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Epigenetics has become a fast-growing area of study in cellular biology. An epi-
genetic trait is defined as a stably inherited phenotype resulting from changes in a chro-
mosome without alterations in the DNA sequence (1). These types of modifications are
essential for normal cellular function, assisting in the activation or repression of neces-
sary genes in various stages of development. There are instances, though, in which the
modifications can be altered to induce irregular gene transcription. In these cases, the
results can provoke various forms of disease. In mammals, epigenetic methylation has
been found to play an important part in all forms of cancer, with two key areas of altera-
tion. These are the specific methylation of sequences of DNA, as well as modifications
on the histones surrounding DNA. Since the discovery of their involvement in the
change of gene expression, histone modifications and DNA methylation have been impli-
cated in diseases other than cancer, such as neurological disorders including schizophre-
nia and Alzheimer’s disease. One very important aspect of epigenetic methylation is its

reversibility. This key property has created a promising field of epigenetic therapy,



which has led to the development of several FDA approved drugs for cancer treatment. It

has also generated several new and exciting ideas for future paths of treatment.
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I. Introduction:

There are over 200 different types of cells in the human body. Each type main-
tains a unique cellular identity represented by the specific sets of genes they transcribe.
Because the genetic material in each of these cells is essentially identical, there must be
strict regulation of gene expression in each cell within the human body. This transcrip-
tional regulation is carried out by controlling the accessibility to genes. This layer of
control is achieved by the packaging of DNA into particular arrangements. DNA is
wrapped around proteins called histones, which are structurally organized and condensed
into chromatin. These histones and their associated proteins are described in detail be-
low. Histone proteins can be modified, and these modifications serve as important regu-
lators in the transcription of necessary genes throughout the life cycle of an organism. In
mammals, the methylation on specific sites of DNA called CpG islands is an additional
method of transcriptional control. These cellular processes are collectively called epige-
netics, a term defined by the capability of cells to transmit their tissue-and stage-specific
gene expression patterns to daughter cells without mutation of the DNA sequence, there-
by making these changes reversible. As we will see throughout this paper, these epige-
netic mechanisms are often used in combination in order to successfully maintain tran-
scriptional regulation. Although there are numerous epigenetic mechanisms that have the
ability to regulate transcription, | will focus here on the methylation of histones and CpG
islands.

Defects in epigenetic mechanisms have the potential to induce various diseases,
including cancer and neurodegenerative disorders such as schizophrenia or Alzheimer’s

disease. The reversibility of DNA methylation and histone modifications has created a



new field of therapeutics with great potential in treating such diseases. Before these dis-
eases and the newly created field of therapeutics are discussed, | will explain a few of the
definitive models surrounding epigenetic regulation of the genome read-out, as well as
describe some of the important contributing factors.

A. Epigenetic inheritance:

It has been reported that distinct cell types have specific patterns of epigenetic
aberrations heritably transferred from one generation to another (2). These imprinted
modifications on specific sequences of DNA can be altered by environmental influences,
and not only does this affect the directly exposed organism, but there have been experi-
ments showing inheritance of these modifications in future generations, called a “trans-
generational effect” (3). Although specific mechanisms involved in causing such delete-
rious states have only begun to be studied, mechanisms have been hypothesized of how
DNA methylation can be altered, and subsequently inherited into future organisms (3, 4).

What constitutes a transgenerational effect? To put it simply, a transgenerational
phenotype requires a reprogramming of the germ line (3). To test this, one has to investi-
gate at least three generations of a mother that has been exposed to an environmental ex-
posure, therapeutic treatment, or physiological stress (5). Figure 1 describes how to test
for a transgenerational effect. Upon gestation, if an FO mother is exposed to an inducing
agent, the developing F1 generation is also exposed, as well as their germline cells, noted
in Figure 1 as the F2 generation. Therefore, to observe the inheritance of a newly intro-
duced germline reprogramming, research must be carried out to the F3 generation. If the
deleterious effect is carried out to the F3 or beyond, a transgenerational epigenetic effect

has occurred.
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Figure 1: Germline transmission of epigenetically regulated transgenerational pheno-

types. Inthe gestating mother, there is exposure of the F, female, the F; embryo and the F, generation germ line to
environmental factors. The transgenerational transmission of disease phenotypes (described in text) through the male
germ line is indicated (red). Both male and female offspring develop disease, but the transgenerational phenotype is
transmitted only paternally after exposure to vinclozolin. Taken from Jirtle (2007).

Vinclozolin, a commonly used fungicide in vineyards, is also an antiandrogenic
endocrine disruptor. It has been used in several experiments on gestating female rats to
specifically induce deleterious effects on developing F1 male embryos (2, 3). Vinclozo-
lin binds to the developing steroid receptors within the gonadal cells, inducing an altered
pattern of DNA methylation during development. The observed results of this altered
methylation state are reduced spermatogenic capacity, increased spermatogenic cell apop-
tosis, and decreased sperm number and motility in the fully grown F1 male. These traits
were successfully transmitted to three subsequent generations of male rats (3). This was

the first example of an epigenetically controlled reprogramming of the male germline by



a widely used agricultural chemical.
B. Background:

1. The Nucleosome:

One of the longstanding questions in the field of biology was how the DNA in a
single human cell, which measures about 2 meters in length, could be contained within a
cell about 5-10 um in diameter? This amazingly high compaction ratio is accomplished
by organizing DNA into chromatin. The fundamental repeating building block of chro-
matin is the nucleosome core particle, which consists of 147 bp of DNA wrapped around
a histone octamer. The octamer consists of a tetramer of two copies of the histones H3
and H4 each, which is bound by two H2A/H2B heterodimers. Nucleosome core particles
interact with the linker histone, H1, to form the nucleosome proper, which covers about
200 bp of DNA. Nucleosomes are further organized into densely packed fibers by non-
histone proteins, and ultimately compact into chromosomes. The N-terminal domains of
each of the eight histones project from the nucleosome core particle, as do many of the C-
termini (6). These regions of the histones are mainly subjected to posttranslational mod-
ifications, which serve as important signals in the epigenetic regulation of genome acces-
sibility.

2. Histone Modifications:

Once thought of as static protein complexes, nucleosomes have since been dis-
covered to be subjected to multiple post-translational modifications (PTMs) that alter the
accessibility of the associated DNA. The amino acid targets for PTMs are predominantly
located on the histone tails, which protrude from the nucleosome core into the surround-

ing milieu. Recent studies have shed light on the important role of nucleosome



modifications in diverse cellular processes such as DNA replication, transcription, and

cellular differentiation (7). Histone tails can be modified in a variety of different ways.

The best known types of histone modifications are methylation, acetylation, and phos-

phorylation (8). Considering that about 240 amino acid residues within a nucleosome are

available for PTMs, the possibilities of combinatorial modifications within histones are

vast. This is illustrated in a snapshot of the amino acids available for chemical modifica-
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Figure 2. Map of posttranslational modification sites in histone H3 (top), and H4 (bot-

tom). Box in bottom right shows possible modifications. Amino acid positions are given in single letter code. On top
of amino acid sequences are listed modifying enzymes (colors correspond to modifications they introduce or remove;
see legend). Taken from Kouzarides (2007).

tions in the histones H3 and H4 shown in Figure 2. The identification of enzymes re-

sponsible for particular histone modifications has been the subject of intense investiga-

tion in the last 10 years (8). Figure 2 shows that several distinct classes of enzymes can

modify histones at the same amino acid sites, which often function in a tissue- and




stage-specific manner. This figure also shows enzymes that are responsible for the re-
moval of certain histone PTMs, illustrating that most- but not all- epigenetic modifica-
tions are reversible. Some of these important histone modifying enzymes are described
in detail below.

Acetylation on histone tails occurs at lysine (K) residues and is one of the more
common modifications. This PTM is usually found at sites of active transcription al-
though some acetylations like H4K12 acetylation are found in repressed chromatin. His-
tone acetylation is introduced by histone acetyltransferases (HATS), and these enzymes
are commonly recruited to promoter elements by transcriptional activators (7, 9). In
some cases, the activity of HATSs can free up DNA from histones and subsequently make
activator binding sites accessible, leading to active transcription (9). This sequence of
events is an example of an epigenetic signal that frequently occurs in epigenetic mechan-
isms. In this instance, the PTM directly recruits other chromatin proteins that decondense
DNA. It will be shown that some PTMs can alternatively be responsible for the conden-
sation of DNA.

Histone acetylation can be reversed by histone deacetylases (HDACs), which are
believed to interact with transcription repressors to silence gene expression (9). An inter-
esting recent finding indicates that HDACs are also recruited by methyl-CpG-binding
domain proteins (MBPs) to methylated CpG islands, resulting in the deacetylation of
neighboring promoters. This association creates a combinatorial effect of transcriptional
repression of certain genes in mammals, which will be discussed in more detail below
(10).

Histones can be methylated on K and arginine (R) residues, which can result



either in gene activation or repression depending on their position within the nucleosomes
and the degree of methylation (11). At Ks, up to three methyl groups can be added, while
Rs can be mono- or dimethylated. Trimethylation of K is usually considered as biologi-
cally most significant and appears to have profound impact on the active or repressed
state of the associated chromatin region. Three methylation sites in histone H3 are impli-
cated in active transcription: H3K4, H3K36, and H3K79 (8). H3K4me3 marks promo-
ters of transcribed genes in all eukaryotes, while H3K36 methylation is found down-
stream of these promoters. While the H3K4-specific histone methyltransferases (HMTSs)
were shown to interact with Polymerase 11 (Pol 1) at promoters, H3K36 methyltransfe-
rases only interact with elongating Pol Il (8). Both methylations are believed to have
positive impact on transcription initiation and elongation. Little is known about the func-
tion of H3K79 methylation in transcription.

