein in women consum‐
ing soy products was observed to be 0.74-6.0 µM [101]. Already at concentration of 0.5 µM,
genistein increases antioxidant status of cells via i) interaction with estrogen receptors, ii)
activation of ERK1/2 and iii) nuclear translocation of p50 subunit of NF-κB, resulting in an
overexpression of MnSOD (manganese-dependent superoxide dismutase) and consequential
lowering of intracellular peroxide levels [102].
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Genistein can arrest cell growth and induce apoptosis in various hematological cancer cell lines
[103] and cell lines of solid tumor origin (e.g. HCT-116 and SW-480 [104]). Its influence on
modulation of cell cycle most commonly relates to induction of G2/M cell cycle arrest, as shown
in breast, colon, malignant glioma and prostate cancer cell lines [104,105,106]. At a molecular
level, this effect is commonly dependent on tumor suppressors p53, p21 and/ or p16 [106].

While genistein’s anticancer effects appears similar in different cancer cell lines, the underlying
molecular mechanism of its action depends on a cell type. For example, genistein was shown
to have a strong inhibitory effect on cellular growth followed by apoptosis, on two different
prostate cancer cell lines, LNCaP-androgen-sensitive and DuPro – androgen resistant.
However, it induced G0/G1 and G2/M cell cycle arrest in LNCaP and DuPro cells, respectively
[107]. In addition, cellular effects of genistein on cancer cell cycle are very dependent upon
applied dose [103].

Genistein has been one of the first specific protein tyrosine kinase inhibitors which was
described almost 30 years ago [108,109]. As already stated, genistein antagonizes estrogen-and
androgen-mediated signaling pathways [106]. It has also been found to intervene in other
cellular signal transduction pathways inhibiting carcinogenesis through inhibition of NF-κB
and Akt signaling [57,109]. Significant part of genistein’s action, including growth inhibition
and cytotoxicity, relates to its inhibitory effect on topoisomerase II. This was very clearly shown
through resistance to genistein in a model of murine transgenic cells lacking topoisomerase II
beta [110,111].

Besides, genistein is also a potent modifier of epigenetic events including DNA methylation
and/or histone acetylation – directly, or through steroid receptor dependent process [101]. In
both aforementioned prostate cell lines, LNCaP and DuPro, genistein treatment (10-25 µM)
reshaped the chromatin structure [107]. The treatment increased acetylation level of histones
H3 and H4 at the transcription start sites of the two tumor suppressor genes, p21 and p16. It
also increased expression of transcriptional activators HATs, but did not change the global
methylation status of these cells.

Genistein’s  effect  on  breast  cancer  cells  is  selective  as  shown recently  [112].  In  a  dose-
dependent  manner  genistein  inhibits  both  precancerous  (normal  human  mammary
epithelial cells stably transfected with SV40  and human telomerase reverse transcriptase,
hTERT) and cancerous breast cells growth. Of importance, the apoptotic process was more
prominent  in  precancerous  than in  cancerous  breast  cells,  indicating  the  strong preven‐
tive potential. At the same time, there were only minor effects when applied to (commer‐
cially available)  normal mammary epithelial  cells  [112].  In vivo,  orthotopic breast  cancer
mouse model was used. The animals were orally-fed with genistein enriched diet (modi‐
fied AIN-93G diet supplemented with 250 mg/kg genistein, corresponding to high-soy diet
in humans). In these animals, genistein has inhibited breast cancer growth; the tumors had
considerably  lower  wet  weight  and  significantly  less  PCNA  (proliferating  cell  nuclear
antigen) positive cells,  when compared with tumors that were developed in the animals
fed with diet that was not supplemented with genistein. At the mRNA level, there was a
strong increase in expression of tumor suppressor genes p16 and p21, and dramatic decrease
of oncogenes BMI1 (polycomb complex protein BMI-1) and c-MYC. These changes in mRNA
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Genistein’s  effect  on  breast  cancer  cells  is  selective  as  shown recently  [112].  In  a  dose-
dependent  manner  genistein  inhibits  both  precancerous  (normal  human  mammary
epithelial cells stably transfected with SV40  and human telomerase reverse transcriptase,
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expression clearly point out genistein’s effect on epigenome. Indeed, this was confirmed in
experiments that showed that genistein induces formation of euchromatine in the region
that covers promoters of p21 and p16, through changing the ratio of activating and repressive
histone modifications. Specifically, genistein treatment increased histone H3 acetylation and
formation of H3K4me3 and, at the same time, decreased formation of suppressive chroma‐
tin marks, H3K9me3 and H3K27me3 [112]. These changes were mild in breast cancer cells,
but  very  prominent  in  precancerous  breast  cell  line,  indicating,  one  more  time,  the
importance  of  genistein  in  the  process  of  cancer  prevention.  Based on  several  scientific
reports, especially in the field of breast cancer, it seems that genistein significantly influences
KTMs, while its effect on HDACs does not seem to be so prominent [112].

