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Watercolor painting entitled Origins © by Collin Murphy, Portland, Oregon artist
(http://collinmurphyart.com), shows that identical twins can vary in their suscepti-
bility to adult diseases because even though their genomes are essentially the same,
their epigenomes often vary markedly due to different environmental exposures
while in the womb.


http://collinmurphyart.com/




Preface

In the spring of 1998 my co-editor, colleague and friend, Randy Jirtle, approached
me at a scientific meeting in San Diego, CA to discuss something that clearly had
him excited. Initiating our discussion, Randy displayed the unbridled enthusiasm
that is so characteristic of him. He advised me that he had spoken with my boss
about organizing an international scientific meeting that would merge an evolving
field with toxicology. That field was genomic imprinting and on that afternoon as
we sat, he was effusive in his description of monoallelic expression. While this was
not my first time hearing about genomic imprinting or the field of epigenetics that
imprinting is a component of, I realized I was becoming fascinated with the
opportunity to work with Randy and make an impact on merging aspects of
toxicology and epigenetics.

In 1998, we had no way of knowing where that initial conversation would lead
us, but we began crafting a vision to merge toxicology with epigenetics, as it was
clear that the environment plays a pivotal role with epigenetic processes. It is now
reasonable to argue that this vision is being shared globally, after organizing three
extremely well attended international scientific meetings focusing on the
interactions between environmental agents, epigenetics, and disease susceptibility.

What has in fact transpired with regard to developing the interface between
epigenetics and environmental exposures over the last 15 years has been nothing
short of remarkable. The advent of high throughput technologies such as genome-
wide bisulfite sequencing, along with ChIP-Seq, RNA-Seq and technologies to map
chromatin accessibility resulted in the generation of terabytes of data. Novel
computational tools have been and are continually being developed to both store
data and analyze it, as well. Investments in large multi-institutional consortia such
as the NIH Roadmap Epigenome Mapping Consortium (REMC), the NHGRI
supported ENCODE program, and the International Human Epigenome Consor-
tium (IHEC) have spurred the development of these technologies and analytic tools.

There are compelling human epidemiological and animal experimental data that
indicate the risk of developing adult-onset complex diseases and neurological
disorders is influenced by persistent epigenetic adaptations in response to prenatal
and early postnatal exposures to environmental factors. The epigenetic programs
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viii Preface

are established as stem cells differentiate during embryogenesis, and are faithfully
reproduced during mitosis. Moreover, they can also be maintained during meiosis.
The plasticity of the epigenome allows the genome to express specific gene
programs in a cell specific pattern that is spatially and temporally regulated,
resulting in phenotypes. The capacity of the epigenome to interpret both internal
and external stimuli and alter expression programs is a critical component in normal
development, aging, and disease pathogenesis. In the past decade, our field has
witnessed an explosion of unprecedented research on and support for epigenetics,
epigenomics, and their interface with human health and disease. This research is in
large measure an effort to generate a more precise understanding of how DNA and
gene expression are regulated by DNA sequence, functional DNA elements, chro-
matin states, epigenomic signatures, and epigenetic processes.

It is becoming increasingly apparent that exposure to environmental toxicants
can be associated with epigenetic changes, such as altered patterns of DNA
methylation. These changes can affect gene expression patterns, and likely contrib-
ute to disease or other phenotypes associated with exposure. DNA methylation is
thought to be one of the last steps of epigenetic gene regulation — a read-out of
chromatin states established by other proteins. In order to understand the mecha-
nism by which toxicants impact gene expression, we must examine how exposures
perturb the proteins and processes upstream of DNA methylation and other epige-
netic marks.

Epigenetic modifications, such as DNA methylation or post-translational
modifications to histone tails, modifies the DNA and/or the way it is packaged
into chromatin, making certain genes either more or less accessible to trans-acting
elements, such as transcription factors. These epigenetic marks, however, represent
limited facets in this complex process. Other proteins or protein complexes act as
‘readers’, ‘writers’ and ‘erasers’ of the epigenetic code, depositing or removing
epigenetic marks or binding to them and recruiting other proteins. In addition, other
factors such as non-coding RNAs, chromatin remodeling complexes, inter- and
intra-chromosomal interactions and functional genomic elements play important
roles in this process. Thus, to understand the mechanisms involved in the environ-
mental control of gene regulation and the central role of epigenetics in the process,
it is critical to understand all of the interacting pathways.

Exposure to environmental toxicants has been associated with changes in gene
expression and DNA methylation profiles, which together likely contribute to
disease or other phenotypes associated with exposure. The chapters in these
volumes address a wide range of environmental exposures, such as airborne
particulates, cocaine, radiation, tobacco smoke, and xenoestrogens. The health
outcomes associated with these exposures include autoimmune disorders,
neurodevelopmental disorders, and cancer. Importantly, dietary supplements and
drugs can modify the epigenetic effects induced by these agents, thereby reducing
their toxicological impact.

In the two volumes of this book, a number of leading investigators in the field of
epigenetics discuss patterns of epigenomic modifications in normal cells, and how
environmentally-induced changes in them are associated with disease pathogenesis.
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The authors comprehensively review epigenetic processes that occur in human
embryonic stem cells, as well as in differentiating cells and organs such as the
brain, discussing autism, schizophrenia, and even sexual dimorphism in the devel-
oping brains of males and females. Particular emphasis is placed on the
consequences of environmental exposures during development on epigenetic
reprogramming that influences adult disease pathogenesis.