Three different K methylation sites are linked to transcriptional repression:
H3K9, H3K27, and H4K20. H3K9 methylation is implicated in the formation of silent
heterochromatin through recruitment of DNA methylating enzymes to the promoters of
genes (8). It has been recently challenged that alternatively, H3K9 methylation down-
stream of promoters of expressed genes assists in transcription elongation (8). This has
been explained by the fact that the generation of decondensed chromatin in the body of
genes exposes cryptic promoters, from which nonsense RNAs can be expressed. H3K36
and H3K9 methylation recruit “repressive” chromatin modifiers like HDACs to mask
these cryptic promoters, thereby ensuring proper transcription (12). These findings dem-
onstrate that chromatin compaction as such is not strictly linked to gene silencing. The

methylation on H3K27 sites has been implicated in the silencing of developmental gene



expression including the Homeobox (HOX) gene clusters, and as we will see, is frequent-
ly associated with disease-linked chromatin defects.

Arginine methylation is also involved in either transcriptional activation or re-
pression. Similar to K methylation, the methylation of R sites is an important PTM in-
volved in structural remodeling of chromatin (13). The enzymes responsible for R me-
thylation are protein arginine methyltransferases (PRMTSs), and are recruited to promoters
by transcription factors (8).

While the loss of methylated histones from genomic DNA has been observed, it
was assumed that these are lost due to methyl-histone exchanging factors. The removal
of methyl groups from nucleosomes was considered as unlikely since K- or R-
demethylation involves the formation of chemically aggressive radicals, which could
damage the fragile genomic DNA. However, the recent identification of several K-
specific histone demethylases (HDMs) has clarified this issue (12). The Jumonji domain-
containing 6 protein (JMJD6) is the only known R demethylase to date (13). A more de-
tailed review of the role of specific HDMs is described below.

3. The Histone Code Hypothesis:

Two specific mechanisms exist

Chromo

for the function of histone PTMs. The ,';3‘38' Bromo 14-3-3
(MBT) \'I

first is the disruption of contacts be- Y v VR

_ K K S—_
tween structured nucleosomes in order .\J-

to “loosen” chromatin, and the second is

Figure 3: Recruitment of proteins to his-

the recruitment of non-histone proteins tones. Protein domains used for the recognition of methy-
lated lysines, acetylated lysines, or phosphorylated serines on
histone tails. Taken from Kouzarides (2007).

(8). These proteins have specific




binding domains that have high affinity to particular histone modifications. Certain pro-
tein domains and the PTMs they recognize are shown in Figure 3. Histone methylation is
recognized by chromo-like domains and nonrelated plant homeo domains (PHDs), acety-
lation is recognized by bromodomains, and phosphorylation is recognized by a domain
typical for 14-3-3 proteins (8).

The domains in Figure 3 that are attracted to PTMs are subunits of multiprotein
complexes that have various, and sometimes competing, control over transcription.
There are two mechanisms of how PTMs can determine the outcome of the chromatin
region affected. Chromatin structural proteins like the heterochromatin protein 1 (HP1)
directly bind to H3K9me3 and further condense the underlying chromatin (8). Other
“readers” associate with “writers” to form stable multiprotein complexes. These “writ-
ers” then introduce further modifications to already modified nucleosomes (8). The re-
cent evidence that specific proteins are recruited to particular PTMs has led to what is
called the “histone code hypothesis.” Certain PTMs form a docking platform for the re-
cruitment of subsequently acting histone modifiers that associate with the “readers” of
these PTMs. This explains the often observed tight overlap of two or more PTMs within
the genome. Therefore, the histone code hypothesis describes the existence of an inhe-
rited blueprint of covalent modifications within a cell, and posits that it will determine the
structure and activity of various chromatin regions (9). However, the ultimate biological
outputs are much more difficult to interpret than what was initially hypothesized. A bet-
ter understanding of how these modifications interact through combinatorial control and
how they affect cellular functions is needed to more accurately predict the outcomes of

histone modifications.
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4. Histone Methyltransferases:

Histone methylation is carried out by the enzymes histone methyltransferases
(HMTs), which have enzymatic activity towards Rs and Ks within histones. The con-
served catalytic domain of the enzymes modifying Ks has been derived from the three
founding members of this protein family, namely Suppressor of Variegation, Enhancer of

Zeste, and Trithorax (SET). SET domain proteins predominantly methylate Ks in the his-

tone tails of H3 and H4, and

PRC2 class complexes

few residues in the histone
cores (14). H3K27me3, in-

troduced above as an impor-

tant repression-linked Ezh1 Ezh2 Eed#1 Eed#3/4 Eed#2 Suz12
(PRC2) (PRC3) (PRC4)

modification, is important in
Figure 4: Complexes formed by vertebrate PcG pro-

the ear|y deve|opment of many teins. The subunits of the core PRC2 complexes are indicated. It is
likely that many combinations of subunit isoforms associate with each
other to form distinct sub-complexes. The unlabelled white oval
organisms_ This modification represents the fact that there are other PcG proteins, which are omitted
here. Taken from Kerppola (2009).

is dependent on specific Polycomb group (PcG) proteins that interact with the Enhancer
of Zeste-type (EZ) H3K27 methyltransferases. In fact, EZ is the only H3K27 HMT iden-
tified so far, with two isoforms existing in humans, namely EZH1 and EZH2. In particu-
lar, EZH2 has been implicated in H3K27 methylation at developmentally regulated loci
during early embryogenesis. Like most histone modifiers known to date, EZH2 forms a
stable complex with regulatory factors assisting in its proper targeting to developmentally
regulated genes. These include factors like Embryonic Ectoderm Development (EED),
Suppressor of Zeste 12 (SUZ12), and others to form the Polycomb Repressive Complex 2

(PRC2) (15, 16). Different isoforms of some of these subunits can generate a number of
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PRC2-type subcomplexes. The general structure of PRC2 class core complexes is de-
picted in Figure 4.

The function of PRC2 proteins has been investigated in mice by examining phe-
notypes of targeted mutations in genes encoding individual subunits of the complex (17).
Mutations in each of the PRC2 subunits eliminate H3K27 methylation necessary for de-
velopment, causing early embryonic lethality soon after gastrulation (17). This suggests
that the PRC2 complex is necessary and sufficient for the control of this developmental

PTM. The H3K27me3 modifications also promote association of PRC1, another PcG

5 /[ X N

Gene A Gene B Gene C Gene D

3 N\
Mm&%@@m@m

Y

.. Sequence-specific DNA binding proteins
A A Non-coding RNA molecules

@ PRC1
” PRC2

o Trimethylated H3 K27

° Trimethylated H1 K26

Figure 5: Speculative models for PcG protein complex recruitment to target genes.
PcG proteins could be recruited by sequence-specific DNA binding proteins, non-coding RNA molecules, or a combi-
nation of the two as depicted. For the scope of this paper, the focus is on the mechanism in Gene D. The recruitment
of PRC2 results of H3K27, which is well-studied. A second methylation target is depicted, H1K26 (see figure), but the
role of this modification is not fully understood. As shown, H3K27me3 is suggested to be directly responsible for re-
cruitment of PRC1. Gray cylinders represent nucleosomes and the gray bar is histone H1. Other interacting proteins
are identified (see legend). Taken from Kappola, (2009).
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family complex, specifically through the chromodomain of the chick homeobox (Chx)
family protein. This property has given rise to the model that methylation of H3K27 by
PRC2 is required for recruitment of PRC1 to target genes (17).

In Figure 5, gene D shows a mechanism of the proposed cooperatively-binding
PcG protein model. The model retains its popularity even though some evidence sug-
gests that PRC1 binds chromatin independently of PRC2, as shown in gene A of Figure
5. Another element of the figure suggests non-coding RNA sequences as a second possi-
ble binding site for PcG proteins. More frequently, it is believed that sequence-specific
DNA binding proteins such as MBPs initiate chromatin remodeling processes following
DNA methylation.

The methylation of R sites by protein arginine methyltransferases (PRMTS) is
performed through a common catalytic methyltransferase domain that consists of a highly
conserved core region, as well as subdomains important for binding to the methyl donor
and substrate (13). A comparison of domain location among various PRMTSs is shown in
Figure 6. The individual PRMT family members differ in distinctive N-terminal regions
of variable length and combinations of other conserved domains (13). These domains
vary from dual PRMT domains in some enzymes to Zn fingers, F-boxes, NosD, SH3 do-
mains, and myristoylation domains (13).

5. Histone Demethylases:

More recently, the identification of histone demethylases (HDMs) has shown that
histone methylation is not lost due to removal of histones from DNA, but in fact actively
removed without disruption of nucleosomes. For example, as stated earlier, H3K27me3

has been suggested to repress transcription of HOX genes. The discovery of the UTX
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demethylase, which is specific for H3K27me3, has revealed that removal of the trimethy-
lation is under active control (18). UTX is required for activation of HOX genes and an-
terior-posterior identity (18). Interestingly, UTX has been suggested to interact with the
CREB-binding protein (CBP), the H3K27-specific HAT. Following the demethylation of
H3K27, this residue can be subsequently acetylated by CBP. This HDM-HAT associa-
tion presents an example of combinatorial control as proposed by the histone code hypo-
thesis. The idea that one single PTM can yield a particular transcriptional state has be-
come very unlikely. Rather, combinatorial histone modifications, along with DNA me-

thylation, more likely lead to discrete transcriptional states.
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Figure 6: The human protein arginine methyltransferase (PRMT) family. The different
members are indicated as boxes and the protein length by the number of amino acids. Only the longest isoforms are
shown. All PRMTs have at least one conserved catalytic domain (gray box). Different additional domains are hig-
hlighted in green: SH3, ZnF (zinc finger), Myr (myristoylation), F-box, TPR (tetratricopeptide), and NosD (nitrous oxi-
dase accessory protein). Taken from Wolf (2009).

