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Chapter 1
Introduction

Karin B. Michels

This book joins two fields, epidemiology and epigenetics, to take advantage of their
respective strengths in creating the science of epigenetic epidemiology. Epidemiology
is the study of the frequency, distribution, and determinants of health and disease in
humans. As a science fundamental to the study of public health, epidemiology is
concerned with the prevention and effective control of disease. Epidemiology has
early roots with the Greek physician Hippocrates, was essential in resolving classic
infectious disease epidemics such as cholera, and takes center stage in unveiling the
causes of the chronic disease epidemics of our times including cardiovascular dis-
ease, diabetes, and cancer [1].

Epigenetics is the science of non-genetic mitotically heritable variation in the
gene expression potential [2]. Gene expression represents the cell-specific response to
intracellular and extracellular signals; epigenetic mechanisms such as DNA methy-
lation and histone modification govern the ability to respond appropriately to these
signals. While the field of epigenetics has evolved over the past three decades, interest
is now increasing exponentially. Most work has been conducted in plants and animal
models. While intriguing and important observations have emerged, many funda-
mental questions in epigenetic mechanisms in humans remain unanswered, providing
abundant opportunities for discovery in the context of epidemiologic studies.

These two “epi” sciences (epidemiology: upon the people; epigenetics: above
genetics) meet at the intersection of interindividual epigenetic variation and the
distribution of disease [3]. Epigenetic epidemiology is defined as the study of the
associations between epigenetic variation and the risk of disease in humans [2].
Marrying a bench science and a population science creates both challenges and
opportunities. The amalgamation of the two fields creates a new science that supports
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2 K.B. Michels

the study of the role of epigenetic modifications in human disease etiology, the
appreciation of epigenetics as a possible mechanistic link between environmental
exposures and disease outcomes, and the discovery of new disease biomarkers [3].
Since epigenetic states are amenable to changes induced by environmental stressors,
identifying factors that create or correct disease-specific patterns provides new
possibilities for prevention and treatment.

Epidemiology and epigenetics share the elements of time and variability. The risk
of disease among individuals varies with age and is influenced by environmental
factors. The epigenetic code — unlike the genetic code — is modifiable [4] and, while
fairly robust [5] changes with age [6—8] and as a result of environmental influences
[3, 9]. Epigenetic epidemiology relies on associations between those epigenetic
marks with considerable interindividual variability and the incidence of disease.

This book is intended to be a resource for epidemiologists and epigeneticists
alike. It provides insights into the mechanisms and methods in both fields to enable
scientists to learn from each other, collaborate, and conduct superior studies.
Epidemiologists wishing to incorporate an epigenetic component into their epide-
miologic study will find useful tools here such as guidance on the appropriate
epigenetic methods and specifics about strengths and weaknesses of various labora-
tory assays. Epigeneticists will find relevant information on how to embed their
research ideas into a population-based study, how to choose their study population
and design, what pitfalls to watch out for, and the appropriate statistical analyses of
their research findings. The book also provides information on the formation of the
epigenome during development, the role of genomic imprinting, the potential effect
of assisted reproductive technology on the epigenome, the influence of age and
environmental factors on the epigenetic profile, and the role of epigenetics as a
mechanistic underpinning of the developmental origins of health and disease. The
contributors to this book have collected and summarized the state of the art in epi-
genetic epidemiologic research on a number of important diseases including cancer,
infectious diseases, inflammation and rheumatoid arthritis, asthma, autism and other
neurodevelopmental disorders, psychiatric disorders, diabetes, obesity and meta-
bolic disorders, and atherosclerosis.

I hope this book conveys a sense of the excitement pervading the nascer field of
epigenetic epidemiology
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Abstract The output of the genome is controlled by the interaction of transcription
factors with the epigenome. Epigenetic processes such as DNA methylation, his-
tone modification, histone variants, non-coding RNAs and nucleosomal remodeling
machines interact with each other to ensure stable states of gene expression. These
processes can become dysregulated during aging, exposure to environmental stres-
sors and the development of cancer and other diseases. DNA methylation patterns
can be relatively easily read by high throughput techniques and provide informa-
tion reflecting the influence of the environment and aging on the functionality of
the epigenome. Analysis of DNA methylation patterns therefore provides an excit-
ing new route to understanding how the environment interacts with the epigenome
to cause disease. Despite the promise of DNA methylation patterns for epidemio-
logic studies, caution in interpreting data from surrogate tissues is necessary and
cellular heterogeneity can also complicate interpretation of the data. In addition,
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6 P.A. Jones and G. Liang