In breast cancer cell lines MCF-7 (ER-α positive) and MDA-MB 231 (ER-α negative) genistein
(18.5 µM) induces decrease in trimethylated marks at H3K27, H3K9 and H3K4, at six selected
genes: EZH2 (histone-lysine N-methyltransferase that adds methyl group to H3K27), BRCA1,
ER-α, ER-β, SRC3 (steroid receptor coactivator protein 3, that displays HAT activity) and p300
[113]. Genistein treatment also affected histone acetylation marks in close proximity of these
six selected genes recorded as an increase in H4K8ac and H3K4ac modifications.

In MDA-MB-231 cells, genistein (25 µM) restored ER-α expression by remodeling the chro‐
matin structure in the ER-α promoter [112, 114,115]. This is very beneficial effect, as it increases
tamoxifen-dependent anti-estrogen therapeutic sensitivity in vitro and in vivo. In addition, this
effect was synergistically enhanced when combined with HDACi trichostatin A.

There are also experimental data on genistein’s effect on colon cancer cells. When applied to
HT29 cell line, genistein has been reported to have inhibitory effects on HDAC activity with
IC50 value of 97 ± 18 µM [116]. Furthermore, incubation of HT29 cells with high concentration
of genistein (200 µM) resulted in a significant decrease of HDAC1 protein. Similar results were
obtained on human esophageal squamous cell carcinoma cells KYSE 510, in which 5 µM and
100 µM genistein inhibited 13.2% and 33% of HDAC activity, respectively [101].

Genistein was also observed to decrease expression of HDACs in other types of cells, as well.
In aforementioned human breast cancer cell lines, MCF-7 and MDA-MB-231, genistein
treatment (15 and 10 µM,) induced reduction (2 and ~ 4 fold, respectively) in expression of
HDAC1 protein [117]. Genistein (25 µM) has been reported to significantly downregulate
expression of class II HDAC6 protein in prostate cancer cells, LNCaP [100]. Since HDAC6 is a
Hsp90 deacetylase, such a change leads to an increase in the acetylated form of Hsp90 and
hence inhibition of its chaperone activity. The consequence of the lack of the chaperone
function is ubiquitin-mediated degradation of androgen receptor protein. However, in
difference to its structural isomer apigenin (Table 1), genistein does not modulate activity of
recombinant SIRT6 [72].

In addition to its impact on histone acetylation and methylation, genistein was also shown to
influence DNMTs in vitro, at the transcriptional level and also through inhibition of DNMT1
activity [117,118]. It reduces methylation specifically at promoters of tumor suppressor genes
thus affecting cancer cell survival [101]. In KYSE 510 cells treated with 2–20 µM genistein, the
inhibition of DNMT1 activity was associated with demethylation of the CpG islands specifi‐
cally in the promoters of p16, RAR-β (retinoic acid receptor beta) and MGMT (O6-methylgua‐
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nine methyltransferase) resulting in their consequential transcriptional reactivation [101,118].
Because genistein is a weak inhibitor of DNMTs, it does not induce global genomic hypome‐
thylation but selective hypomethylation at hypermethyated region of genomic DNA, corre‐
sponding to aforementioned tumor suppressor genes, p21 and p16 [117].