It is important to note that there are other mechanisms known to alter gene ex-

pression, such as ATP-dependent chromatin remodeling and the incorporation of histone
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variants within nucleosomes. An epigenetic mechanism implies the inheritance of a
chromatin state from mother to daughter cells. ATP-dependent chromatin remodeling
merely changes the position of nucleosomes or their densities. Then, during replication,
the gaps are filled and nucleosome positions might be altered. Therefore, these changes
are not known to be permanent or inherited. This is different from PTMs and histone va-
riants, which really change the nucleosome composition. Detailed reviews of the me-
chanisms not discussed are referenced (7, 19).

6. DNA Methylation:

Methylation of cytosine (C) in CpG repeat-rich elements is considered to be the

one of the most important epigenetic traits in the regulation of transcriptional repression

in mammals. Methylation within pro- NH,

N2 DNA methyi-
moter regions attracts proteins called transferases N CHy
methyl-CpG-binding domain proteins 4 . ,J\
i 0" “n
(MBPs), which act to prevent transcrip- \ \
tion factors from binding to promoter 5-CpG-3

3-GpC-5'

sequences (7). These proteins can also

recruit histone modifying enzymes that Figure 7: Methylation by DNA methyltrans-

ferases at CpG islands. DNMTs attack the 5’ carbon
of the cytosine residue. Taken from Taylor (2006).

alter nearby chromatin. DNA methyla-

tion is therefore normally implicated in
marking sites for chromatin compaction and gene silencing. DNA methylation is cata-
lyzed by DNA methyltransferases (DNMTSs), particularly DNMT3A and DNMT3B, as
well as DNMT1, which are described in further detail below (11). Sites of methylation

within the C residues are shown in Figure 7.
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7. CpG Islands:

CpG “islands” are called islands because they are usually found within stretches
of DNA that have very high frequencies of C-G dinucleotide repeats. They also occupy
approximately 60% of human gene promoters (11). Figure 8 shows an example of CpG
island methylation between normal sites of transcription and transcriptionally repressed
DNA sequences. As shown, the aberrantly methylated sites are often observed in diseas-
es such as cancer. Also, the crucial areas affected by high frequency CpG sites are in
promoter regions and transcription start sites, supporting that the methylation defects are

indicative of changed transcription states of the affected genes.

aga it I8 ”? ? ??" _"Normal' DNA
FORIDVDGOVDMN

,,, ,, ’ ’,, , Methylated CpG site

/"‘ { L w

y/' "/ f ‘\V/ “f .\"J/ i Cancer DNA
fexonB)

=X

Figure 8: Tumor cells are characterized by hypermethylation of CpG islands. A typical
CpG methylation pattern in DNA sequences of a normal (top) and a cancer cell (bottom). Yellow circles are unme-
thylated C's, and maroon circles are methyl-C's. DNA double helix is shown as white and pink alternating strands.
In cancer cells, the distributions of unmethylated and methylated C's are changed. Taken from Taylor (2006).

8. DNA Methyltransferases:

As shown in Figure 7, the specific site of methylation within DNA sequences oc-
curs at the 5 position on C residues, which is nearly always accompanied by a 3’ G resi-
due. The specific enzymes that catalyze this reaction are appropriately called DNA me-

thyltransferases (DNMTSs). The mechanism of methylating DNA involves the DNMT
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catalytic domain to induce base flipping, everting the C residue out of the helix to insert
into the active site of the enzyme. This allows association of the base with the methyl
donor, S-adenosyl-L-methionine (SAM), and the formation of 5-methylcytosine (20, Fig-
ure 7). Although the mechanism is similar for different DNMTSs, they appear to have dif-
ferent responsibilities in various developmental stages within organisms. DNMT1 is re-
sponsible for the maintenance of correct methylation while the roles of DNMT3A and
DNMT3B are to establish the de novo methylation patterns in embryos (19).

DNMTs are widely conserved among eukaryotes, and there are three major types
used for regulation of normal DNA methylation. The major function of DNMT1 is in the
maintenance of methylation patterns, therefore its function is essential in cellular envi-
ronments such as S-phase of the cell cycle and in the initiation of genome wide methyla-
tion in early development. The importance of DNMT1 has been revealed by targeted
mutation of the DNMT1 gene. In a past study, embryonic stem (ES) cell lines were used
to create homozygous mutant DNMT1 cells by gene targeting (21). The mutant cells
were viable and showed no deviation from normal growth rate or morphology, but South-
ern blot analysis revealed that DNA methylation was reduced to about one-third that of
normal cells (21). The introduction of the Dnmt1 mutation into a mouse germ-line how-
ever resulted in a recessive lethal phenotype. Homozygous embryos were stunted,
showed delayed development, and did not survive past mid-gestation (21). These expe-
riments suggest that although there is only a reduced amount of DNA methylation in
DNMT ) ES cell lines, the role of DNMT1 in organisms is essential for development
and embryonic viability.

Two other DNMTs; DNMT3A and DNMT3B, are also important in the
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methyltion of DNA within an organism. Similar to the transgenic Dnmt1 experiments in
mice, the targeted disruption of one or both of Dnmt3a and Dnmt3b results in embryonic
lethality (19). In addition, germ-line mutations of DNMT3B have been associated with
the Immunodeficiency, Centromeric Instability, and Facial Abnormalities (ICF) syn-
drome (22). Patients suffering from ICF exhibit mild facial anomalies, variable reduc-
tions in serum immunoglobulin levels, as well as chromosomal abnormalities in lympho-
cytes (22). The loss of methylation at specific centromeric regions and profound chro-
mosomal structural changes that results from ICF indicates that DNMT3A and DNMT3B
are critical for normal cellular function.

9. Correlation between DNA and Repressive Histone Methylation:

It is widely accepted that both DNA methylation and histone modifications have
important contributing factors in the regulation of transcriptional control (7, 16). It is be-
lieved that the methylation of CpG islands within promoter regions of DNA is probably
functionally equivalent and a specialized regulatory addition that exploits repressive his-
tone methylation and/or deacetylation specifically in mammals. As outlined above, these
PTMs usually contribute to the condensation of chromatin and repression of transcription.
It has been reported that the methylation sites on the DNA attracts HMTSs that cause these
PTMs via associated methyl-DNA binding proteins (MBPs) (8, 11). One of the latest re-
ported epigenetic mechanisms linked to non-methylated CpG islands is that they are fre-
quently enriched for histone PTMs linked to active transcription such as H3K4 di- and
trimethylation (23). Researchers analyzed the genome-wide distribution of a protein in
question, namely CXXC finger protein 1 (Cfpl), using high-throughput DNA sequencing

of immunoprecipitated DNA (ChIP). The Cfpl protein, part of the Setl H3K4
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methyltransferase complex, showed association to 81% of non-methylated CpG islands
(23). Additionally, ChIP sequencing with antibodies recognizing methylated H3K4
showed that 93% of Cfpl-bound CpG islands possessed the specific PTM (23). The in-
troduction of shRNA directed against Cfp1 reduced levels of the protein in mouse brain
cells, which correlated with a near complete loss of H3K4 methylation across the ge-
nome. These studies suggest the HMT Cfpl is recruited to non-methylated DNA CpG
sites. Subsequently, the methylation of H3K4 is promoted, leading to transcriptional ac-
tivation. As this and other experiments suggest, there is no single modification linked to
a specific cellular response, but rather combinations of various modifications. As another
example, both DNA methylation and histone modifications play integral roles in the de-
velopment of organisms, described next.

B. Developmental programming:

In early development, genome-wide changes in methylation patterns allow organ-
isms to maintain specific transcriptional states necessary for pluripotency (24). This pat-
tern is established by demethylation of DNA and methylation of specific histone sites that
repress transcription of many developmental genes (24). As the organism progresses
through successive stages of development, histone modifications and DNA methylation
become more differentiation-specific. The patterns of methylation are established based
on the distinct cell lineages that occur in the various areas within the organism. An out-
line of epigenetic patterns of DNA methylation and important histone modifications dur-
ing early development is presented in Figure 9.

During embryonic development, the patterns of global histone modifications

change drastically (Figure 9). The genome-wide removal of DNA methylation in very
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Figure 9: Epigenetic gene regulation during mammalian development. Key developmental
events are shown together with global epigenetic modifications and gene-expression patterns. Darker sections within
each bar represent higher frequencies of expression. See text for details. Taken from Reik (2007).

early development occurs upon fertilization. As the zygote passes through the morula
stage and into a blastocyst, DNA methylation patterns are re-established by DNMT1 (24).
The increase in H3K27 methylation during this same developmental stage helps tempora-
rily regulate transcription repression while DNA methylation patterns are being re-
established (24). This specific combination of methylation patterns allows expression of
pluripotency-associated genes to preprogram embryonic stem (ES) cells preceding devel-
opment into the embryo. In early phases of development, H3K4 methylation increases.
As H3K4 methylation increases, the activity of pluripotency-associated genes goes down,
while a large number of developmental genes are up-regulated. At later stages of devel-

opment, H3K4me3 levels drop, while higher levels of DNA methylation and H3K27me3
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are found. In the beginning there is not much transcription, while boosts of transcription
occur during gastrulation and specification of tissues. Later during development, only
specific subsets of developmental genes are expressed that regulate differentiation. Dif-
ferentiation is also accompanied by chromatin compaction and silencing.

It is imperative that the epigenetic mechanisms described above work together to
perform positive regulation of transcription. Of course, there are instances that result in
altered epigenetic modifications. These irregular changes are frequently associated with
the misregulated methylation of both DNA and histone sites. These changes have the
potential to give rise to very detrimental cellular states, and can have very negative phy-
siological effects. As we will see later, irregular epigenetic modifications contribute to
diseases such as cancer, as well as various neurological disorders.