The overall purpose of this book is to give readers an overview of how environ-
mental exposures can influence the development of disease by disrupting epigenetic
processes and reprogramming. When Randy approached me in 1998 at the scientific
meeting in San Diego, I had no idea what we would accomplish together in moving
this field forward. He has been able to produce many significant contributions to the
field directly from his laboratory research. Moreover, he has trained a cadre of
young investigators who will continue to make an impact in enhancing our under-
standing of how the environment can alter epigenetic processes and influence the
development of human disease. I, on the other hand, have been privileged to be
among the extramural scientists at the National Institutes of Health (NIH) who
develop research programs that support cutting edge science in moving this field
forward.

Since that initial conversation, Randy and I have collaborated on a number of
epigenetic projects. This book represents our latest collaboration to bring this field
of environmental epigenomics to a growing audience. It is my desire that the
readers learn as much, and have as much fun reading the chapters that constitute
both volumes of this book as I did.

Frederick L. Tyson, Ph.D.
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Part I
Fetal Origins of Adult Disease
Susceptibility



Chapter 1
Epigenetics: How Genes and Environment
Interact

Randy L. Jirtle

Abstract Two epigenetically regulated targets involved in the developmental
origins of disease susceptibility are genes that are imprinted and those with
metastable epialleles. Genes with metastable epialleles have highly variable
expressions that result from random allelic changes in the epigenome. The
isogenic agouti viable yellow (AYY) mouse harbors a metastable Agouti gene.
Maternal exposure of the A'Y mouse during pregnancy with nutritional
supplements (e.g., methyl donors and genistein), toxicological agents (e.g.,
bisphenol A), and physical agents (e.g., ionizing radiation) changes the coat
color and adult disease incidence in the offspring by altering DNA methylation
at the A™ locus. These studies clearly demonstrate that the developmental origins
of disease risk can result from alterations in the epigenome. Genomic imprinting
is an epigenetic form of gene silencing that results in monoallelic, parent-of-
origin-dependent gene expression. It evolved in mammals with the advent of
placentation and viviparity approximately 150 million years ago. Since only a
single mutation or epigenetic event is required to alter imprinted gene function,
these genes are implicated in a number of complex diseases and neurological
conditions. Imprinting is controlled by parental-specific epigenetic marks that are
established during gametogenesis and in early embryonic development. We refer
to the complete set of these cis-acting epigenetic regulatory elements as the
imprintome, a distinct and specially tasked subset of the epigenome. Significant
species variation in the repertoire of imprinted genes and their epigenetic regula-
tion mean that only humans can be used to define our imprintome.

R.L. Jirtle ()

McArdle Laboratory for Cancer Research, Department of Oncology, University

of Wisconsin-Madison, School of Medicine and Public Health, 1400 University Avenue,
Madison, WI 53706, USA

e-mail: jirtle@geneimprint.com

R.L. Jirtle and F.L. Tyson (eds.), Environmental Epigenomics in Health and Disease, 3
Epigenetics and Human Health, DOI 10.1007/978-3-642-23380-7_1,
© Springer-Verlag Berlin Heidelberg 2013
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Abbreviations

5hmC
5mC

AO

Air

AV
Axin™
BPA
CABP™?
CNV
ChIP
CTCF
CTCFL (BORIS)
DLGAP2
DNMT1
DNMT3A
DNMT3B
DNMT3L
DMR
DOHaD
EMB
FAMS50B
FWA
GDMR
GWAS
H19
HDAC
HOTS
IAP

IGF2
IGF2R
ICR
KCNK9
LDIR
LOI
MAGI2

MEA

5-Hydroxymethylcytosine

5-Methylcytosine

Antioxidants

Antisense Igf2r RNA

Agouti viable yellow

Axin fused

Bisphenol A

CDKS5 activator-binding protein-IAP
Copy-number variation

Chromatin immunoprecipitation
CCCTC-binding factor (zinc-finger protein)
CCCTC-binding factor (zinc-finger protein) like
Discs large (Drosophila) homolog-associated protein 2
DNA (cytosine-5-)-methyltransferase 1

DNA (cytosine-5-)-methyltransferase 3 alpha
DNA (cytosine-5-)-methyltransferase 3 beta
DNA (cytosine-5-)-methyltransferase 3-like
Differentially methylated region

Developmental origins of health and disease
Embryo

Family with sequence similarity 50 member B
Homeobox-leucine zipper protein HDG6
Gametic differentially methylated region
Genome-wide association studies

Imprinted maternally expressed transcript (non-protein coding)
Histone deacetylase

H19 opposite tumor suppressor

Intracisternal A particle

Insulin-like growth factor 2

Insulin-like growth factor 2 receptor

Imprint control region

Potassium channel subfamily K, member 9
Low-dose ionizing radiation

Loss of imprinting

Membrane-associated guanylate kinase WW and PDZ domain
containing 2

Histone-lysine N-methyltransferase MEDEA
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MBD Methyl-CpG-binding protein

MC4R Melanocortin 4 receptor

MeCP2 Methyl-CpG-binding protein 2

MeDIP-chip Methylated DNA immunoprecipitation microarray
MeDIP-seq Methylated DNA immunoprecipitation-sequence
MET1 DNA (cytosine-5)-methyltransferase 1
MethylCap-seq Methyl-DNA-binding domain capture sequence
MYA Million years ago

NGS Next-generation sequencing

NTM Neurotrimin

NcRNA Noncoding RNA

PGC Primordial germ cell

ROS Reactive oxygen species

SMRT Single-molecule real-time sequencing

TB Trophoblasts

YS Yolk sac

ZNF Zinc finger

1.1 Introduction

The word “environment” means different things to people. For sociologists and
psychologists, it conjures up visions of social group interactions, family dynamics,
and maternal nurturing. Nutritionists envision food pyramids and dietary
supplements, while toxicologists focus on water, soil, and air pollutants. This
chapter provides evidence that these vastly different environments all interact
with the genome, thereby altering gene expression and disease risk by modifying
the epigenome.