DNA methylation within the body of genes can influence the response of the
genome to the environment. Hypomethylation of repetitive elements can lead to
genomic instability and ectopic gene expression. Methylation of coding regions
can directly increase the rate of spontaneous hydrolytic mutations and increase the
mutational frequency induced by carcinogens and radiation. Epigenetic processes
can therefore contribute in multiple ways to the development of human diseases
particularly cancer.

List of Abbreviations

ChIP chromatin immunoprecipitation
DNMTI DNA methyltransferase I
DNMT3A DNA methyltransferase 3A
DNMT3B DNA methyltransferase 3B
ncRNA non-coding RNA

SAM S-adenosine methionine
TDG thymine DNA glycosylases
UDG DNA glycosylase enzymes

2.1 Introduction

The genetic information encoded in the DNA of living organisms has to be read and
interpreted in cells in such a way that its expression is highly controlled in response
to developmental and environmental cues. Eukaryotic organisms, unlike prokaryotes,
package their DNA into chromatin in which the fundamental building block is the
nucleosome consisting of ~146 bp of DNA wrapped around an octamer of histones
(Fig. 2.1). This packaging is essential to fit the DNA into the confines of the mam-
malian nucleus and also to provide functionality in different cell types. The combi-
nation of DNA and histones within the nucleosome is inherently refractory to
transcription and nucleosomes have to be moved around or even evicted from par-
ticular places to allow gene expression to occur. This chromatin substrate, which is
read by transcription factors in differentiated cell types, is what constitutes the epig-
enome. The accessibility or lack thereof of the genetic code is governed by chemical
modifications which are applied to both the DNA and the protein components of
chromatin and recent advances in high-throughput technologies now allow us to
read these epigenetic modifications in their entireties in differentiated cell types.
The roles of the different modifications during development and stability of dif-
ferentiated states are now beginning to become apparent, as are the switching mech-
anisms which occur during the development of a human from a fertilized egg.
Epigenetic information is heritable in somatic cells and can be copied after DNA
synthesis and mitosis to ensure stability of cellular states. However, the epigenome
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Fig. 2.1 Epigenetic processes. The DNA in living cells is complexed with proteins and RNA to fit
into the structural confines of the mammalian nucleus. Most DNA is found in nucleosomes which
contain about 146 base pairs of DNA wound around a histone octamer. The DNA can be modified
by the application of methyl groups to cytosine residues in the simple palindromic sequence CpG.
The tails of the histones and some internal amino acid residues are subject to posttranslational
modifications which have significance in terms of dictating transcriptional competence. Nucleosome
remodelers are necessary to expose regions of DNA so that it is accessible to the transcriptional
and regulatory machinery. Non-coding RNAs also participate in the organization and functionality
of chromatin. The various covalent marks communicate with each other and with remodeling
machines to define the structure of different epigenomes and different cell types (Reprinted with
permission from Nature [1])
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is susceptible to alterations induced by the environment, nutrition, and other factors,
so that potential changes in the packaging of genetic information can subsequently
be copied in differentiated cells giving rise to both normal and abnormal cell states.
Missteps in epigenetic processes can give rise to cancer and possibly to several
other human diseases. We are just beginning to understand the multiple effects of
the environment on epigenetic modifications and since these are potentially revers-
ible, there is the possibility that several different diseases which have an epigenetic
basis may be subject to pharmacological rectification [1].

2.2 Four Interacting Systems of Epigenetic Control

DNA in the nucleus of the cell is wrapped around an octamer containing 8 histone
molecules in the fundamental structure of the nucleosome. The nucleosome con-
tains about 146 bp of DNA and packages the DNA into the confines of the nucleus
and also controls the output of the genome (Fig. 2.1). The nucleosome compactness
is quite refractory to the initiation of transcription and nucleosomes need to be phys-
ically moved by nanomolecular machines to open up the DNA and allow transcrip-
tion factors to initiate transcription.