C. Implications for disease:

The development of genetic diseases has historically been credited to inherited
mutations in the germ line or direct changes in DNA sequences in the cells of an individ-
ual during its life. These mutations affect the expression of particular genetic informa-
tion, and the ultimate effects are responsible for diseases including cancer, as well as neu-
rological disorders such as schizophrenia. The study of epigenetics has shown that the
aberrant methylation of DNA and modifications on histones can mimic the effects of
DNA mutations. But how is the dysregulation of the epigenome carried out?

1. Environmental exposure:

As described previously, the agricultural fungicide vinclozolin is just one example
that has provided evidence that various environmental factors induce altered epigenetic

marks, making these individuals susceptible to future disease. In many of these
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instances, epigenetic changes are inherited mitotically in reproductive cells, thus present-
ing a model by which environmental effects on the epigenome can induce long-term ef-
fects on gene expression (16). Numerous animal studies indicate that both prenatal and
early postnatal environmental factors, such as the example using vinclozolin, result in
altered epigenetic programming and consequent

risk of disease.

2. Role of miRNA:

Small, non-coding RNA sequences called microRNAs (miRNAs) have been ex-
tensively studied, and have been found to effectively induce posttranscriptional silencing
of target genes (11). Most miRNAs have the ability to do this by sequence-specific base
pairing with 3’ untranslated regions of target messenger (MRNA), resulting in the degra-
dation of the target mRNA or inhibition of translation (25). miRNAs function to influ-
ence several biological processes including cellular differentiation, apoptosis, and cell
proliferation. Through recent studies involving miRNA molecules, they appear to control
epigenetic regulatory mechanisms by targeting such enzymes as DNMT3A and
DNMT3B, responsible for DNA methylation, as well as EZH2, responsible for histone
methylation (26, 27). miRNAs are not the sole effectors of epigenetic regulation, being
themselves targets of regulation by epigenetic mechanisms (28).

3. Aging:

As stated above, there are specific enzymes responsible for the methylation of
DNA and histones at various stages within the life of cells. Unlike the highly proficient
capabilities of enzymes like DNA polymerase to check and correct errors during DNA

replication, methyltransferases lack the components to provide such efficient correction
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methods. This has been proposed to lead to random epigenetic “drift”, and is consistent
with the observation that an increase in an individual’s age has a direct and linear

relationship to the increase in aberrant DNA methylation within the organism (29).

Figure 10: Methylation-specific polymerase chain reaction (MSP). Once bisulfite treatment mod-
ifies all unmethylated cytosine residues into uracil, primer pairs are designed to be “methylated-specific,” including se-
quences complementary to unconverted 5-methylcytosines. Quantification of methylation is determined by the ability of
the specific primer to achieve amplification. Taken from AbsoluteAstronomy.com (2010).
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An example of this correlation between epigenetic methylation and aging has
been seen in studies of estrogen receptors in vascular tissue, based on the finding that the
epigenetic DNA methylation of promoter sequences increases with age (30). In the

study, coronary atherosclerotic tissues showed significantly higher methylation levels
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within the estrogen receptor  (ERf) promoter sequence than normal arterial tissues.
Additionally, human aortic endothelial and smooth muscle cell lines of varying age were
cultured in vitro. DNA methylation can be quantified by a procedure called methylation-
specific polymerase chain reaction (MSP). This is a novel PCR method, in which bisul-
fite treated DNA chemically modifies all unmethylated C residues into uracil, as shown
in the diagram in Figure 10. Primers designed to distinguish between modified and un-
modified DNA were used to initiate the normal PCR process, giving a quantitative meas-
ure of the amount of methylation within a specific sequence. This second step is shown
in the bottom portion of Figure 10 (30). MSP analysis showed that the older cell lines
showed higher levels of ERfS promoter methylation (30). Furthermore, when the cell
lines were treated with 5-aza-2’-deoxycytidine (DAC), a known DNA demethylating
agent, the demethylation resulted in increased ER expression. The cell lines were also
treated with the deacetylase inhibitor trichostatin A (TSA), and the increased expression
of ERp receptors was further enhanced (30). These results illustrate the unique reversible
capability of deleterious epigenetic methylation, a key therapeutic factor that will be dis-
cussed in detail later.

Studies of monozygotic twins have also showed evidence that epigenetic methyla-
tion is relative to the aging process of an organism. These “identical” twins have exactly
the same DNA at birth, but as they grow, they experience a substantial rate of discor-
dance. The different types of disease within twins have ranged from diabetes and autism
in young to heart disease and cancer in old (29). In one study of monozygotic twin girls,
one had developed a duplicated section of spinal vertebrae in the posterior portion of her

body. This duplication is similar to a known mutation in mice at the axin inhibitor (axin)
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locus (31). Axin encodes an inhibitor of the Wnt-signaling pathway, and the mutant dy-
sregulates embryonic axis formation in mice by the formation of bifurcated tails. Coding
sequences for the human gene, AXIN1, in each twin revealed no mutation (31). Conse-
quently, researchers examined methylation near the promoter sequence of the gene. In
the twin with the spine defect, significantly higher levels of methylation were present in
the promoter region. Through in vitro experiments, the promoter of the AXIN1 gene was
demonstrated to contain a CpG island that, through methylation, inhibits its activity (31).
There is rarely one singular molecular cause of disease development, but instead
several biological factors must usually do wrong to induce such a state. These essential
factors include aberrant DNA methylation and histone modifications. Recent research
has begun to explain how epigenetic methylation has contributed to the detrimental cellu-
lar fates, particularly in the development of cancer (11). Additionally, the correlation of
increased DNA methylation with the development of neurological disorders has become
increasingly apparent (32). It is essential, as we will see, to understand the mechanistic
actions that induce such states in order to develop treatment methods. In the following, I
will give a few detailed examples for the experimental confirmation of DNA and histone
methylation defects in cancer and neurodegenerative diseases. | also will discuss the in-

terpretation of the observed defects in relation to the disease.
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I1. Examples of Epigenetic Contribution to Human Diseases:

A. Cancer:

1. Tumorigenesis:

In 1971, Alfred Knudson proposed a theory that is referred to as the “two-hit
model,” which predicts that both alleles of a gene must be inactivated in order to induce a
phenotypic consequence of cancer-related genes (11). The genetic mutation within a
promoter region or first exon of a particular gene on one allele would constitute the first
hit. Knudson suggested that this includes the mutation or deletion of coding regions
within essential cancer regulators, tumor suppressor genes and proto-oncogenes. Al-
though the mutation of one allele of a gene usually maintains a stable state of expression,
it is now recognized that the second hit in the model can occur from methylation on an
essential coding or regulatory region of the remaining allele (19). These epigenetic
changes can work in conjunction with the original genetic mutations that, in combination,
initiate tumorigenesis (11).

Recent studies have shown evidence of the important link between epigenetic me-
thylation and cancer formation in an organism. For example, there are instances where
epigenetic aberrations precede DNA mutation, generating the initial mechanism (or first
hit, according to Knudson) in the initiation of cancer (19). Specific examples, as de-
scribed below and listed in Table 1, provide support that in these cases, epigenetic DNA
and histone methylations correlate with mutations that are linked to a cancerous outcome
(19). In the following, I will give a few examples of epigenetic aberrations linked to he-
reditary diseases or cancers and discuss their molecular etiology.

a) O°-methylguanine-DNA methyltransferase:



26

K-ras, a key player in early signal transduction pathways, encodes a proto-
oncoprotein essential for normal tissue signaling. The most common K-ras mutation is
based on G to A transitions in multiple codons within its coding sequence. This is an on-
cogenic mutation found in about half of colorectal carcinomas (33). In animal models,
the G to A transition is induced by the chemical carcinogen, N-methyl-N-nitrosourea (N-
MNU), which creates the modified nucleotide O°-methylguanine. Read as adenine by
DNA polymerase, this modified base causes the G to A transitions. It is important to note
that there is not a targeted mutation in K-ras here, but rather mutations occurring all over
the genome, including the target. The particular result is a random outcome from expo-
sure to the drug in the animal model.

In normal cells, a DNA repair protein, O°-methylguanine-DNA methyltransferase
(MGMT), is responsible for correcting modified bases such as O°-methylguanine. In vivo
the hypermethylation of the promoter sequence of the MGMT gene, though, decreases
expression of the repair protein, resulting in uncontrolled K-ras mutations. In a particular
study, a series of 244 colorectal lesions and 179 carcinomas were analyzed, and approx-
imately 71% showed hypermethylation of MGMT in relation to K-ras mutations (33).
The amount of methylation was measured using MSP (Figure 10).

In addition, reverse transcription (RT)-PCR revealed that in 19 colorectal adeno-
mas in which MGMT methylation occurs, little or no detectable MGMT mRNA was
found. In 10 other colorectal adenomas with no CpG methylation defects in the MGMT
regulatory regions, researchers detected normal levels of MGMT mRNA. This suggests
that the aberrant CpG methylation of the MGMT gene decreases mMRNA expression,

which is likely to be causal for subsequent K-ras mutations and the formation of
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colorectal carcinomas.

The experiments conducted here were very straight forward, and the reported re-
sults were qualitatively represented. The group provided good evidence supporting that
the specific epigenetic aberrations in MGMT regulatory regions reduces its expression
and ability to control subsequent mutations on the K-ras gene, which codes for the impor-
tant proto-oncogene and tissue signaling protein K-ras.

b) Cyclin-Dependent Kinase Inhibitor 2A/B:

The dysregulation of cell cycle control is a problem observed in many neoplasms.
Two regulatory genes, CDKN2A and CDKNZ2B, which encode proteins p16 and p15, re-
spectively, function in the inhibition of the phosphorylation of a key cell cycle regulator
and proto-oncogene, retinoblastoma (Rb). Rb controls the activity of the activator E2
transcription factor (E2F) protein by binding to it and both blocking activation and re-
cruiting a deacetylase enzyme that represses its target genes. Phosphorylation of Rb
causes release of this protein from E2F, and thus activation of E2F target genes (34). The
deletion or specific point mutations of these genes results in uncontrolled cell cycle pro-
gression (34), and is present in various forms of hematological malignancies. Based on
the results of several studies, however, it has become apparent that the formation of these
malignancies is more frequently due to hypermethylation of their promoter sequences
(35). Using Southern blot hybridization with probes for the 1% exon of either p15 or p16,
researchers were able to analyze both CpG island methylation and deletion of promoter
sequences. In any of 87 cases of acute myeloid leukemia (AML), the group observed no
homozygous deletions of either p15 or p16 genes (35). However, it was found that

hypermethylation of p15 occurred in 88% of adults and 67% of children with AML.
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Only one patient showed hypermethylation of both p15 and p16.