Genistein can restore the expression of genes silenced by DNA hypermethylation in breast
cancers not only by inhibiting enzymatic activity of DNMT1, but also through decrease of
DNMT1 protein level [117]. Increased expression of DNMT1, DNMT3a, and DNMT3b is
common in various cancer types, including breast cancer. Treatment of MCF-7 and MDA-
MB-231 cell lines with genistein (as well as with other polyphenolic DNMT1 inhibitors, EGCG
or curcumin), resulted in a significant decrease not only of HDAC1, but also of DNMT1 and
MeCP2 protein levels, joined with a significant decrease in the transcript levels of all three
DNMTs-DNMT1, DNMT3a, and DNMT3b [117]. The genistein effects on cell viability of these
breast cancer cells were dose-dependent with IC50 values of 15 and 10 µM for MCF-7 and MDA-
MB-231cells, respectively.

The inhibitory effects of genistein on DNMTs and HDACs may have an intrinsic synergistic
effect [101]. Genistein has been observed to have additive effects on the reactivation of
methylation-silenced genes in combination with other DNMT inhibitor decitabine or a HDAC
inhibitor trichostatin A [101].

11. EGCG

The (-)-epigallocatechin-3-O-gallate (EGCG) is the most abundant catechin in green tea,
accounting for 50-70% of green tea catechins [119]. Other green tea catechins are (−)-epigallo‐
catechin (EGC), (−)-epicatechin-3-gallate (ECG) and (−)-epicatechin (EC).

EGCG is a strong free radical scavenger [59]. Its antioxidant activity is additionally enhanced
by induction of expression of phase II detoxifying and antioxidant enzymes such as glutathione
S-transferases (GST), glutathione peroxidase (GPx), glutamate cysteine ligase (GCL), heme
oxygenase-1 (HO-1) and many other enzymes involved in the elimination or inactivation of
reactive oxygen species (ROS) and electrophiles implicated in multi-stage carcinogenesis.
EGCG acts through Nrf2/ARE dependant way via activated Akt and ERK1/2 signaling and /
or through modifying cysteine thiols of Keap1 (Kelch-like ECH-associated protein 1), a
repressor of Nrf2 [120]. EGCG can also inhibit carcinogenesis by modulating some other
transduction pathways including JAK/STAT, Wnt and Notch [57,121]. EGCG-induced
inhibition of EGFR (epidermal growth factor receptor) pathway is well-documented. It also
negatively influences topoisomerase II [122]. In majority cancer cell lines tested so far, this
catechin induces G0/G1 phase cell cycle arrest. Finally, EGCG induces apoptosis through both,
p53-dependent and p53-independent pathways. These activities, joined with an inhibitory
effect on NF-κB and MMPs, leads also to inhibition of angiogenesis, invansion and metastasis
formation [119,121]. In addition to all these processes, chemopreventive and anticancer effects
of EGCG are also based on modifications of epigenetic processes, selectively in the cancer cells.
In vitro studies show that EGCG enters cellular nuclei and binds to both DNA and RNA [122].
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As already stated, DNA methylation patterns and histone modifications significantly differ
between normal and tumor cells. Accordingly, selective targeting of epigenetic marks that
makes the difference between these two kinds of cells is a challenge in cancer therapy. In cancer
prevention, selective "preservance" of protective epigenetic marks represents an imperative
that deserves specific attention. In the field of therapy, reexpression of DNA methylation-
silenced tumor suppressor genes by inhibiting the DNMTs (DNMT1, DNMT3A, and
DNMT3B) has emerged as an effective strategy [123].

EGCG is a natural non-nucleoside inhibitor of DNMT1, undergoing clinical testing [124].
DNMT1 is overexpressed in the S-phase of cell cycle, particularly in highly proliferating cells,
which are the basic feature of cancer. This enzyme has a high preference for hemimethylated
DNA and is essential for maintaining the methylation pattern during each round of DNA
replication. Strong inhibitory effect of EGCG with IC50 at 0.47 µM on human DNMT1-mediated
DNA methylation was independent of the COMT-mediated methylation of EGCG (Figure 2)
[78]. EGCG inhibits activity of the DNMT1 molecule directly by binding to its catalytic site
through formation of H-bonds [78,125,126]. This binding is stabilized by Mg2+ions [78]. The
galloyl moiety was shown to most considerably contribute to high-affinity of EGCG for human
DNMT1. Thus, DNMT1 is also directly inhibited by other polyphenols with galloyl or also
pyrogallic acid (e.g. myricetin) moiety [78].