A colleague of mine took a small vial out of his pocket during a scientific
meeting and placed it on the table in front of him. When the meeting drew to a
close, he picked up the vial and said, “This is a vial of DNA, and in the past two
days, it hasn’t done a damn thing!” Like a computer, the genes in our cells
are impotent without their software, telling them when, where, and how to work.
These programs are collectively referred to as the epigenome. Thus, a cell is
comparable to a programmable computer. This is why even though the genome is
essentially identical in all cells, there are over 250 different cell types in our body.
Every cell type is chemically programmed during development to perform a
different function — a function that is maintained throughout its life. Thus, not
only does the DNA need to be duplicated with high fidelity during somatic cell
division, but the epigenome also has to be faithfully replicated. The epigenome,
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however, is particularly vulnerable to environmentally induced perturbations, espe-
cially when it is initially established pre- and postnatally.

One of the most important questions in biology is why do individuals vary in
their susceptibility to diseases? To address this question, genome-wide association
studies (GWAS) have focused on the identification of DNA alterations that are
linked with disease phenotypes. This genome-centric approach has been successful
in detecting mutations that are associated with the pathogenesis of a number of
chronic conditions like diabetes and schizophrenia (Cirulli and Goldstein 2010;
Gibson 2011). Nevertheless, the identified genetic variants often explain only a
small portion of their heritability (Maher 2008).

This leads to a more perplexing question. Why do monozygotic twins also
frequently vary in their susceptibility to diseases if the only thing important in
developing this discordance is genetic variation (Bell and Spector 2011; Ollikainen
and Craig 2011; Zwijnenburg et al. 2010)? One answer to this question is that
although monozygotic twins are basically genetically identical, their epigenomes
most likely are not the same. One potential cause for variation in epigenetic
programming is that even though identical twins share the same womb, they do
not necessarily receive identical maternal blood flow. Thus, the level of nutrition
and even exposure to toxicants during early development most likely varies
between the two developing fetuses. As discussed below, even small variations in
such environmental exposures during pregnancy can have profound effects on the
epigenome and subsequent disease susceptibility in adulthood (Bernal et al. 2013;
Dolinoy et al. 2006, 2007; Waterland and Jirtle 2003).

1.2 Definition of Epigenetics

Epigenetics simply means “above the genetics” as epicenter means “above the
center.” This field of research is presently growing exponentially, with a doubling
in the number of papers published on this subject every 2—3 years (Jirtle 2009).
The developmental biologist Conrad Waddington (Waddington 1940) first
defined epigenetics in the 1940s as “the interactions of genes with their environ-
ment which bring the phenotype into being.” The molecular mechanisms responsi-
ble for these interactions include covalent chemical DNA modifications, covalent
modifications of histone tails (e.g., acetylation, methylation, phosphorylation, and
ubiquitination), the expression of noncoding RNA (ncRNA), packaging of DNA
around nucleosomes, and higher-order chromatin folding and attachment to the
nuclear matrix. Thus, epigenetics is presently described as the study of changes in
gene expression that occur not by changing the DNA sequence, but by modifying
DNA methylation and remodeling chromatin. Moreover, epigenetic modifications
are not only transmitted with high fidelity during somatic cell division, but they can
also be inherited transgenerationally, thereby effecting the health of future
generations (Anway et al. 2005; Morgan et al. 1999; Pembrey et al. 2000).
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Epigenetically labile genes particularly vulnerable to environmentally induced
epigenetic dysregulation include those that are imprinted or have metastable
epialleles.

1.3 Epigenetically Labile Genes

Traditional research on the combined effects of the environment and genetics on
individual variation in disease risk examined the relationship between disease
susceptibility, environmental exposures, and germline mutations in the coding
and promoter regions of genes. Such research efforts have highlighted the impor-
tance of genotype in human diseases. It is now clear, however, that a full under-
standing of environmental interactions with the genome will require epigenetic
mechanisms to also be taken into account.

Human epidemiological and animal experimental data indicate that the risk of
developing adult-onset diseases, such as asthma, diabetes, obesity, and cancer, is
influenced by persistent adaptations to prenatal and early postnatal exposure to
environmental factors (Jirtle and Skinner 2007; Yajnik 2004; Barker 2007
Gluckman 2012). The results of these studies support the hypothesis referred to
as the developmental origins of health and disease (DOHaD). This theory posits the
intriguing idea that the evolution of developmental plasticity, which enables an
organism to adapt to environmental signals during early life, can also increase the
risk of developing chronic diseases when there is a mismatch between the perceived
environment and that which is actually encountered in adulthood. It is now known
that developmental plasticity is evident when environmental exposure produces a
broad range of adult phenotypes from a single genotype by epigenetically altering
gene expression (Jirtle and Skinner 2007; Rakyan et al. 2002; Vasicek et al. 1997;
Waterland and Jirtle 2003; Wolff et al. 1998).

1.3.1 Metastable Epialleles

The highly variable expression of genes with metastable epialleles results from
stochastic allelic changes in the epigenome rather than mutations in the genome.
The most actively investigated metastable genes are the murine Agouti viable
yellow (A%) gene (Duhl et al. 1994), the Axin-fused (Axin™™) gene (Vasicek et al.
1997), and the CDKS5 activator-binding protein-IAP (Cabp™F) gene (Druker et al.
2004), although additional metastable epialleles have recently been identified in
both the mouse (Weinhouse et al. 2011) and human (Waterland et al. 2010).