The group next examined inactivation of p15 and p16 in another type of hemato-
logical malignancy, namely non-Hodgkin’s lymphoma (NHL). In 25 cases, p15 was in-
activated by homozygous deletion in a single sample, while hypermethylation of p16 was
observed in 12 samples (35). An interesting observation made by this group was that in
low-grade NHL cases, hypermethylation of p16 occurred 9% of the time, while in high-
grade NHL cases, hypermethylation of this gene occurred 83% of the time (35). This
suggests that hypermethylation of important cell regulating genes may be a key trigger in
the progression of hematological malignancies.

The analyses of p15 and p16 hypermethylation in this paper were performed on
cell lines of various hematological malignancies. Although all of the results indicated
significant hypermethylation in the promoter sequences of p15 or p16 genes, some expe-
riments lacked convincing qualitative results due to the size of samples analyzed. Per-
haps the researchers could have analyzed a greater number of samples, which may have
strengthened their conclusions. Another method of testing the physiological effects of
hypermethylated CpG islands of particular genes is the introduction of a known demethy-
lating agent, 5-aza-2’-deoxycytidine (DAC).

c) Ras Association Domain Family 1 Isoform A:

The allelic loss of human chromosome 3p21.3 is correlated with the formation of
many types of cancer, including lung and breast cancers (36). This particular chromo-
somal region has thus become a popular target for the search for new tumor suppressor
genes. In such studies, the Ras association domain family 1 isoform A (RASSF1A) was

found in this region. Indeed, it was found to be located here upon genomic sequencing
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(36). The gene encodes a protein with a currently unknown function. Evidence points to

its potential as a Ras-signaling protein, possibly functioning in DNA damage response.

RASSF1A is expressed in normal lung and breast epithelial cultures. Using RT-PCR,

researchers showed highly reduced expression of RASSF1A in both lung and breast can

cer cell lines (36). By sequencing sodium bisulfite-modified DNA from eight lung can-

Table 1. Genes subject to promoter sequence hypermethylation

Form of cancer

Gene Function Sequence affected induced
MGMT .
6 : DNA repair of , -
(O°-Methylguanine adducts CpG islands within colorectal carcinoma
DNA (Oe-meth Iguanine) promoter sequence
methyltransferase) Yi9

CDKN2A (Cyclin-
dependent kinase
inhibitor 2A)

pl6/pl4 expression

CpG islands within
promoter sequence

non-Hodgkin's
lymphoma, Burkitt's
lymphoma

CDKNZ2B (Cyclin-
dependent kinase
inhibitor 2B)

pl5 expression

CpG islands within
promoter sequence

acute myelogenous
leukemia, acute
lymphocytic leukemia,
Burkitt's lymphoma

RASSF1A (Ras as-
sociation domain
family 1 isoform A)

unknown (possible
roles in DNA

damage, cell cycle

arrest, apoptosis)

CpG islands within
promoter sequence

lung cancer,
breast cancer

hMLH1 (human
mutL homologue 1)

DNA mismatch repair

CpG islands within
promoter sequence

colorectal cancer,
endometrial cancer

cer cell lines, MSP analysis (Figure 10) showed methylation of nearly every CpG dinuc-
leotide within the promoter region. In addition, genomic DNA removed from a large
number of primary non-small cell lung carcinomas, resected primary breast cancers, or 22
breast cancer cell lines showed abnormally high levels of CpG methylation in the promo-
ter region of RASSF1A (36). In contrast, no methylation of the gene was found in 104
nonmalignant lung tissue samples (36). These studies showed that the hypermethylation
of the RASSF1A promoter sequence correlated to breast and lung cancers. In these stu-

dies, the hypermethylation of CpG islands in the otherwise normal RASSF1A locus
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caused phenotypes similar to those observed in patients with chromosomal deficiencies.
This underscores the importance of proper DNA methylation levels and patterns in nor-
mal cellular behavior.

d) Human mutL Homologue 1:

DNA mismatch repair is an important cellular checking system that helps prevent
deleterious genetic mutations and subsequent disease states within an organism. There
are at least five genes required for DNA mismatch repair (37). The mutation of genes
within the repair system, specifically human mutL homologue 1 (hMLH1), gives rise to
hereditary nonpolyposis colorectal cancer (HNPCC) syndrome, which exhibits high risk
to develop colon cancer in the affected individuals. Studies on the hMLHL1 locus have
identified regulatory regions that were particularly sensitive to aberrant DNA methyla-
tion. Sequence analysis showed that the promoter region of hMLHL1 is high in CpG di-
nucleotides (37), similar to all previously discussed genes. To detect possible mutations
in the sequence, the entire gene was sequenced from genomic DNA of two tumor cell
lines (37), the colon tumor cell line SW48 and the endometrial tumor cell line AN3CA.
Both cell lines showed abnormally low levels of h(MLH1 expression. There were no mu-
tations present within any regions of the hMLH1 gene. The authors next tested for
changes in DNA methylation as a likely factor in the reduced expression of h(MLH1 in
cell lines.

A combination of restriction analysis with DNA methylation sensitive endonuc-
leases and PCR assays was used to examine the promoter region of hMLH1 in SW48 and
ANB3CA cell lines, along with four control cell lines (37). Researchers observed that

hMLH1 promoter DNA extracted from the two cancer cell lines was resistant to digestion
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using the methyl-DNA sensitive restriction endonuclease, Hpall, but were sensitive to
digestion by the restriction endonuclease Mspl. The second endonuclease used, Mspl,
was not DNA methylation sensitive. In all cases, the promoter region of control cell lines
was sensitive to digestion by Hpall and Mspl (37). The results of the PCR assay suggest
that the lack of digestion in tumor cell lines is due to DNA methylation on important
promoter sequences, which may also explain the lack of protein expression of hMLH1.
These findings present an alternative to the previously held idea that all DNA mismatch
repair inactivation was influenced by inherited DNA mutations.

2. Sporadic forms of cancer:

Evidence for the genetic predisposition to certain cancers exists, specifically be-
cause germ-line mutations of the DNA of an individual are inherited by future genera-
tions. These genetic predispositions to cancers are referred to as familial forms of cancer.
There are instances in which non-familial cases of these cancers result, and the underly-
ing cause has been suggested to involve epigenetic silencing. The genes predicted to play
roles in sporadic cancer formations are described below and outlined in Table 2.

a) von Hippel-Lindau:

The von Hippel-Lindau (VHL) gene encodes the tumor suppressor pVHL protein.
The protein blocks the metabolic pathway leading to vascularization, and its inactivation
is considered to be a major contributing factor to renal cell carcinoma (RCC) (38). The
pVHL protein acts as a substrate recognition component of an E3 ubiquitin ligase com-
plex. Under normal oxygen conditions, a family of transcription factors called hypoxia
inducible factor (HIF)-a subunits are hydroxylated, recruited by pVHL to the E3 complex

for ubiquitylation, and subsequently degraded (38). Under low oxygen conditions or by
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the inactivation of the VHL gene, the HIF-a subunits are stabilized. This induces the
transcription of several hypoxia responsive genes, such as vascular endothelial growth
factor, glucose transporter 1, and prolyl hydroxlase family member EgIn3 (38). These
genes induce the highly vascular phenotype of RCC.

The non-familial nature of RCC in patients led researchers to look for the specific
cause(s). Examination of the first exon of the VHL gene was conducted using Southern
blot analysis with restriction enzymes sensitive to methylation. The results revealed spe-
cifically high methylation on CpG sites within the promoter region (39). To determine if
methylation occurred prior to cell line culture and metastasis, investigation of DNA was
performed on cell lines from early stages of cancerous tissue samples including primary
tumor and metastatic lymph node cells from six patients (39). The same intensity of
DNA methylation was seen throughout the various cell lines, and similar hypermethyla-
tion was also found between the primary tumor and metastasized lymph node from indi-
vidual patients. These results indicated that the methylation precedes both culture and
metastasis of RCC, making it a likely early event during tumorigenesis rather than a sec-
ondary event.

RNase protection analysis uses a probe to detect RNA expression levels within
cells. In this study it showed that all cells with heavily methylated VHL promoters did
not express pVHL, while normal kidney cells and unmethylated but mutated cancerous
VHL cell lines showed significant expression of VHL mRNA (39). The difference sug-
gested that in contrast to the generation of a nonfunctional protein generated from a mu-
tated gene, aberrant methylation of promoter regions prevented VHL transcription alto-

gether.



33

b) Breast Cancer 1, Early Onset:

When molecular geneticists discovered that there were no mutations identified in
many of the sporadic cases of Breast Cancer 1, Early Onset (BRCAL), they were per-
plexed. Germ-line mutations in the BRCAL gene are responsible for about 50% of fa-
milial breast cancer cases (40). The gene encodes a protein that acts in DNA repair
through association with the RAD51 and BARD1 proteins. The dysregulation of other
repair mechanisms that gave rise to cancers, specifically hMLH1 and p16 (discussed
above) led to studies showing aberrant epigenetic silencing of the aforementioned genes
in tumors. This led researchers to conduct similar experiments on expression of the
BRCAL1 gene (40).