The packaging and output is controlled by interaction between the various mole-
cules which constitute chromatin and these systems interact with each other as
depicted in Fig. 2.2. A variety of covalent marks and the presence of distinct histone
variants, together with the involvement of non-coding RNA, are essential to the
proper control of gene activity. DNA may become modified by the application of
methyl groups to the 5 position of the cytosine ring and patterns of DNA methy-
lation which are established during early development and differentiation can be
copied giving rise to somatically heritable states of gene expression which can be
passed from one daughter cell to the next.

The nucleosome contains two copies each of the basic histone proteins, H2A,
H2B, H3 and H4, and the tails of these histones are subject to a large number of
covalent modifications which convey information regarding the stability of the
nucleosome and its accessibility to transcription (Fig. 2.2). Some of these covalent
modifications, such as acetylation and methylation of particular lysine residues are
associated with active gene transcription. On the other hand, modifications such as
methylation of other lysine residues can result in transcriptional silencing. In addi-
tion, certain histone variants such as histone H3.3 or histone H2AZ are inserted into
nucleosomes within specific places in the transcriptional unit and play important
roles in gene activation or repression.

The covalent modification of DNA and of histones communicate with each
other at a biochemical level in ways which are just now being unraveled. Together
these processes can collaborate to ensure stable states of transcriptional compe-
tency and we should soon have a much better understanding of how alterations
in the nucleosomal constituents collaborate to cause these relatively stable com-
petency states.
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Fig. 2.2 Four interacting systems ensure epigenetic control. The four epigenetic processes out-
lined (among others) communicate to ensure somatically heritable states of gene expression in the
context of the nucleosome. For example, DNA methylation and histone modification interact with
each other and chromatin remodeling machines to position nucleosomes into active or repressive
states. DNA methylation can also control the expression of non-coding RNAs which in turn can
alter DNA methylation states in plants and possibly in human cells. These systems are mutually
self reinforcing and therefore can both initiate silencing and maintain previously silenced states

Figure 2.2 also depicts the role of nucleosomal remodeling in epigenetic
processes. As mentioned earlier, the presence of nucleosomes at transcriptional start
sites is inherently refractory to transcriptional initiation and a whole series of multi
protein complexes uses the energy of ATP to move nucleosomes around and expose
different parts of the DNA thus allowing transcription to occur. Unfortunately, little
is now known as to how the covalent marks on the DNA and histone proteins com-
municate with these remodeling machines.

Recent work has also suggested the potentially important role of non-coding
RNA (ncRNA) species in the establishment and stability of epigenetic states. The
role of RNA is quite well understood in organisms such as yeast and also in plants
where it has been shown directly that ncRNAs can lead to DNA methylation and
histone modifications which are important for keeping particular chromosomal
regions silent by the formation of more densely packed configurations. Also certain
microRNAs can downregulate chromatin modifiers such as DNA methyltransferases
[2] or histone methyltransferases [3, 4]. The exact role of RNA in human epigenetic
states is not clear at the present but it seems very likely that it will play a major role
in their establishment and stability.
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Recent developments in chromatin immunoprecipitation (ChIP) procedures and
the coupling of these approaches with high throughput sequencing now makes it
relatively simple to map the distribution of the different epigenetic marks on a
genome-wide basis. It is likely that the availability of epigenomic maps will make it
easier for us to understand how the marks communicate with each other and their
potential roles in human development and disease.

Although it is clear that all of the processes outlined in Fig. 2.2 are contributing
to epigenetic behavior and that all of them might be potentially altered by different
environmental and nutritional influences. It is very likely that nutrition and the
environment cause immediate and potentially reversible alterations to histone modi-
fications which could be the subject of detailed epidemiologic studies. This review
will, however, focus on the promise and potential of DNA methylation analysis for
epidemiologic studies because the 5-methylcytosine mark is inherently more stable
than the chromatin structure and the code of DNA methylation can be more easily
and quantitatively read so that its role in disease states can be better understood.