The A" mouse harbors a metastable Agouti gene because of the insertion of a
retroviral intracisternal A particle (IAP) approximately 100 kb upstream of the gene
(Fig. 1.1a). The degree of IAP methylation at the cryptic promoter region in the
proximal end of the IAP varies dramatically among individual isogenic A*Y mice,
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a CG sites 1-12
AYY ectopi
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, IAP I—P, opic
I 5
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5 ¥/ 3
15kb  ps1A 100 kb
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Slightly Heavily  Pseudo

Yellow Mottled Mottled  Mottled Agouti

Fig. 1.1 A" locus and resulting mouse coat colors. (a) The Agouti gene encodes for a paracrine-
signaling molecule that produces either black eumelanin [a] or yellow pheomelanin [A] from the
wild-type promoter (arrowhead labeled A,a wild type). Normally, Agouti expression during
follicle development results in brown (agouti) wild-type animals. The A" allele resulted from a
spontaneous contraoriented insertion of an intracisternal A particle (/AP) into pseudoexon PS/A
upstream of the wild-type promoter. This insertion carries a cryptic promoter (arrowhead labeled
A" ectopic) controlled by the methylation of upstream CpG sites (Duhl et al. 1994; Jirtle and
Skinner 2007). (b) The level of CpG methylation at the A™ locus results in the formation of distinct
coat-color phenotypes. Hypermethylation of the cryptic IAP promoter results in brown,
pseudoagouti offspring, hypomethylation results in yellow offspring, and mottled mice are epige-
netic mosaic offspring; black a/a offspring are not shown. (Redrawn from Dolinoy et al. (2006))

causing a wide distribution in coat color, ranging from brown (i.e., methylated) to
yellow (i.e., unmethylated); mottled A*Y mice are epigenetically mosaic (Fig. 1.1b)
(Miltenberger et al. 1997; Morgan et al. 1999). Hypomethylation of this alternative
promoter causes inappropriate Agouti gene expression throughout the A" mouse.
This not only leads to a yellow coat color, but it also antagonizes the melanocortin 4
receptor (MC4R) in the hypothalamus, causing the animals to overeat, thereby
becoming obese, and subsequently developing diabetes and cancer at a high
frequency. In contrast, the incidence of these diseases is markedly reduced in
pseudoagouti  (brown) offspring that develop when this promoter is
hypermethylated, and the Agouti gene is developmentally expressed only in hair
follicles (Jirtle and Skinner 2007; Williams et al. 2000; Yen et al. 1994). This makes
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the A" mouse an excellent and exquisitely sensitive biosensor for identifying
environmental exposures early in development that alter adult disease susceptibility
by modifying the epigenome rather than by mutating the genome.

1.3.1.1 Nutritional Supplements

We initially used the A*Y mouse to investigate if maternal nutrition could change
the coat-color distribution of the offspring by altering the epigenome (Fig. 1.2)
(Waterland and Jirtle 2003). This study was the first to show that maternal dietary
supplementation during pregnancy with methyl donors (i.e., folic acid, vitamin B,
choline, and betaine) significantly increases the incidence of pseudoagouti off-
spring by increasing DNA methylation at the Agouti locus.

We also demonstrated that genistein, the weak phytoestrogenic compound
present in soya products, similarly alters the coat-color distribution and decreases
the incidence of obesity by increasing DNA methylation (Dolinoy et al. 2006). This
finding is particularly interesting because genistein is not a methyl donor. Never-
theless, genistein at a level comparable to that found in an Asian diet also results in
DNA hypermethylation. The intracellular signaling mechanism by which DNA
methylation at the A" locus is enhanced by genistein is presently unknown;
however, it may involve an alteration in the redox state of the cell, as observed
following ionizing radiation exposure (Bernal et al. 2013). This intriguing possibil-
ity needs to be further investigated.

These initial studies demonstrated that changes in the nutritional environment
during gestation result in alterations in offspring phenotype and disease risk not by
mutations in the genome, but rather by modifications in the epigenome. They were
transformational to the DOHaD research field because for the first time a memory
system was identified by which environmental exposures during early development
could affect disease risk years later in adulthood. Moreover, our findings ushered in
the era of environmental epigenomics by demonstrating to scientists in a multitude
of disciplines that their investigations also fit under the “big tent” of epigenetic
research.

1.3.1.2 Bisphenol A

The effects on the fetal epigenome of maternal exposure to the endocrine disruptor
and suspect carcinogen bisphenol A (BPA) (Soto and Sonnenschein 2010) were
also determined with the use of A"Y mouse model (Dolinoy et al. 2007). BPA is a
high-production volume chemical used in the manufacture of polycarbonate plastic
and epoxy resins. It is present in many commonly used products including food and
beverage containers, baby bottles, and dental composites. The detection of BPA in a
majority of humans attests to its widespread use and our exposure to this chemical
(Calafat et al. 2005).
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Fig. 1.2 Effect of maternal dietary supplementation on the phenotype and epigenotype of A™/a

offspring. (a) Female mice are exposed to a control diet or a supplemented diet. (b) In this

example, mothers whose diet is supplemented produce a higher proportion of offspring that are
pseudoagouti and hypermethylated at the A" locus (Redrawn from Bernal and Jirtle (2010))

Maternal exposure to BPA shifted the coat-color distribution of AYY mouse
offspring toward yellow by decreasing DNA methylation in the retrotransposon
upstream of the Agouti gene at the pluripotent stem cell stage of development
(Dolinoy et al. 2007). Although the epigenetic response to BPA in the A" mouse
was subsequently found to be dose dependent (Anderson et al. 2012), the dose used
in the initial BPA epigenetic study results in plasma levels comparable to that found
in humans. The hypomethylating effect of BPA is not confined to the Agouti gene
since DNA methylation at the Cabp™” locus is also decreased. These findings
provide compelling evidence that the epigenetic effects of xenobiotic chemicals
like BPA need to be included in the risk assessment process.