MSP analysis revealed that the BRCAL promoter was not methylated in normal
lymphocytes, breast, ovary, lung, colon, and liver. In comparison, examination of a se-
ries of breast cancer xenografts in immunodeficient mice revealed complete methylation
of the BRCAL promoter, specifically at multiple CpG sites (40). RT-PCR showed that
BRCAL transcripts were not detectable in methylated xenografts. In the same study, me-
thylated promoter regions were detected within primary breast carcinomas. These methy-
lated regions occurred in concert with mutations of the BRCA1 sequence (40). These
findings support the idea of synergistic effects contributing to an enhanced deleterious
state, because methylation was observed more commonly in tumors of 2 cm or greater.
The presence of epigenetic methylation defects was also observed in several primary ova-
rian carcinomas (40). Results indicated that in about one-third of sporadic cases of ova-
rian cancer, BRCA1 promoters are hypermethylated (40).

c) Liver Kinase B1:



34

Liver kinase B1 (LKB1), also known as STK11, is a gene that when mutated, re-
sults in Peutz-Jeghers syndrome (PJS). PJS is characterized by mucocutaneous pigmen-
tation and the predisposition to tumorigenesis in the gastrointestinal tract, breast, testis,
ovary, and cervix (40, 41). The broad range of defects in various tissues occurs because
the LKB1 gene codes for a widely expressed serine/threonine kinase with function in
many tissues. As a monomer, LKB1 localizes to the nucleus, but binding to its interac-
tion partners STRAD and MO25 cause it to be exported into the cytoplasm and function
as a fully active kinase complex (41). There are several phosphorylation targets of LKB1
with distinct roles. AMP-activated protein kinases (AMPKSs) are critical for the regula-
tion of cellular metabolic pathways during starvation, hypoxia, and ischemia. Also,
AMPK-related microtubule affinity regulating kinases (MARKS) are LKB1 substrates
that control cell polarity through specific effects on tubulin dynamics. Although most
cases of PJS are due to inherited mutations of LKB1, there are many sporadic

cases, which historically were attributed to somatic mutations (40).

Table 2. Genes involved in sporadic forms of cancer

Type of cancer
Gene Function Sequence affected induced
VHL (von Hippel- p&t&f::ﬁ:?%?jg?ﬂgﬁ]n CpG islands within RCC (renal cell carci-
Lindau) pligase complexq promoter sequence noma)
EaRncf:grll(b(re(;?IS t suen(;gg:osrtug':)erin CpG islands within breast cancer 1, early
onsét) y przpair prcl?tein ’ promoter sequence | onset, ovarian cancer
LKB1/STK11 PJS (Peutz-Jeghers
(liver kinase LKB1 protein kinase has . - syndrome), predispo-
B1/serine- role in cell growth, metabol- CpG islands within sition to gastrointes-
threonine Kinase ism. cell oI:arit promoter sequence | tinal tract, breast, tes-
11) ' P y tis, ovary, and cervix
cancers
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An alternative mechanism for the inactivation of LKB1 is by promoter hyperme-
thylation, an event that generally occurs more frequently than somatic mutations. In a
series of experiments, researchers used MSP to screen the DNA methylation patterns of
51 cancer cell lines (40). Only four displayed aberrant methylation within the LKB1
promoter region, and these same cell lines did not have any detectable levels of LKB1
protein. Exposure to 5-aza-2’-deoxycytidine (DAC) restored LKB1 expression, indicat-
ing that the promoter methylation was directly responsible for the loss of protein expres-
sion (40). Next, sporadic tumors with the histological subtypes typical of PJS were stu-
died, and LKB1 methylation was present in five of 11 papillary breast carcinomas (40).
These observations indicate that promoter hypermethylation, a frequent event in sporadic
cases of cancer formation, is a likely alternative pathway that acts as Knudson’s second
hit to directly cause the initiation of tumorigenesis.

3. HMTs and Cancer Aggressiveness:

The Polycomb group transcriptional repressor and HMT, EZH2, has been specifi-
cally found to be upregulated in metastatic prostate cancer, the second leading cause of
cancer-related deaths in adult males (42). An initial experiment using a statistical tech-
nique called significance analysis of microarrays (SAM) helped researchers compose a
list of both upregulated and downregulated genes in metastatic prostate cancer, and the
most upregulated gene was EZH2. Through a DNA microarray analysis, comparisons of
EZH2 expression in metastatic, localized, and benign prostate cancers, and a significant
increase in expression was observed in metastatic prostate tissue specimens (42). Next,
the evaluation of EZH2 expression in a range of over 400 different prostate tissues re-

vealed that the intensity of expression increased as prostate neoplasia progresses. To
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disrupt the role of EZH2 in progression of prostate cancer, RNA interference (RNAI) was
used by the creation of several SIRNA molecules targeted to the EZH2 mRNA transcript
(42). The induction of these oligonucleotides into a metastatic prostate cancer cell line
caused significant downregulation of EZH2 expression after 48h, as well as a marked in-
hibition of cell growth of the prostate cancer cell line (42). These and additional experi-
ments identified high levels of EZH2 as a molecular marker of prostate cancer progres-
sion and metastasis. This repressive enzyme has additionally been connected to breast
cancer aggressiveness, as well as development of bladder tumors (14).

The deregulation of expression of the MMSET gene, also known as Nuclear Re-
ceptor-binding SET Domain 2 (NSD2), is associated with the Wolf-Hirschhorn syndrome,
a disease characterized by a malformed facial appearance, delayed growth and develop-
ment, and intellectual disabilities (43). This gene contains a SET domain that is found in
many histone methyltransferases and determines their enzymatic activity. It has become
understood that mechanistically, NSD2 has a transcriptional repressor activity, with in-
creased H4K20 methylation and loss of histone acetylation (43). NSD2 is associated with
the aggressiveness of tumors in various forms of cancer. NSD2 expression was examined
in 40 different tumor types, including four hematological malignancies and 36 solid tu-
mors, by analysis of publicly available gene expression data (43). Overexpression was
observed in all four blood cancer types, as well as in 12 of 36 solid tumors of various
cancer types. Additionally, NSD2 has been shown to be highly overexpressed in ad-
vanced stages of several carcinomas as compared to earlier stages. The idea of epigenetic
mechanisms having association with the formation and growth of cancer has found much

experimental support, as shown by the previous examples. These studies paved the way
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for investigations of the possible roles of epigenetic defects in other diseases. Mounting
evidence supports that the dysregulation of epigenetic histone and DNA methylation is

linked to the development of various neurological disorders such as schizophrenia, Alz-
heimer’s disease, and Rett syndrome. | will summarize and discuss these findings in the

following.
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B. Neurological diseases:

1. Schizophrenia:

Schizophrenia is a severe, chronic, and generally disabling disease that affects 1%
of the world’s population. It is technically a form of psychosis, a type of illness causing
severe mental disturbances that disrupt normal thought, speech, and behavior. As de-
scribed earlier, the sequence analysis of genomic DNA from monozygotic twins discor-
dant for diseases was one of the earlier findings that suggested epigenetic methylation
changes was linked to disease-specific gene expression changes. Twins discordant for
schizophrenia have shown differences in DNA methylation patterns of certain genes,
providing a possible epigenetic mechanism for the psychosis phenotype (32).

Studies of schizophrenia and bipolar disorder have revealed alterations in the ex-
pression of particular genes, which most likely contribute to the general symptoms of the
disorders. Both glutamic acid decarboxylase (GAD67) and reelin mRNA are reduced in
GABAergic interneurons of patients with schizophrenia, compared to normal interneu-
rons (32). Reelin, secreted from the interneurons, surrounds dendritic spines and axon
segments of pyramidal neurons and acts as an extracellular matrix protein to promote
dendritic protein synthesis (44). The GADG67 gene encodes an enzyme that catalyzes the
decarboxylation of glutamate to y-aminobutyric acid (GABA). GABA is secreted from
GABAergic neurons to provide an inhibitory input to pyramidal neuron dendrites, soma-
ta, or axon segments (44, 45). The phenotype of interneurons of schizophrenic patients
includes a reduction of the amount of dendritic spines and associated neurophil hypoplas-
ticity. This phenotypic change likely leads to altered synaptic activity that is responsible

for the typical cognitive dysfunction and thought disorders in schizophrenic patients (45).
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In a study proposing a possible role of Dnmt1 in the downregulation of reelin and
GADG67 expression in SZ patients, mouse cortex cultures were maintained in vitro. Im-
munohistochemical stainings showed that Reelin and GADG67 are coexpressed with
Dnmt1 in the same neurons (32). Researchers then treated primary neuronal cells with
methionine, an agent that has been shown to cause an increase in methylation of CpG isl-
ands within the promoter region of the reelin gene. RT-PCR showed the significant de-
crease in expression of the Reelin and GADG7 proteins. There was also a very slight de-
crease in Dnmtl expression, but the level was assumed as not significant (32). To ex-
amine whether hypermethylation caused the decrease of protein levels, neuronal cells
were again treated with methionine for different time periods. After bisulfite treatment,
MSP was used to detect methylated sites. The results indicated that after 36h of treat-
ment, methionine induced considerable methylation on CpG sites within the reelin pro-
moter (32). This hypermethylation was in direct correlation with the decrease in Reelin
levels, as the most significant decrease of Reelin expression occurred after 36h of me-
thionine exposure. Antisense oligonucleotides for Dnmt1 were transfected into the cortex
cells, and analyses showed a decrease in Dnmt1 transcript and protein levels (32). This
led to an immediate increase of reelin MRNA levels. Researchers next tested if antisense
oligo Dnmt1 treatment would also affect methionine-induced downregulation of Reelin.
In fact, the combined treatment, analyzed after 72h, showed that the methionine-induced
downregulation of Reelin and GADG67 was blocked by Dnmt1 downregulation (32). This
was probably due to the fact that methionine relies on the enzymatic function of Dnmtl
which introduces the methyl groups to promoters of its target genes.