2.3 The Basics of DNA Methylation

About 1% of the cytosine residues in human DNA become methylated after the
DNA is synthesized by the application of a methyl group from S-adenosine methi-
onine (SAM) to the 5 position of the cytosine ring (Fig. 2.3a). The modification
occurs very shortly after DNA has been synthesized although there clearly is some
methylation which occurs hours after the DNA has left the replication fork [5].
There are at least three enzymes which are responsible for setting up and maintain-
ing DNA methylation patterns. DNA methyltransferase 3A (DNMT3A) and
DNMT3B are thought to act early in development and can apply methyl groups to
unmethylated and hemimethylated DNA (in which one strand has methylation and
the other not). DNMT' is thought to act primarily as a “maintenance enzyme” [6, 7]
in that it has a preference for hemimethylated DNA and is the most active DNA
methyltransferase in somatic cells [8]. All three of these enzymes have been shown,
in gene knockout experiments in mice to be essential for mouse development dem-
onstrating that DNA methylation is required for mammalian development.

These enzymes were thought to act largely in an autonomous manner with the
DNMT?3A and 3B “de novo methylases” required for early establishment of methy-
lation patterns and DNMT1 then taking over and faithfully copy these patterns
once they had been established. However, we have recently argued that this is unlikely
to be the case and have proposed a cooperativity between the enzymes in order to
appropriately maintain DNA methylation patterns in normal and transformed cells
[9]. The methylation activities of these enzymes are also regulated by accessory
proteins which alter the methylating capability of the enzymes. For example, the
catalytically inactive form of DNMT3 (DNMT?3L) is strongly expressed in embry-
onic stem cells and is highly stimulatory to the DNA methylating activity of both
DNMT3A and 3B [8].



2 The Human Epigenome 11

a CIHs CII-|2OH Cle
55— CG CG CG CHG —
—GC GC GC GHC —5
C1H3 CIFzOH CTS
DNMTs TETs DNMTs
b
N|H2 N|H2 NH,
Né N/ CHs3 z CH,OH
)\ /I DNMTs )\ /l TETS )\ /l
O T (0) T (@) lil

Fig. 2.3 Covalent modifications in DNA. (a) Almost all of the cytosine methylation in human
DNA occurs in the simple palindrome CpG in which either both cytosines are methylated or nei-
ther are methylated as shown. The recent demonstration of 5-hydroxymethylcytosine in DNA sug-
gests that a certain number of these sites might be further modified by the TET proteins as indicated
above. Recently non-CpG methylation in the sequence CHG (where H represents any base other
than G) have been observed in human embryonic stem cells. These very recent discoveries compli-
cate the further dissection of the role of 5-methylcytosine in gene control and need to be considered
in epidemiologic studies. (b) Cytosine residues in DNA are modified by the application of a methyl
group from S-adenosyl methionine to the 5 position of the cytosine ring. Recently the TET proteins
have been shown to be capable of further modification of the 5-methylcytosine to 5-hydroxymeth-
ylcytosine. This might represent a pathway to demethylation or alternatively have consequences
for gene control

The existence of tissue-specific patterns of DNA methylation has been known for
a long time and these patterns are known to be strongly associated with gene expres-
sion. Methylation of gene promoters is commonly linked to silencing whereas
methylation in the gene body does not block transcription or silence alterative tran-
scripts in a tissue specific manner [10]. The complexity of maintaining DNA methy-
lation patterns is not completely understood, however, errors in the process can
occur under normal conditions such as aging and in abnormal situations such as
those which occur as a result of exposure to environmental insults. For this reason,
the study of DNA methylation patterns in normal and diseased states has become of
great importance. However, many of the observed alterations may have no direct
role in the aging process or disease and it is still very difficult to distinguish between
causative changes and alterations which have no functional consequence.

Almost all of the methylation of cytosine residues in somatic cell DNA occurs in the
simple palindromic sequence, CpG (Fig. 2.3a). Most studies relating to DNA modifica-
tion have focused on this covalent addition of the methyl group, however, it has recently
become clear that other sequences and other modifications are also present in human
DNA. For example, genome-wide studies in human embryonic stem cells have shown
a high proportion of non-CpG methylation in particular regions of human DNA in this
early developmental state [11]. The physiologic significance of this is not understood,
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however, it may be due to the very high level of the DNMT3A and 3B enzymes in
embryonic stem cells causing methylation at sites which subsequently lose their methy-
lation at later stages of development possibly because the substrate generated after
DNA synthesis would not be recognized and inherited by DNMT .