Importantly, maternal dietary supplementation with either methyl donors or
genistein counteracts the DNA hypomethylating effect of BPA. Thus, early devel-
opmental exposure to BPA can change offspring phenotype and increase disease
susceptibility by stably altering the epigenome, an effect that can be blocked by
maternal dietary supplements. Two millennia after Hippocrates stated, “Let food be
thy medicine, and medicine be thy food,” it is apparent that at least in diseases that
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result from a dysregulated epigenome, food is medicine. In the twenty-first century,
it will be critical to optimize the preventative use of nutritional supplements to
counteract deleterious environmental influences on the epigenome.

1.3.1.3 Low-Dose Ionizing Radiation

The AYY mouse model has shown that early nutritional (Dolinoy et al. 2006; Morgan
et al. 2008; Waterland and Jirtle 2003) and chemical (Dolinoy et al. 2007
Kaminen-Ahola et al. 2010) exposures induce persistent epigenetic changes at the
A" locus (Fig. 1.3). Recently, we have also demonstrated that a physical agent, low-
dose ionizing radiation (LDIR), significantly increases DNA methylation at the A"
locus and alters the coat-color distribution of the offspring in a sex- and dose-
dependent manner (Fig. 1.4b) (Bernal et al. 2013).

Moreover, maternal antioxidant (AO) supplementation mitigates the increase in
DNA methylation and the concomitant shift in coat color to pseudoagouti observed
in irradiated male offspring (Fig. 1.4c). These findings support the postulate that
LDIR increases DNA methylation at the A™ locus in part through the generation of
reactive oxygen species (ROS). Thus, the cellular redox state in pluripotent stem
cells in response to LDIR plays an important role in determining the ultimate
methylation status at the A" locus. Since pseudoagouti A*Y mice also have a
reduced incidence of cancer, diabetes, and obesity (Jirtle and Skinner 2007
Williams et al. 2000; Yen et al. 1994), low doses of ionizing radiation are positively
adaptive in this epigenetic isogenic mouse model system.

The risk to humans from low doses of ionizing radiation is presently predicted
from high-dose epidemiological data using the LNT risk assessment model
(Fig. 1.5) (Pearce et al. 2012; Sanders 2009). This dose—response model assumes
that all doses of radiation are harmful. Nevertheless, there is a large body of
scientific evidence that shows low doses of ionizing radiation are positively adap-
tive (Cameron 2005; Calabrese 2009; Sanders 2009).

The mechanism(s) by which LDIR induce adaptive biological responses have
remained enigmatic (Vaiserman 2011). We now show, for the first time, that X-ray
doses used diagnostically increase the incidence of pseudoagouti mice and decrease
chronic disease incidence in A" mice by enhancing DNA methylation. These
results do not support the LNT risk assessment model, but rather are consistent
with the hormesis model of risk assessment (Fig. 1.5). Our findings not only have
significant implications concerning the mechanism of hormesis, but they also
emphasize the potential importance of this phenomenon in determining human
risk at low radiation doses. Since the epigenome varies markedly between species,
the effect of LDIR on the human epigenome needs to be defined. Epidemiological
data alone will no longer suffice to assess our risk to clinically relevant doses of
X-rays.
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In Vitro Culture # Hypomethylated

Fig. 1.3 The A*Y mouse as a biosensor of environmentally induced alterations in the epigenome.
This animal model has shown that early developmental exposures to methyl donors (Waterland
and Jirtle 2003), genistein (Dolinoy et al. 2006), ethanol (Kaminen-Ahola et al. 2010), bisphenol A
(BPA) (Dolinoy et al. 2007), and in vitro culturing (Morgan et al. 2008) cause coat-color changes
in the offspring by hypermethylating or hypomethylating an IAP inserted into the Agouti locus
(see Fig. 1.1a). Boxes; Coat color

a

Fig. 1.4 Coat-color distribution of A" offspring that were (a) sham irradiated, (b) exposed in
utero to low-dose ionizing radiation (LDIR), and (c) exposed in utero to LDIR + antioxidants.
Yellow, yellow AYY mice; yellow and brown, mottled A*Y mice; brown, pseudoagouti A*Y mice

1.3.2 Imprinted Genes

Animal breeding three millennia ago showed that crossing a female horse with a
male donkey produced a mule. Contrary to Mendelian predictions, the reciprocal
cross yields a phenotypically different offspring called a hinny (Hunter 2007).
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Fig. 1.5 Dose-response A
models for radiation risk
assessment. The LNT model
assumes that every dose of
radiation increases the risk of
adverse effects. The hormesis
model is a biphasic
dose-response curve where
low doses result in a positive
adaptive response and is
supported by our LDIR
epigenetic study (Bernal et al.
2013). Gray ellipse depicts
where most radiation dose
response data has been
obtained
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The first experimental evidence that the parental genomes of mammals are not
functionally equivalent came from elegant mouse nuclear transplantation studies in
the mid 1980s (Fig. 1.6) (Barton et al. 1984; McGrath and Solter 1984; Surani et al.
1984). They demonstrated that the abortive pregnancies resulting from diploid
androgenotes derived from two male pronuclei are markedly different from those
that developed from diploid gynogenotes derived from two female pronuclei. These
studies suggested the presence of genes critical to normal development that are
expressed in a parent-of-origin-dependent manner.

In 1991, murine Igf2r (Barlow et al. 1991) and Igf2 (DeChiara et al. 1991) were
the first genes shown to be imprinted and expressed only from the maternal and
paternal allele, respectively (Fig. 1.7). The following year H/9 was demonstrated to
be imprinted in humans (Fig. 1.7b) (Zhang and Tycko 1992). Presently, there are
approximately 100 genes known to be imprinted in mice and 70 in humans (http://
www.geneimprint.com). This is consistent with our predictions, using machine
learning algorithms, that the repertoire of imprinted genes is species dependent
and that there are fewer genes imprinted in the human than in the mouse (Luedi
et al. 2005, 2007).