More recent studies have revealed that an increased expression of localized
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DNMT1 in GABAergic interneurons of adult human brains causes hypermethylation of
Reelin and GAD67 promoter regions, resulting in the downregulation of these genes (45).
These increased levels of DNMT1 were analyzed by RT-PCR allowing a precise quanti-
fication of DNMT1 expression levels, and Laser Assisted Microdissection (LAM), a me-
thod used to determine the specific GABAergic interneuron subtypes involved (45). It
was found that the increased levels of DNMT1 within specific layers of the prefrontal
cortex (PFC) of schizophrenic patients were directly related to decreases in both reelin
and GADG67 protein levels. Additionally, other genes expressed in the GABAergic inter-
neurons, such as GADG65, showed normal expression patterns despite the presence of CpG
islands in their promoters. The researchers proposed that the lack of hypermethylation of
this gene is due to differences in the accessibility of the CpG island to DNMT1. They
suggested that histone modifying enzymes or chromatin remodeling proteins are critical
for DNMT1-targeted DNA methylation. This proposed model is discrepant from the
more commonly accepted model that methyl-CpG-binding proteins (MBPs) actually read
the methylated cytosine residues first, which then leads to chromatin-mediated silencing
by associated HDACs. Therefore, while it is quite likely that other chromatin-linked me-
chanisms contribute to the regulation of CpG methylation, the proposed model requires
further experimental confirmation.

2. Alzheimer’s Disease:

As discussed earlier, the incidence of cardiovascular disease has been shown to
correlate with a person’s age, with a convincing argument for aberrant epigenetic DNA
methylation as an underlying mechanistic cause. A similar relationship between a per-

son’s age and development of Alzheimer’s disease (AD) has been reported, suggesting
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that epigenetic mechanisms might also play some role in the development of the disease.
AD is the most common form of dementia that affects over 6% of individuals 65 or older
(46). Studies of AD until recently have revealed little about the pathophysiology of the
disease. This is most likely because clinical investigations are usually conducted on pa-
tients in advanced stages of the disease. Through the investigation of human postmortem
brain samples, peripheral leukocytes, cell culture studies, and transgenic animal models,
researchers have begun to examine the likely roles that epigenetic histone modifications
and DNA methylation have in the development of AD.

The common neuropathological properties of the affected brain regions in AD are
the loss of neurons and synapses, neuritic plaques, and neurofibrillary tangles composed
of tau protein and Amyloid Precursor Protein (APP) (46). The Microtubule-associated
Protein Tau (MAPT) gene encodes various tau protein isoforms. Tau proteins help stabil-
ize microtubules and promote tubulin assembly. The hyperphosphorylation of tau protein
results in neurofibrillary tangles when MAPT gene expression becomes altered. The APP
gene can encode several proteins, which are regulated by specific secretases that cleave
the precursor at various sites. The proteolytic cleavage of APP into AB42 is abnormally
high in Alzheimer’s patients, and this increase is associated with the formation of extra-
cellular plaques within affected neurons (46). The combination of the dysregulation of
APP and MAPT genes leads to impairments in cognitive functions that interfere with dai-
ly life functioning (46). This often leads to what is referred to as early onset Alzheimer’s
disease (EOAD). Aside from these two important regulatory genes, there have been ad-
ditional studies providing evidence that several other genes have possible roles in the eti-

ology of AD (46, 47).
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To investigate the more common form of the disease, namely late onset Alzhei-
mer’s disease (LOAD), researchers performed an analysis on postmortem brains and
lymphocytes of individuals with AD. The investigation was conducted by mass spectro-
metry using bisulfite-modified methylated DNA fragments from the analyzed brain tis-
sues and lymphocytes (47). Initially, genome-wide DNA methylation levels were com-
pared between individuals with AD and control samples, and no significant differences
were found in post-mortem brain tissues or in lymphocytes (47). To see whether the me-
thylation patterns at individual genes or CpG islands of genes that previously were impli-
cated in AD are different, they next compared the methyl-C distribution patterns of AD
patients to the ones of an average that was generated from the methyl-C residues of all
non-disease samples. Significantly more of the AD patient’s genes contained more ab-
normal DNA methylation patterns than control patterns (47).

Of all genes analyzed, the single one that was observed not only to have aberrant
methyl-C distribution, but also a hypermethylated CpG island was the Apolipoprotein E
(APOE)-encoding gene (47). APOE is essential for the normal catabolism of triglyce-
ride-rich lipoprotein constituents. It has been recently found that APOE is considered to
be the main candidate for LOAD (37). In the study of post-mortem brain tissues, DNA
methylation patterns within the CpG island of APOE were close to 100% in all AD indi-
viduals. The impact of DNA methylation on APOE activity is currently unknown, but
increased methylation patterns have been observed in LOAD patients compared to con-
trols (47), indicating that this protein may contribute to disease risk.

Another interesting idea is that as a person ages, epigenetic “drift” (pg. 20) causes

more frequent aberrant modifications among DNA CpG sites. The study that previously
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reported the genome wide DNA methylation analysis on postmortem brain tissue addi-
tionally described a trend towards an increase in DNA methylation of APOE among Alz-
heimer’s patients in comparison to control samples (47). The pattern appeared strongest
within the promoter sequences of APOE and other genes believed to have roles in the eti-
ology of AD. Although these experiments provide interesting observations comparing
methylation patterns between AD and healthy brain tissue, a better understanding of epi-
genetic involvement in AD will most likely emerge from conducting research on earlier
stages of the disease. This will likely reveal possible epigenetic contribution to the de-
velopment of the disease.

3. Rett Syndrome:

Rett syndrome (RTT) is a severe neurological disorder exemplified by such phe-
notypic attributes as cognitive impairment, language dysfunction, motor abnormalities,
and seizures (48). Mutation of the X-linked Methyl-CpG-binding Protein 2 (MECP2)
gene was found in patients affected by RTT. Acting as a methyl-CpG-binding domain
protein (MBP), MeCP2 assists in transcriptional repression by directly binding to methy-
lated sites of DNA, and then brings in histone modifiers such as HDACSs. It is important
to note that as we more commonly understand it, the DNA methylation is upstream of
repressive histone modifications. MeCP2 has been shown to be required for normal neu-
ronal development and function, as well as necessary for normal synaptic activity, learn-
ing, and memory (48).

It has been shown in numerous experiments that chemical agents have the poten-
tial to alter levels of DNA methylation within a cell, and this next experiment adds nar-

cotics to the list of potential effectors. A group of researchers used cocaine treatment in
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male rats to determine the role of MeCP2 in the regulation of the Cyclin-dependent Ki-
nase-like 5 (Cdkl5) gene. Mutation of Cdkl5 has been associated with infantile spasms
and mental retardation, as well as contributing to an “early-onset seizure” variant of RTT
(48). In the experiment, researchers treated animals with cocaine or with saline for a 10
day period. Using RT-PCR, the animals injected with cocaine showed a 23% decrease in
Cdkl5 mRNA expression within the striatum of the brain as compared to the control
group (48). Previous experiments had shown that MeCP2 expression was induced in the
striatum by cocaine treatment (49). Using bisulfite mapping, analysis of striatum genom-
ic DNA from rats treated with saline or cocaine for 10 days revealed a significant differ-
ence in the percentage of methylation. Although 59% of DNA was methylated in saline-
treated rats, 82% of CpG methylation in the Cdkl5 gene was observed in cocaine-treated
animals (48).

The repressive characteristics of MeCP2 rely on initial methylation by DNMTs,
and are carried out in part by the recruitment of associated HDACs. Some genes have
been found to be activated by DNMT inhibitors, while others are activated by HDAC in-
hibitors or by both agents (48). To test the regulation of Cdkl5 by DNA hypermethyla-
tion, 5-aza-2’-deoxycytidine (DAC), a DNMT inhibitor, and TSA, an HDAC inhibitor,
were both administered to rat neuronal cultured cells. Following treatment of DAC, de-
methylation of CpG sites did occur within the Cdkl5 gene, and this was correlated with a
3- to 4-fold induction of Cdkl5 expression (48). Cdkl5 expression was similarly induced
in response to TSA treatment. Based on previous reports that Mecp2 expression was in-
duced in rat brain by the serotonin-elevating agent cocaine (49), researchers evaluated the

expression of Mecp2 and CdkI5 in neuronal cells in response to serotonin. Treatment
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with serotonin added directly to the culture medium induced both an increase in the ex-
pression of Mecp2 and a 2-fold decrease in CdkI5 expression (48).

To test whether Cdkl5 expression could be controlled by overexpression or silenc-
ing of MeCP2, a construct allowing the expression of MeCP2-GFP fusion protein was
introduced into rat neuronal cells. Following induction of the fusion protein expression,
the cells were analyzed after three days for the correlation between MeCP-GFP overex-
pression and CdKkl5 expression levels by cell imaging and RT-PCR (48). Compared to
parental control cells, the transfected neuronal cells exhibited a 2.4-fold increase in ex-
pression of Mecp2. This overexpression was associated with a 3.6-fold repression of
Cdkl5 expression (48). Next, two different Mecp2 siRNAs were transfected into rat neu-
ronal cells in order to silence endogenous Mecp2 expression. A direct repression of
MeCP2 correlated with the upregulation of the Cdkl5 gene (48). These series of experi-
ments strongly suggests that MeCP2 acts as a transcriptional repressor towards Cdkl5,
and provides a specific example of a novel epigenetic mechanism that results in the al-
tered expression of genes, which may be responsible for the contribution to disease.