Until very recently it was believed that 5-methylcytosine was the only modified
base in human DNA but tremendous excitement has also been generated by the
detection of 5-hydroxymethylcytosine in brain cell DNA and also in leukemia cells
[12, 13]. The TET (Ten-Eleven Translocation) proteins are capable of oxidizing
5-methylcytosine to 5-hydroxymethylcytosine possibly on a pathway to active dem-
ethylation or to fulfill some currently unknown physiologic function (Fig. 2.3b).
The hydroxymethylation state is not distinguished from 5-methylcytosine by stan-
dard bisulfite sequencing technology which is used to map DNA methylation in
human cells. Thus, there is the potential for this modification to have been missed
until now and it will likely attract a great deal of interest over the next few years.

A variety of methodologies have been used to determine DNA methylation levels
and patterns, including restriction enzyme degradation, high pressure liquid chro-
matography and bisulfite sequencing among others. The fact that the mark can be
read in DNA extracted from formalin-fixed material and seems to be stable in
specimens which have been kept for a long time has encouraged the use of DNA
methylation as a marker for environmental exposures with the goal of determining
the influence of these exposures on epigenetic processes.

2.4 Shaping of the Genome by DNA Methylation

DNA cytosine methylation has had a profound effect on the structure of the genome
because the application of the methyl group to the 5 position on the cytosine ring creates
mutational hotspots in DNA [14]. The methylation of DNA in germ cells has resulted in
the depletion of the methylation acceptor site CpG during the course of evolution [15].
Cytosine residues paired with guanines are known to undergo spontaneous hydrolytic
deamination reactions of the order of 100 deaminations per genome per day (Fig. 2.4).
The product of this deamination is a uracil residue which is not normally found in DNA
and which can be rapidly and accurately repaired by ubiquitous and highly expressed
uracil DNA glycosylase enzymes (UDG) which remove the uracil base and this results
in the reinsertion of the cytosine residue so that no mutational events occur.

The presence of a methyl group on the 5 position of the DNA increases the rate
of spontaneous deamination by about 2.5-fold [16], but more importantly, results
in the generation of a thymine residue as a deamination product rather than a uracil.
Thymine, being a normal constituent of DNA, is more difficult to repair. Although
thymine DNA glycosylases (TDG) or MBD4 are capable of repairing most deami-
nation sites in the correct direction there is an increased possibility of the C to T
transition mutation occurring following DNA methylation and deamination. As
mentioned above, this process has led to the depletion of CpG sites in the bulk of
human DNA because most of the CpG sites in germ cells are methylated and
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Fig. 2.4 5-Methylcytosine as a mutational hotspot. CpG sites in DNA are hotspots for C to T
transition mutations in human DNA. Both cytosine and 5-methylcytosine can undergo spontane-
ous hydrolytic deamination to form uracil and thymine respectively. Uracil is not a DNA base and
is rapidly and accurately repaired by uracil DNA glycosylase (UDG). Thymine, being a natural
component of DNA, is more difficult to accurately repair by thymine DNA glycosylase (TDG) or
methyl binding protein domain 4 (MBD4). This has led to the loss of CpG sites which previously
were methylated in the germline during evolution and has led to the generation of CpG islands
which somehow have escaped methylation in the germline. CpG methylation in the germline con-
tributes to about 30% of all new disease causing familial mutations in humans [15]. In somatic
cells, it can lead to mutations in tumor suppressor genes thus causing cancer

therefore subject to this increased mutability. Regions of DNA which are not
methylated in germ cells have escaped this depletion of CpG sites and this has
resulted in the presence of so-called “CpG islands” which are small regions of
DNA about 1 kb in length which occur in the promoters of a substantial portion of
human genes [17]. These CpG islands usually remain unmethylated in all normal
tissues and this is associated with transcriptional competency. On the other hand,
the abnormal methylation of these CpG sites can cause gene silencing resulting in
cancer and other diseases.