Some imprinted genes in Eutherians (e.g., human and mouse) are likewise
imprinted in Metatherians (e.g., opossum) (Das et al. 2009, 2012). In contrast,
genes tested for imprint status in Prototherians (e.g., echidna and platypus) and
Aves (e.g., chicken) are biallelically expressed (Killian et al. 2001; Nolan et al.
2001; Renfree et al. 2009). These findings are consistent with genomic imprinting
originating approximately 150 million years ago during the Jurassic/Cretaceous
period in a common ancestor of the two Therian infraclasses, Metatherians and
Eutherians (Fig. 1.8) (Killian et al. 2000, 2001; Nolan et al. 2001; O’Neill et al.
2000). Interestingly, the phenomenon of genomic imprinting also evolved indepen-
dently in some insects and flowering plants (Khosla et al. 2006; Scott and Spielman
2006). The functional haploidy resulting from a gene being imprinted enables a
single genetic mutation or epigenetic modification to alter the function of an
imprinted gene, making imprinted genes unique disease susceptibility loci.
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Fig. 1.6 Maternal and paternal genomes not functionally equivalent. Mouse nuclear transplanta-
tion studies show abnormal development of the embryo (EMB) and trophoblasts (7B) in diploid
gynogenotes derived from two female pronuclei and diploid androgenotes derived from two male
pronuclei. Normal mouse development occurs when one pronucleus is female and the other is male
(Redrawn from Barton et al. (1984) and Surani et al. (1984)). Yolk sac (YS)
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Fig. 1.7 Mechanisms of monoallelic gene expression controlled by parent-of-origin gametic and
somatic differentially methylated regions (DMRs). (a) Noncoding RNA imprinting model. The
inherited gametic DMR in intron 2 of the mouse /gf2r is the imprint control region (ICR) that
regulates expression of Air. This antisense ncRNA inhibits the expression of the paternal allele of
Igf2r by establishing a somatic DMR in the promoter region (¥*) (Barlow 2011). (b) Chromatin
boundary imprinting model. Parent-of-origin-specific DNA methylation prevents CTCF binding
and cohesion-mediated chromatin remodeling of the human /GF2-H19-HOTS imprinted domain.
Differently arranged chromatin loops allow or prevent promoter—enhancer interaction, resulting in
paternal expression of /GF2 and maternal expression of /19 and HOTS (redrawn from Skaar et al.
(2012)). White oval, unmethylated ICR; dark oval, methylated ICR; light gray oval, CTCF; black
circle, cohesin; methylated sSDMR (**)
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Fig. 1.8 Genomic imprinting evolved in mammals about 150 MY A with the genesis of placenta-
tion and viviparity. Thus, Metatherians and Eutherians have imprinted genes, but there is no
evidence of imprinting in the egg-laying Prototherians or Avians (Jirtle and Weidman 2007)

1.3.2.1 Imprinting Evolution Theories

The evolutionary biologist Theodosius Dobzhansky (Dobzhansky 1973) wrote,
“Nothing in biology makes sense except in the light of evolution.” Nevertheless,
scientists have struggled to formulate a theory to explain the adaptive evolutionary
advantage of imprinted genes, since its evolution eliminates the protection that
diploidy affords against the deleterious effects of recessive mutations.

Many theories are proposed to explain the evolution of genomic imprinting (Das
et al. 2009), but the most widely debated and discussed model is the parental
kinship or conflict hypothesis (Haig and Graham 1991; Moore and Haig 1991).
This theory maintains that genomic imprinting developed in response to viviparity
and polygamy and speculates that fitness effects during placental development were
the principal factors that shaped its evolution. For the first time in evolutionary
history, the placenta exists as an interface for both the paternal and maternal
genomes to exert their influence on resource allocation within the intrauterine
environment. Postnatal nurturing behavior, like lactation, further extends this
interaction between the mother and offspring, indicating that imprinted genes also
play an important role in brain development and behavioral formation (Curley
2011; Keverne 2011). This led to the theory that skewed expression of imprinted
genes toward the paternally and maternally imprinted genes results in the behav-
ioral conditions of autism and schizophrenia, respectively (Badcock and Crespi
2008; Badcock 2011).

According to the conflict theory, genes expressed from the paternal allele favor
increased maternal investment to enhance an offspring’s own fitness at a cost to all
others. In contrast, genes expressed from the maternal allele maximize reproductive
fitness of the mother ensuring availability of resources for all of her current and
future progeny. This postulate explains successfully the parental allelic expression
bias of a number of imprinted genes, including the paternal expression of /gf2, a
growth enhancer, and the maternal expression of /gf2r, a growth inhibitor (Haig and
Graham 1991; Haig 2004). Supporting evidence for this postulate also comes from
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the discovery of imprinted genes in Eutherian mammals and marsupials, while none
have been identified in the egg-laying monotremes or birds (Fig. 1.8) (Killian et al.
2000, 2001; Nolan et al. 2001; O’Neill et al. 2000).

1.3.2.2 TImprinting Mechanisms

Genomic imprinting appears to have evolved independently at least three times. In
the mealybug species, imprinting is manifested as heterochromatization of the
entire paternal genome in males selectively (Khosla et al. 2006). MEA and FWA
in Arabidopsis are imprinted selectively in the nutrient-providing endosperm, and
the mechanism involves demethylation activation by the maintenance
methyltransferase, MET1 (Scott and Spielman 2006).