In breast cancer cell lines MCF-7 and MDB-MB-231 EGCG, like genistein and also curcumin,
downregulates transcription of not only DNMT1, but also de novo DNMTs, DNMT3a, and
DNMT3b. The effect extends to the proteins, lowering the level of DNMT1, HDAC1, and
MeCP2, known to interact with methylated DNA CpG regions [117]. Its effects on MCF-7 and
MDB-MB-231 cell viability were dose-dependent with IC50 of 10 and 15 µM, respectively.

Similarly to genistein, EGCG may, in physiologically attainable concentrations, reverse
aberrant gene hypermethylation [101,118,126]. In vitro demethylation of specific promoters has
been shown in various cancer cell types for many genes including p16, MGMT, hMLH1 (human
mutL homologue 1), GSTP1 (Glutathione S-transferase Pi) and/or RARβ [118,126]. Epigenetic
silencing of a phase II enzyme GSTP1 has been recognized as a molecular hallmark of human
prostate cancer. Exposure of human prostate wild-type p53 cancer cell lines, LNCaP and MDA
PCa 2b, to green tea polyphenols and EGCG alone (5-20 µM) for several days caused a
concentration-and time-dependent reactivation of this enzyme, through extensive demethy‐
lation in the proximal GSTP1 promoter and regions distal to the transcription factor binding
sites. This specific action of green tea polyphenols was correlated with the inhibition of both,
DNMT1 expression and activity [127]. Of importance, exposure of LNCaP cells to green tea
polyphenols did not result in global hypomethylation, but, instead, promoted maintenance of
genomic integrity. Additionally, the exposure of LNCaP cells to EGCG reduced transcriptional
activity of genes coding for HDACs 1-3 which also resulted with their decrease at the protein
levels. This molecular change was joined with the increased level of acetylated histones H3
(H3K9 and H3K18) and H4.

In the context of uniqueness of cellular epigenome, in human epidermoid carcinoma cells A431
the EGCG (5-20 µM) treatment did decrease global DNA methylation level. Expectedly, it was
joined with decrease of DNMT1 transcript, protein and enzymatic activity in a dose-dependent
manner, although far less than upon the treatment with clinically approved demethylating
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drug decitabine (5 µM) [128]. In this model, EGCG treatment resulted in re-expression of the
mRNA and proteins of silenced tumor suppressor genes p16 and p21. There was also an
increase in histones H3 (H3K9 and H3K14) and H4 (H4K5, H4K12, H4K16) acetylation and
decrease in level of methylated H3K9. These phenomena were ascribed to decreased level of
HDAC activity in A431 cells upon EGCG treatment [128].

In pancreatic metastatic adenocarcinoma cells AsPC-1, EGCG (10 µM) was also shown to
induce Raf kinase inhibitor protein (RKIP) via, in part, the inhibition of HDAC activity [129].
At the same time, this treatment repressed activation of ERK and upregulated E-cadherin
expression. Histone H3 expression was also increased, while Snail (zinc finger protein SNAI1)
expression, NF-κB nuclear translocation and MMP-2 and-9 activities were inhibited. Of great
importance, the treatment decreased metastatic potential of these cells.

Inhibition of HDAC activity and HDAC1 protein expression was recorded in a model of human
colon carcinoma, HT29 [116]. EGCG at concentration 100 µM, inhibited HDAC activity by
about 50%. Concomitantly, a significant decrease of the HDAC1 protein level was observed
depending on EGCG concentration (significant reduction at concentrations ≥ 50 µM).

EGCG mediated, dose-and time-dependent inhibition of class I HDACs (HDAC1, 2, 3 and
8)  joined with  the  increased acetylation  of  histone  H3 and p53,  were  shown in  experi‐
ments that were performed on prostate cancer cell lines LNCaP and PC-3 [130]. Acetyla‐
tion  of  p53  resulted  in  its  binding  to  the  promoters  of  p21  and  BAX  genes  leading  to
increased accumulation of cells in the G0/G1 cell cycle phase and induction of apoptosis.
Acetylation of p53 at Lys373 and Lys382 results in p53 accumulation due to block of its
MDM-2 mediated ubiquitination [130]. Finally, EGCG was suggested to contribute also to
proteasomal degradation of class I HDACs [130].