Figure 2.5 outlines how some cytosine methylations can be involved in normal gene
control and can directly interact with the environment. About 50% of human genes
contain unmethylated CpG islands in their promoters and first exons, whereas repeti-
tive elements including Alus and LINES tend to be methylated, as do the coding por-
tions of genes within the exons as indicated. Abnormal methylation of the CpG islands,
which can be the result of copying errors associated with cell division, aging, diet or
exposure to carcinogens or other environmental stressors can result in the silencing of
genes as indicated in Fig. 2.5a. This process has been well studied in cancer where
between 1% and 10% of the CpG islands within genes have acquired abnormal methy-
lation patterns during transformation [18]. The Fig. 2.5b also shows that demethylation
of repetitive elements such as those within Alus and LINES can frequently occur [19]
and this alteration is often related to disease outcomes in epidemiologic studies since
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Fig. 2.5 The methylation status and effects of methylation on the carcinogenic process. (a) A
promoter CpG island containing gene in which the gene is actively expressed due to a lack of
methylation (shown as open circles) at the transcriptional start site. Oncogene and/or repetitive
elements such as Alus or LINES located in the gene body are generally extensively methylated
(closed circles) as are the CpG sites which are found within the coding regions of the gene.
Promoter CpG islands can undergo inappropriate silencing and methylation of the CpG sites in
response to aging, cell division, nutrition or exposure to environmental carcinogens. Demethylation
of repetitive elements has often been observed during carcinogenesis and can be easily measured
because of the high copy number of these elements in human DNA. The methylation of CpG sites
within the exon can increase the rate of somatic mutations directly by increasing the frequency of
C to T transition mutations. It also can alter the interaction of the DNA with the environment. For
example, it can increase UV absorption and increase the binding of carcinogens to DNA. (b) Often
overlooked, is the demethylation of non-CpG island promoters which can result in inappropriate
gene inactivation as opposed to silencing during carcinogenesis

these elements are abundant in DNA and their methylation status can be measured
relatively easily using quantitative techniques such as pyrosequencing [20].

Figure 2.5a also shows that the gene body methylation which occurs in exons can
have profound effects on carcinogenesis. For example, the spontaneous deamination
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of these methylated sites can give rise to mutations in tumor suppressor genes [21].
The presence of 5-methylcytosine in the coding regions of genes increases the rate
at which mutations are introduced by ultraviolet light during the development of
skin cancers [22]. This is because 5-methylcytosine absorbs UV light at a wave-
length more prevalent in sunlight than cytosine, thus increasing the chances of
mutations. Pfeifer et al. [22] have also shown that methylated CpG dinucleotides are
the preferred targets for G to T transversions which are the most common mutations
induced in mammalian cells by benzo(a)pyrene derived from tobacco smoke.
Analysis of the mutational spectrum in human cancers can therefore provide evi-
dence of value to the epidemiologist because the pattern of mutations can provide
evidence of the most likely environmental cause [23]. For example, the high preva-
lence of C to T transition mutations at CpG dinucleotides in the pS3 gene in colorec-
tal cancer argues that these are most likely induced by endogenous processes
potentially involving increased cell division [24] rather than being caused directly
by exposure to carcinogens in the gut.

Figure 2.5b also shows that many tissue-specific genes which do not have CpG
islands in their promoters can be ectopically activated as a function of aging and cell
division. The potential role of non-CpG island methylation in gene control has been
largely neglected in the field even though there is strong evidence that methylation
of such regions can preclude gene expression [25]. Several studies have recently
pointed to widespread hypomethylation of such regions in tumors and apparently
normal cells adjacent to the tumor [19]. Since chemical carcinogens can inhibit
DNA methylation, these processes can potentially result in the ectopic activation of
genes which could play a significant role in the tumorigenic process.

2.5 Effects of the Environment on DNA Methylation

Soon after the discovery of the presence of 5-methylcytosine in DNA, work began
to determine whether the levels of the modified base were altered in cancer and to
determine whether chemical carcinogens could directly influence the methylation
process. Lapeyre and Becker [26] showed that primary hepatocarcinomas and trans-
plantable mouse liver tumors contained decreased levels of 5-methylcytosine rela-
tive to normal liver. Subsequently human leukemias and other uncultured tumors
were found to have altered levels of DNA methylation [27]. Many such studies
showed alterations of the overall levels of DNA methylation in cancer cells, how-
ever, Feinberg and Vogelstein [28] were the first to show that the methylation of
specific sites within individual gene bodies were decreased in uncultured tumors.
These early studies summarized by Riggs and Jones [27] established clearly that
DNA methylation was fundamentally altered in cell lines and cancers.