The imprinting mechanism in vertebrates is more complex. The imprint regu-
latory marks necessarily undergo a cycle involving their establishment in the
primordial germ cells (PGCs) of one generation, maintenance during somatic cell
divisions throughout life in the resulting individual, and erasure and reestablish-
ment in the germ cells during embryogenesis to reflect the sex of the individual in
which they reside (Jirtle and Skinner 2007; Murphy and Jirtle 2003; Barlow 2011).
DNA methylation is a candidate for this inherited marking system, since it can be
modulated with the help of the de novo methyltransferases DNMT3A, DNMT3B,
and DNMT3L in PGCs and then maintained throughout life with the aid of DNMT1
(Hermann et al. 2004; Jia et al. 2007; Turek-Plewa and Jagodzinski 2005). Proteins
like CTCF, coupled with its testis-specific counterpart CTCFL (BORIS), ncRNAs,
and methyl-CpG-binding proteins (MBDs) which recruit histone deacetylases
(HDAC:S), are all involved in imprinting regulation, emphasizing the complexity
of the imprinting process (Klenova et al. 2002; Lewis and Reik 2006; Barlow 2011).

Imprinting control regions (ICRs) are present in imprinted gene clusters as
discrete cis-acting DNA elements that carry a heritable epigenetic mark that
distinguishes the two parental alleles (Barlow 2011). The inherited gametic imprint
mark in Eutherians contains DNA methylation at specific CpG sites, resulting in
both a methylated and unmethylated allele in somatic cells or a gametic differen-
tially methylated region (gDMR). For these ICRs, the inherited methylation marks
can be paternally derived from the sperm, as in the gDMR or ICR located upstream
of H19 in the IGF2/H19 cluster (Fig. 1.7b), or maternal in origin like the gDMR or
ICR in intron 2 of murine /gf2r (Fig. 1.7a) (Reik and Walter 2001; Barlow 2011).
CpG-rich sequences can also acquire gDMR-dependent, parental-specific DNA
methylation marks soon after fertilization in the diploid somatic cells (SDMR),
such as the sDMR in the promoter of Igf2r (Fig. 1.7a). Since these imprint
regulatory marks are not always “read,” monoallelic expression can be cell type,
developmental stage, and sex of the individual dependent, resulting in significant
expression variation (Gregg et al. 2010; Prickett and Oakey 2012). It has been
proposed that this epigenetically mediated variation in imprinted gene expression
has played an important role in mammalian speciation (Vrana et al. 1998), which
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could explain why the repertoires of imprinted genes vary between mammalian
species (Luedi et al. 2007) (http://www.geneimprint.com).

The parent-of-origin-dependent expression of imprinted genes is mediated by at
least two different imprinting mechanisms. Briefly, the chromatin boundary
imprinting model holds that allele-specific modifications at the ICR affect binding
of insulator proteins (e.g., zinc-finger DNA-binding protein CTCF), thereby
mediating gene silencing. Such is the case for the IGF2/H19 imprinted domain
(Fig. 1.7b) (Schoenherr et al. 2003). CTCF binds to the maternal unmethylated
allele of the ICR, shielding /GF2 from downstream IGF2/H19 shared enhancers;
this results in maternal expression of H/9 and HOTS. In contrast, CTCF is unable to
bind to the methylated paternal allele of the ICR, allowing enhancer interaction
with the /GF2 promoter and paternal /IGF2 expression.

In the noncoding RNA imprinting model, production of antisense ncRNA is
critical for the establishment of imprinting. Expression after fertilization of the
antisense 1gf2r RNA (Air) from the paternal allele of the /gf2r ICR silences the
father’s copy of the gene by the formation of promoter DNA methylation.
The paternal alleles of two additional genes, S/c22a2 and Slc22a3, are also silenced
(Fig. 1.7a) (Barlow 2011). DNA methylation on the maternal allele of the ICR
inhibits the production of Air from the mother’s copy of the gene. Thus, the
promoter on the maternal allele remains unmethylated permitting expression of
1gf2r, Slc22a2, and Slc22a3 only from the allele inherited from the mother. IGF2R
Air is not produced in the human, at least in the normal tissues investigated, despite
the presence of an ICR in intron 2 (Yotova et al. 2008). As a consequence, this gene
is biallelically expressed in humans, except for sporadic monoallelic expression
observed in the placenta and some Wilms’ tumors (Monk et al. 2006; Yotova et al.
2008). Even more surprising is that Air has not been found in other mammals that
show imprinted /GF2R expression, such as the dog (O’Sullivan et al. et al. 2007)
and opossum (Weidman et al. 2006). This indicates that epigenetic modifications
other than DNA methylation are involved in controlling imprinting at the /GF2R
locus in these mammalian species. Further investigation into the role of histones
and ncRNAs in imprinted gene regulation in Therians will undoubtedly help
resolve these issues (Kacem and Feil 2009; Girardot et al. 2012).

1.3.2.3 Imprinting and Disease Susceptibility

George Orwell wrote in Animal Farm, “All animals are equal, but some animals are
more equal than others.” The same is true about genes when it comes to disease
susceptibility, and those that are more equal are monoallelically expressed. The
parental allele that is expressed can be chosen either randomly (Tycko 2010) orin a
parental-specific manner, as observed in genomically imprinted genes (Jirtle and
Weidman 2007; Barlow 2011). Genomic imprinting may be evolutionarily adaptive
because of its apparent involvement in brain development (Badcock and Crespi
2006; Keverne 2001) and potential ability to accelerate mammalian speciation
(Hunter 2007; Vrana et al. 1998). Nevertheless, the presence of functionally haploid
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imprinted genes in the human genome can be disastrous to the health of a given
individual.