Similar to quercetin, EGCG and polyphenols with the galloyl moiety in general, stimulate the
activity of recombinant SIRT1 enzyme under stabilizing antioxidant conditions (achieved by
adding vitamin C or catalase) [67]. Without stabilization, recombinant SIRT1 became a target
for strong inhibition by these polyphenols [49], probably due to their auto-oxidation and
H2O2 formation [67]. These data point to the importance of testing in vitro stability of poly‐
phenol aglycons and tentative effects of actual products of their (bio)chemical transformations.
For example, quercetin did not show any effect on the deacetylation activity of SIRT1 in HT29
cells [67].

In addition to its influence on HDACs, EGCG has been identified as a specific inhibitor of
majority of HATs [131]. In HeLa cell nuclear extract, EGCG at 100 µM concentration inhibited
90% of HAT activity while no changes in total HDAC, SIRT1 and histone methyltransferase
activities were observed. The observed inhibitory action on NF-κB activation by EGCG has
been ascribed to its inhibition of RelA (p65) acetylation rather than the direct inhibition of p65
phosphorylation. The mechanism was explained using HEK293 cells in which EGCG (100 µM)
abrogated p300-induced p65 acetylation. Hypoacetylation of p65 increases the level of
cytosolic IκBα which prevents p65 translocation into the nucleus, thus interrupting the TNFα-
induced cascade of events.

EGCG (50 µM) inhibitory effect on HATs may be beneficial in hormone dependent prostate
cancer due to suppression of agonist-dependent androgen receptor (AR) activation by
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In the context of uniqueness of cellular epigenome, in human epidermoid carcinoma cells A431
the EGCG (5-20 µM) treatment did decrease global DNA methylation level. Expectedly, it was
joined with decrease of DNMT1 transcript, protein and enzymatic activity in a dose-dependent
manner, although far less than upon the treatment with clinically approved demethylating
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At the same time, this treatment repressed activation of ERK and upregulated E-cadherin
expression. Histone H3 expression was also increased, while Snail (zinc finger protein SNAI1)
expression, NF-κB nuclear translocation and MMP-2 and-9 activities were inhibited. Of great
importance, the treatment decreased metastatic potential of these cells.

Inhibition of HDAC activity and HDAC1 protein expression was recorded in a model of human
colon carcinoma, HT29 [116]. EGCG at concentration 100 µM, inhibited HDAC activity by
about 50%. Concomitantly, a significant decrease of the HDAC1 protein level was observed
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8)  joined with  the  increased acetylation  of  histone  H3 and p53,  were  shown in  experi‐
ments that were performed on prostate cancer cell lines LNCaP and PC-3 [130]. Acetyla‐
tion  of  p53  resulted  in  its  binding  to  the  promoters  of  p21  and  BAX  genes  leading  to
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90% of HAT activity while no changes in total HDAC, SIRT1 and histone methyltransferase
activities were observed. The observed inhibitory action on NF-κB activation by EGCG has
been ascribed to its inhibition of RelA (p65) acetylation rather than the direct inhibition of p65
phosphorylation. The mechanism was explained using HEK293 cells in which EGCG (100 µM)
abrogated p300-induced p65 acetylation. Hypoacetylation of p65 increases the level of
cytosolic IκBα which prevents p65 translocation into the nucleus, thus interrupting the TNFα-
induced cascade of events.
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downregulation of its acetylation. Consequentially, AR remains "locked" in the cytoplasm and
cannot activate AR-related gene transcription [132]. Like p65, androgen receptor is also
acetylated by p300/CBP and PCAF (HAT KAT2B)/TIP60 (HAT KAT5), supporting the
hypothesis that HAT coactivators compete with HDAC corepressors for binding to promoter
regions and/or protein substrates and determine the level of transcription.

12. Curcumin

Curcumin (1,7-bis(4-hydroxy-3-methoxy-phenyl)-1,6-heptadiene-3,5-dione) is a natural
yellow-coloured curcumoid whose medicinal properties have long been recognized in
traditional Indian Ayurvedic medicine [133]. This chemical is an important part of curry spice
mix. It was brought to Western world in the 14th century.