Even though the study of epigenetics and its involvement in the development of
many diseases is still in its infancy, a very promising field of therapy has been created.
The most intriguing aspect of epigenetics is its reversibility, a factor that has stimulated

the greatest interest in new treatment methods.
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I11. Therapeutics:

When compared to direct genetic mutation, epigenetic alterations have begun to
show a high range of therapeutic potentials for a rapidly increasing catalog of associated
diseases. To date, there are a few methods of epigenetic therapy that are most popular,
including DNMT inhibitors and HDAC inhibitors. The FDA approval of three cancer-
related, epigenetically targeting drugs has also provided hope in a promising future of
epigenetic therapy.

A. DNMT Inhibitors:

Although the inhibition of DNMTs may be expected to decrease the overall DNA
methylation levels and result in the reactivation of many genes, the use of specific chemi-
cal agents has shown to specifically target aberrantly methylated tumorigenic cells. The
demethylating agent 5-azacytidine was first synthesized as a possible chemotherapy
agent, and has since been FDA-approved under the name Vidaza (50). The deoxy deriva-
tive 5-aza-2’-deoxycytidine (DAC), known as Decitabine, has shown to be even more
effective. Both agents work by becoming incorporated into the nucleic acids of cells in
the S-phase of the cell cycle due to their analogous properties to nucleosides. The
DNMTSs become covalently linked to the nucleoside analogues, creating enzyme-DNA
adducts, with a consequent cellular depletion of DNMTs (50).

These demethylating agents have been shown to work by inducing apoptosis or
differentiation on various forms of cancer cells. The experimental use of Decitabine in
many of the studies reviewed in this paper showed significant changes in DNA methyla-
tion patterns, as well as an increase in expression of the genes being repressed in cancer

cells. Decitabine has also been shown to induce differentiation of leukemia cells, as well
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as apoptosis in a Burkitt’s lymphoma cell line by reactivating the pro-apoptotic gene
DAPK1 (50). Azacitidine has been shown to induce apoptosis in Myelodysplastic syn-
drome (MDS) derived cells, and is also currently being studied in the treatment of other
types of cancer.

The use of increased concentrations of these agents can cause toxic side effects.
They are chemically unstable in water when under high concentrations, because the de-
gradation products cause suppression of growth and proliferation of blood cells (19).
Nevertheless, these agents are still effective at low concentrations. Another DNMT inhi-
bitor, Zebularine, is currently in clinical trials and has shown promise in being much less
toxic to normal cells. A recent study using Zebularine has shown to cause demethylation
and reactivation of the p16 gene in human bladder tumor cells grown in nude mice (51).
Nevertheless, Decitabine to date is the most effective DNMT inhibitor, and the combina-
tion treatment with HDAC inhibitors, which are described below, shows even better effi-

cacy. A summary of the discussed DNMT inhibitors is shown in Table 3.

Table 3. Some current DNMT inhibitors of potential clinical

relevance
Chemical
Name FDA Approval? Treatment potential
Azacitidine Yes. as Vidaza approved for MDS; currently in trials for various lym-

phomas

approved for MDS; currently in trials for cervical can-
Decitabine Yes, as Dacogen cer; promising results in lung cancer, leukemia, and
Burkitt's lymphoma

Zebularine No human bladder cancer, Burkitt's lymphoma
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B. HDAC Inhibitors:

The use of drugs for the inhibition of HDACs is a method of reducing epigenetic
histone methylation contributing to various disease states. The basic mechanistic ap-
proach for these inhibitors is to interfere with the catalytic domain of HDACS, blocking
substrate recognition and preventing the deacetylation of nucleosomal histones that usual-
ly are found at expressed genes and in other regions of the genome. In addition to current
clinical trials of various forms of cancer, a wide range of HDAC inhibitors has shown to
reduce in vitro cell growth of multiple myeloma and induce apoptosis in both myeloma

cell lines and primary patient cells (52).

Table 4. Some HDAC inhibitors of potential clinical relevance

Chemical
Name FDA Approval? Treatment potential
Vorinostat Yes, as Zolinza approved for CTCL
Trichostatin A No breast cancer, atherosclerosis
Belinostat No peripheral T-cell ymphoma, CUP, MDS
Romidepsin Yes, as Istodax approved for CTCL; cll|n|cal trials in peripheral T-cell
ymphoma

The first HDAC inhibitor approved for treatment of a hematological malignancy
was Vorinostat, marketed as Zolinza, for the use in treatment of cutaneous T-cell lym-
phoma (CTCL) in 2006 (52). Current clinical trials are under way for the combination of
Vorinostat and other agents in various cancer treatments. Another HDAC inhibitor
shown to have high anticancer effects is Trichostatin A (TSA). However, it is currently

not in clinical trials because of several severe side effects (50). TSA also showed very
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significant results in the study of atherosclerotic cell lines discussed earlier on aging. The
treatment on these cells, in comparison to cancer cells, showed surprisingly little toxicity.

Belinostat, another HDAC inhibitor, is currently in phase 111 clinical trials for
several forms of cancer treatment, including peripheral T-cell lymphoma, cancer of un-
known primary site (CUP), and MDS (in combination with Vidaza) (52). It works by
inhibiting proliferation of cancer cells and inducing apoptosis, similarly to other HDAC
inhibitors. Belinostat has also shown promising results when treating aggressive ovarian
xenograft tumors, in prostate cancer, and in suppression of the growth of bladder cancer
cells in vivo and in vitro (50).

Romidepsin is another form of HDAC inhibitor, and has shown in vivo antitumor
activity in various human tumor xenografts, as well as many human cancer cell lines (50).
In November of 2009, Romidepsin was approved by the FDA for treatment of CTCL, and
is currently in clinical trials for other forms of cancer, including peripheral T-cell lym-
phoma. A compound similar to Romidepsin, known as Aplidin, is currently in stage Il
clinical trials for treatment of solid and hematological malignant neoplasms such as mul-
tiple myeloma, T-cell lymphoma, and myelofibrosis. In addition to the few described
here, there are several other HDAC inhibitors in clinical trials, and the therapeutic field of
epigenetic treatment appears to only be getting more prominent. A summary of the
HDAC inhibitors discussed are available in Table 4.

An area that is likely to see more growth is in the use of DNMT inhibitors in
combinational therapy with HDAC inhibitors, largely because both DNMTs and HDACs
can cooperatively contribute to the reduced DNA and histone methylation that cause si-

lencing of important tumor suppressor genes. Another form of combination treatment is
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the use of these DNMT and HDAC inhibitors with conventional chemotherapeutic treat-
ments. Clinical trials are actually currently under way for combination treatment of many
of the aforementioned chemical agents with chemotherapy.

C. Epigenetic Treatment of Brain Disorders:

The chemical agents discussed above have recently begun to be studied on brain
disorders, in conjunction with the recent discoveries of DNA methylation and association
with such disorders as schizophrenia, Alzheimer’s, and Rett syndrome. A commonly
used HDAC inhibitor, Valproic acid (VPA), is known for its function as an anti-
convulsant mood-stabilizing drug. Its HDAC inhibiting function may have other actions
on brain cells including enhanced brain repair in neurodegenerative disorders by promot-
ing neurotrophin production in astrocytes (53). Similarly, DNMT inhibitors have been
used to determine the effects on brain disorders for possible future treatment options.

As described earlier, the repression of reelin mMRNA expression is a direct result
of promoter sequence hypermethylation that results in the cognitive impairments ob-
served in schizophrenics. A recent study showed that in vitro, the DNMT inhibitor Aza-
citidine reversed reelin promoter hypermethylation and induced a 60-fold increase in
MRNA levels (53). VPA has also been shown in vivo to reverse hypermethylation of
both reelin and GAD67 genes, as well as reverse behavioral changes in reeler™ mouse
models (54). Another very interesting study involved the concept of nicotine self-
medication of schizophrenic patients with a smoking addiction. Researchers showed that
nicotine administration decreases DNMT1 mRNA levels, and increases GADG67 expres-
sion through activation of nicotinic acetylcholine receptors on cortical and hippocampal

GABAergic interneurons (55).
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Alzheimer’s disease is a progressive neurodegenerative disorder resulting in se-
vere dementia, affecting an increasing proportion of aging populations. The mechanism
of the development of AD is described in a previous section. The potential role of DNA
methylation in the etiology of AD is controversial, as there are published studies showing
increased DNA methylation on promoter regions of important genes such as APP in AD,
as well as other studies that identify decreases in DNA methylation.

A study using the HAT inhibitor curcumin has been shown to interfere with the
formation of amyloid plaques in AD disease rat models (53). This agrees with the recent
study revealing that the risk of developing the disease is significantly reduced in a popu-
lation within a rural community in India that consumes large quantities of curcumin (56).
Therefore, the role of environmental factors including diet, maternal care, and exposure
to various agents such as certain heavy metals may contribute to the increased suscepti-
bility of the disease.

IVV. Conclusion:

The development of genetic disorders has historically been attributed to inherited
mutations in the germ line or soma of an individual during its life. These mutations af-
fect the expression of particular genetic information, and these defects are ultimately re-
sponsible for diseases including cancer, as well as neurological disorders such as schi-
zophrenia, Alzheimer’s disease, and Rett syndrome. The study of epigenetics has shown
that the aberrant methylation of DNA and modifications on histones can mimic the ef-
fects of DNA mutations.

The recent support for environmental factors causing epigenetic alterations has

created an interesting idea about how an individual’s behavior can affect their disease
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susceptibility. The idea that some of these alterations in the epigenetic programming of
an individual can be transmitted to the next generation show that the life-style decisions,
but also the treatment of an individual, could affect subsequent generations. This is
something that has not been considered very often in treatment options and requires more
careful research. Therefore, studies of the transgenerational effects of epigenetic thera-
peutics must certainly be considered to effectively and safely expand the therapeutic are-
na of epigenetic treatments in the future without causing adverse effects in future genera-

tions.
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