Given the emerging interest in the potential role of 5-methylcytosine in control-
ling gene expression [6, 7] there was increasing research activity in determining the
potential role of DNA methylation in cancer. The thrust of this work was on the
potential for carcinogens to heritably alter the regulation of genes rather than on
their abilities to cause mutations as discussed earlier. Early pioneers such as
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Drahovsky and Morris [29] began work to determine whether chemical carcinogens
could influence DNA methylation reactions in the test tube. These studies, also
summarized in Riggs and Jones [27], pointed strongly to the possibility that chemi-
cals in the environment including benzo(a)pyrene might be able to influence the
DNA methylation machinery and that this could participate in the oncogenic process.
Evidence that this was indeed the case came from studies of Wilson and Jones [30]
using cultured cells and Wilson et al. [31] using freshly explanted normal human
bronchial epithelial cells. These studies provide a logical hypothesis that analysis of
human DNA extracted from cancers might provide evidence for the nature of the
chemical insult which caused the methylation change.

2.6 The Role of Aging

A potential effect of aging on DNA methylation was suggested by Wilson and Jones
[30] who showed that the lifespan of cells in culture was linked to the rate of overall
loss of 5-methylcytosine levels. Subsequent experiments by Mays-Hoopes et al.
[32] showed that alterations in DNA cytosine methylation also occurred in the inter-
cisternal A particles (IAP genes) within mice. These studies which demonstrated
hypermethylation as a function of age again emphasized that DNA methylation
levels, while somatically heritable, were not completely invariant and could be used
as markers for aging and exposure to chemicals.

The pioneering work of Ahuja and Issa and colleagues [33] in showing that
hypermethylation of CpG islands in the colonic epithelium of people without cancer
could be directly linked to the age, was also of great value in showing that the epig-
enome reacts to the increased cell division which accompanies aging. More recent
work in mice has shown widespread and tissue specific DNA methylation changes
showing that epigenetic regulation is a common feature of aging in mammals [34].
Since aging is a major risk factor for cancer, these alterations might provide a bio-
chemical basis for the subsequent development of tumors.

Observations that DNA methylation patterns can be profoundly altered in aging
in people without cancer show the plasticity of the epigenome. They also underline
the importance of using age-matched controls in epidemiologic studies to investi-
gate their alterations in this process and the relevance to development of cancer and
other diseases. As mentioned previously, many DNA methylation changes may
have no known significance in terms of genome function making it important for the
important causative alterations to be determined in the future.

2.7 The Use of Surrogate Tissues

Epigenetic landscapes are tissue-specific and contribute to the phenotype of the cell.
Unlike genetic studies, in which all differentiated cells in a subject have essentially
the same markers such as SNPs etc., one cannot assume that surrogate tissues will
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necessarily have the same value in assessing the effect of the environment on a given
marker such as DNA methylation. It is therefore not always feasible to take an easily
available tissue such as peripheral blood and use this to examine DNA methylation
changes which might be occurring in a different target tissue. Epigenomic epidemio-
logic studies are therefore more difficult to perform and evaluate than genetic epide-
miologic studies. Another complicating factor, which limits the use of blood cells, is
that they are a heterogeneous mixture whose composition can change dramatically in
response to other cues such as infections etc. Because each specialized type of cell in the
peripheral circulation would be expected to have a different epigenomic profile, a mea-
sured change might reflect a change in cellular composition rather than a change in the
pattern in a given cell type. Since epidemiologic studies often demand a large number
of subjects and sometimes repeat sampling, other cells to consider are buccal cells,
urine sediments, sputum and epidermal cells which can be relatively easily obtained.

Despite these reservations, useful information can be obtained from peripheral
blood DNA methylation studies which might have value in determining the influ-
ence of nutrition or age for example on particular epigenomic marker. For example,
the DNA methylation patterns of imprinted genes which are possibly methylated to
similar extents in different tissues might be suitable as a surrogate although this
remains to be shown. Another would be the methylation status of repetitive DNAs
such as Alus and LINEs which do not show a great deal of inter tissue variations and
which have been successfully used to measure changes in response to benzene
exposure [35]. It is also important to consider the potential biological significance
of relatively small changes which might be uncovered by these studies if there is an
attempt being made to link the changes to a particular disease state. For example, it
is not known whether small changes in the methylation status of a given promoter
necessarily translates an alteration in gene expression.