Like other well-known polyphenols, curcumin has diverse pharmacological properties
including chemopreventive activity [134]. Its proven antioxidative, anti-inflammatory,
antiproliferative and antiangiogenic effects brought it in the focus for use in cancer prevention.
Recently its impact on cell signal transduction pathways by regulation expression and/or
activity of various proteins including NF-κB, Akt, MAPK, p53, Nrf2, Notch-1, JAK/STAT, β-
catenin, and AMPK (5'-AMP-activated protein kinase) has been reviewed [135]. Curcumin
induces growth arrest at G1 or G2/M phase of cell cycle leading to apoptosis of cancer cells of
various types. Indeed, if one molecule has an influence on all these processes, then it has to be
that it triggers basic biochemical processes in the cell.

Pharmacokinetic analyses have shown that its concentration in human plasma is far below
concentrations measured in experimental cell culture systems [136]. The most likely explana‐
tion for its observed biological activity may be related to the possibility that curcumin exerts
its biological activity through remodeling the epigenome network. If this kind of action indeed
takes the place, one would expect that lower concentrations are required for various biological
actions.

Indeed, curcumin is a strong modulator of epigenome [137]. It reduces histone acetylation
mainly via inhibition of HAT activity [138,139]. Its first epigenome-modifying activity was
shown in 2004 through its specific inhibition of acetyltransferase activity of p300/CBP in
cervical cancer cells, HeLa [138]. The consequence of this event was acetylation inhibition of
histones H3 and H4 with IC50 ~ 25 µM. This effect was specific since the HAT activity of PCAF,
histone deacetylase HDAC1 and histone methyltransferases remains unchanged. Curcumin
binding to the active site of p300 also abolished p300-mediated acetylation of p53. This may
be of great importance because p300/CBP directly interacts with and acetylates p53, enhances
its transcriptional activation ability and, consequently, DNA repair. However, due to the fact
that p53 can be target of other HATs that are not inhibited by curcumin, its acetylation status
upon curcumin treatment remained in the physiological range.

Curcumin’s HAT p300/CBP inhibitory activity is based on its Michael reaction acceptor
functionality where its α, β unsaturated carbonyl groups in the linker (Table 1) act as reaction
sites [140]. Its binding to p300/CBP induces conformational changes which result in decreased
binding afinities of histones and acetyl CoA for p300 [138]. Curcumin has also been reported

Epigenetics and Epigenomics194

to promote proteasome-dependent degradation of p300 and CBP without affecting the HATs
PCAF or GCN5 [140].

HAT inhibition may be a base for a variety of pharmacological effects of curcumin. HATs, have
been implicated in cancer cell growth and survival, and as such, HATs represent therapeuti‐
cally relevant molecular targets for anticancer drug development. HAT inhibitors also seem
promising for the treatment of Alzheimer’s disease and diabetes [141]. As a co-activator, p300/
CBP also enhances NF-κB transcriptional activity by acetylating NF-κB/p65 as well as sur‐
rounding histones. Direct inhibition and downregulation of p300/CBP therefore contribute to
the inhibition of NF-κB by curcumin. Curcumin’s influence on NF-κB activity is extremely
important for its chemopreventive potency [142]. Additionally, its anti-infectious activities
against HIV-1 [138] and Plasmodium falciparum [143] can also arise from inhibition of HAT
activity.

In addition, on HeLa nuclear extracts curcumin showed the potent activity as an inhibitor of
HDAC [144]. At a very high concentration of 500 µM, curcumin was found to reduce ~ 50%
HDAC activity and its IC50 was 115 µM. In the cited study, the design of the experiment did
not allow for any conclusion on the mechanism of inhibition: inhibitor candidates were mixed
with HeLa nuclear extract before addition of HDAC fluorometric substrate which was
sensitized through deacetylation and fluorescence. Hence, only the consequence of the
presence of potential inhibitor was measured. In leukemia cell lines curcumin was shown to
increase expression of suppressors of cytokine signaling, SOCS1 and SOCS3, through global
inhibition of HDAC activity and decreased expression of HDAC8 [145]. In curcumin (25 µM,
24 h) treated Raji cells (Epstein-Barr virus transformed lymphocyte), a decrease of HDAC8 was
joined with similar levels of decrease of HDACs 1 and 3, leading to significant increase of
histone H4 acetylation [146]. Curcumin was also shown to reduce HDAC activity in medul‐
loblastoma cells and directly inhibits transcription of HDAC4 [147]. These results represent an
extension of previous scientific work showing that curcumin’s free binding energy and
inhibition constant for HDAC8 are comparable to trichostatin A and vorinostat [144].

Like luteolin, quercetin and resveratrol, curcumin (50 µM) inhibits histone demethylase
activity of recombinant LSD1 [76].

Curcumin can induce epigenetic modifications by modulating not only histone acetylation but
also DNA methylation. It is considered to be a hypomethylating agent decreasing DNMT
activity [137, 148]. Similarly to genistein and EGCG, curcumin (10 µM) has been demonstrated
to have the potential to reverse the epigenetic changes in breast cancer cells through inducing
significant decrease in protein levels of DNMT1, HDAC1 and MeCP2 as well as in the transcript
levels of all three DNMTs, DNMT1, DNMT3a and DNMT3b [117]. Curcumin has been found
to covalently block the catalytic thiol group within catalytic site of DNMT1 with an IC50 of only
3 µM after 72 h treatment, leading to reduction of DNA methylation by 15-20%, as shown in
the model of AML cell line MV4-11 [148]. Curcumin treatment decreased the mRNA and
protein levels of DNMT1 and downregulated its DNA methylation activity in breast cancer
cells MCF-7. The downregulation of DNMT1 mRNA may well be a consequence of lack of an
NF-κB/Sp1 binding to the promoter region of DNMT1 [149]. Both proteins are shown to bind
to DNMT1 promoter and positively regulate DNMT1 expression. Thus, in curcumin treated
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cells, a decrease of NF-κB and Sp1-well known curcumin targets, may directly influence the
activity of DNMT1 gene.

The most recent findings indeed confirm that curcumin decreases DNMT1 expression not only
in various leukemia cell lines, but also in patient’s primary AML cells treated ex vivo [150]. This
effect was concomitant with reactivation of tumor suppressor gene p15INK4B (p15) through
hypomethylation of its promoter, G1 cell cycle arrest, and in vitro induction of apoptosis. This
effect is, again, specific for transformed cells as it is absent in patient’s healthy PBMCs treated
in this way.

In contrast to non-specific global hypomethylation induced by decitabine, curcumin treatment
of three colorectal cancer cell lines HCT116, HT29 and RKO, resulted in methylation changes
at selected partially-methylated loci, instead of fully-methylated CpG site [151]. Curcumin has
also been found to selectively induce demethylation of promoters of NRF2 and RARβ2 genes
[152]. It also down-regulated expression of EZH2 and thus reduced H3K27me3 methylation,
as shown in in MDA-MB-435 cells [153].

Figure 3. Epigenetic modifications induced by selected polyphenols. Molecular mechanisms of action depends upon
their structures – flavonols and flavones directly inhibit histone demethylase LSD1 and indirectly DNMTs (Figure 2);
genistein promotes HAT activity and DNA demethylation; EGCG is a direct DNMT inhibitor; curcumin affects many epi‐
genome modifying enzymes.
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13. Conclusion

Experimental data reported so far clearly point to dietary polyphenols as potent epigenetic
modulators, able to "restore" disturbed epigenomic network which is present in premalignant
and malignant cells. Polyphenols usually target more than one epigenome-modulating
enzyme. In the case of curcumin the effect can be extended to enzymes with antagonistic
functions. This is very interesting as it opens the question related to “epigenetic balance” and
"epigenetically balanced cell". With our current knowledge, we cannot predict all possible
consequences of these polyvalent modes of action.

The epigenetic effects of polyphenols are largely dependent upon compound concentration,
its application time window, and, very important – on a specifically established epigenome
networking which is specific for each cancer cell. As xenobiotics, natural polyphenols are
substrates of various metabolic enzymes. Upon cellular uptake they can be chemically
transformed by various metabolic processes that depend on both, compound concentration
and the type of the cell. When studying biological effects of polyphenols, their chemical
characterization has to be performed in order to detect the most probably active form.

In  summary,  herein  considered  flavonoids  and  curcumin  represent  attractive  starting
scaffolds for design of chemopreventive or therapeutic drugs against various cancer types.
In addition, due to specific effects on epigenome, they may be useful as chemical probes
that may help to understand effects of natural and synthetic molecules on epigenome and
chromatin remodeling.
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