2.8 Appropriate Controls

As mentioned earlier, epigenetic analyses differ from genetic analysis because the
epigenome is cell type specific and is altered by environmental factors. This makes
the appropriate selection of normal controls of great importance. For example, com-
parison of the DNA methylation patterns in a set of tumors should be compared to
age-matched controls because the epigenome is known to change with aging.
Another complicating issue is the fact that epigenetic changes can often be observed
in the cells surrounding the tumor. For example, we found that the entire urothelium
of the bladders of patients with bladder cancer is altered with respect to DNA methy-
lation patterns [19]. Thus, the surrounding normal tissue may already harbor DNA
methylation changes which are either selected for in the tumor or more probably
allow the tumor to grow by altering the integrity of the epithelium. Therefore, com-
parisons of normal appearing surrounding tissue to similar tissues from age-matched
controls who do not have the particular disease of interest, is often necessary to fully
appreciate the changes which occur during the process of transformation.
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Despite this complication, the existence of DNA methylation changes in normal
tissues surrounding a tumor may be of great value in understanding the mechanism of
carcinogenesis. It is still not known whether these changes precede the formation of
the tumor or are a response of the epithelium to the presence of a tumor in a bladder.
It might be possible in the future to conduct these analyses on high risk populations
without cancer and predict cancer susceptibility. However, this will be limited to easily
biopsied tissue and may not be applicable to all cancers, like brain cancer.

2.9 Summary

Interacting epigenetic processes ensure the somatic heritability of differentiated
cell states and are set up early in development. These processes reinforce each
other and can be influenced by environmental factors to alter gene expression in
heritable ways which can cause disease. DNA methylation is a particularly attrac-
tive epigenetic process for epidemiologic studies since DNA methylation patterns
can be quantitatively measured, are known to influence gene expression when
located in controlling regions of genes and are subject to alterations associated
with aging and exposure to environmental toxins. High-throughput approaches
allow for the concomitant analysis of thousands of DNA methylation sites in large
numbers of samples thus opening the door to future studies to link the influence of
the environment to the epigenome. Caution however needs to be used when inter-
preting DNA methylation data, particularly because many changes may have little
functional significance and there is a need to examine the cell type of origin in
order to gain useful information.

Although much neglected in the field, the methylation of cytosine residues within
the coding regions of genes can directly contribute to carcinogenesis by increasing
the frequency of both spontaneous and induced mutations. Analysis of the muta-
tional spectrum in different disease states can give an indication of likely exogenous
or endogenous causes. The large number of new epidemiologic studies including
epigenetic analyses, such as those discussed in this book suggests that we are enter-
ing an age of epigenetic epidemiology and that much will be learned about the
interaction of the epigenome and the environment and its relation to disease.
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identifying epigenetic biomarkers for disease risk or early detection of disease.
Appropriate design considerations for studies in epigenetic epidemiology are imper-
ative for their success. The tissue specificity of epigenetic marks represents a challenge
in epigenetic epidemiology, and identification of disease markers in easily accessible
surrogate tissues are essential for large-scale population-based studies. Nested case-
control studies using biospecimens collected prior to onset of disease provide appro-
priate datatoidentify epigenetic changes preceding disease. Selecting arepresentative
study population with sufficiently large sample size and appropriate comparison
group is crucial for the validity and reproducibility of the results. Challenges in
epigenetic epidemiology studies include confounding and effect modification, and
identifying epigenetic marks with sufficient systematic interindividual variation.

3.1 The Objectives of Studies in Epigenetic Epidemiology

Epidemiology is primarily concerned with the frequency, distribution, and determi-
nants of health and disease in humans [1]. Epidemiologic studies connect risk fac-
tors with disease outcomes based on distributions, often producing observations that
inform basic research to identify mechanisms. A familiar example is the link
between cigarette smoking and lung cancer [2], which guided basic research studies
to classify nicotine as a carcinogen. Integrating epigenetics into an epidemiologic
study recognizes the mechanistic link between a risk factor and disease risk [3]
(Fig. 3.1). Epidemiologic studies support an association between folate deficiency
and neural tube defects (NTD) [4]. In a case-control study including 48 induced
abortions with NTD and 49 elective induced abortions without NTDs, the risk of
NTDs increased with decreasing levels of LINE-1 methylation in brain tissue [5].
Maternal serum folate levels were lower in NTD cases than in controls and posi-
tively correlated 