A number of developmental disorders in humans, such as Beckwith—Wiedemann
and Silver—Russell syndromes, result not only from genomic mutations but also
from epigenetic dysregulation of imprinted genes (Ishida and Moore 2012). Inter-
estingly, Silver—Russell syndrome, a congenital disease characterized by growth
retardation, is the first human disorder shown to result from epigenetically mediated
imprinting defects affecting two different chromosomes (Eggermann et al. 2008).
Ten percent of patients present with maternal UPD of chromosome 7, while
40-65 % show hypomethylation at the ICR upstream of HI/9 at chromosome
location 11p15.5 (Fig. 1.7b) (Ishida and Moore 2012). Silver—Russell syndrome
patients with H/9 ICR hypomethylation additionally exhibit altered DNA methyl-
ation at other imprinted loci, suggesting defects in the ability to establish and/or
maintain imprinting postfertilization (Azzi et al. 2009). In contrast,
hypermethylation of the H/9 ICR, with concomitant biallelic expression of IGF2,
is associated with an overgrowth disorder, Beckwith—Wiedemann syndrome
(Riccio et al. 2009). Consequently, these two developmental syndromes are clini-
cally and epigenetically opposite diseases.

Genome-wide association studies (GWAS) and copy-number variation (CNV)
studies have also identified genomic regions linked to complex disorders such as
autism, bipolar disorder, schizophrenia, and Tourette’s syndrome with a parent-of-
origin inheritance preference, indicating the involvement of imprinted genes in
their etiology (Morison et al. 2005). Two recently identified imprinted genes
implicated in the development of autism and schizophrenia are DLGAP2, a mem-
brane-associated guanylate kinases localized at postsynaptic density in neuronal
cells (Luedi et al. 2007; Pinto et al. 2010), and MAGI2, a multi-PDZ domain
scaffolding protein that interacts with several different ligands in brain, respectively
(Barbaux et al. 2012; Karlsson et al. 2012; Koide et al. 2012; Luedi et al. 2007,
Walsh et al. 2008). The potential involvement of imprinted genes in autism and
schizophrenia are consistent with the imprinted brain theory proposed by Badcock
and Crespi (Badcock and Crespi 2008; Badcock 2011).

Exposure to famine conditions while in utero increases the risk of developing
cardiovascular disease, obesity, and diabetes (McMillen and Robinson 2005); it
also doubles the incidence of schizophrenia (St Clair et al. 2005; Susser et al. 1996).
Thus, a major reduction in nutrition during pregnancy markedly increases psychosis
formation. In contrast, the calorie-rich Western diet is predicted to increase the
prevalence of autism with a concomitant decrease in the incidence of schizophrenia
(Badcock 2011), an intriguing situation presently observed in Western countries
(Woogh 2001; Blaxill 2004). A better understanding of the mechanisms by which
the environment affects the genesis of neurological disorders will clearly necessi-
tate elucidating the role of imprinted gene expression in normal human neurological
and behavioral development.

Determining the role of imprinted gene regulation in normal and abnormal
behavior development has significant limitations, however, since brain-specific
expression profiles cannot be measured in living individuals. This means relevant
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correlations cannot readily be made between disease state and abnormal imprinted
gene expression in brain tissue. Nevertheless, given the consistency of the paren-
tally established epigenetic marks present in imprint control elements, inherited
epigenetic abnormalities should be detectable in peripheral tissues that are amena-
ble to analysis. Therefore, even in the absence of expression data, screening
affected individuals for epigenetic disruptions in imprint regulatory elements
should prove to be highly informative for ascertaining the role of genomic imprint-
ing in psychiatric conditions.

Because imprinted genes are so integrally involved in regulating early growth
and development, their deregulation in somatic cells also increases cancer risk
(Feinberg et al. 2006; Uribe-Lewis et al. 2011). For imprinted tumor suppressor
genes, only a single mutational or epigenetic event is required for complete gene
inactivation because one allele is already nonfunctional due to imprinting. Conse-
quently, the silenced allele of an imprinted gene has been equated to the first hit, as
defined by Knudson (Knudson 2001) in his two-step model for carcinogenesis.
Imprinted oncogenes can also be inappropriately overexpressed in somatic cells
through loss of imprinting (LOI) in which the normally silent allele becomes
transcriptionally active (Jelinic and Shaw 2007). These findings indicate that
imprinted genes are also potential human cancer susceptibility loci, and approxi-
mately 30 % of imprinted genes are now known to be involved in its genesis (Skaar
et al. 2012). Thus, to improve our understanding of the etiology of human diseases
and neurological disorders, the complete repertoire of imprinted genes and their
regulatory elements, the imprintome, must be defined. It is also important to
determine the imprintomes for animals, such as cows and pigs, since reproductive
fecundity, muscle mass, and fat deposition are in part dependent upon imprinted
gene expression (Coster et al. 2012; Magee et al. 2010; Van Laere et al. 2003;
Wylie et al. 2000).

1.3.2.4 The Imprintome

The concept of the “imprintome” first appeared in print in 2009 (Jirtle 2009) and
subsequently has been used with varying definitions (Cooper and Constancia 2010;
Monk 2010). As the term was first coined, the human imprintome is “the environ-
mentally labile cis-acting imprint regulatory elements in the human genome.” Since
genomic imprinting is a direct consequence of epigenetic regulation, the
imprintome should be viewed as part of the epigenome, rather than the genome
or transcriptome.

The importance of understanding the imprintome comes from the recognition
that the advent of imprinting represents a significant vertical progression in mam-
malian evolution (Fig. 1.8). The imprintome is critical for development and growth,
and our understanding of many complex human diseases is improving significantly
as the involvement of imprinted genes and imprint regulation is increasingly being
established. It is also important to distinguish between parent-of-origin-dependent
monoallelic gene expression resulting from the imprintome, and other genes that
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are monoallelically expressed, but not in a parental-dependent manner (Tycko
2010). Random parental monoallelic expression appears to function as a dosage
control mechanism (Gimelbrant et al. 2007) and employs epigenetic regulatory
mechanisms that differ from those utilized by genomically imprinted genes (Luedi
et al. 2007). The imprintome is also distinguished from the remainder of the
epigenome by its consistency and fidelity. It always exhibits parent-of-origin-
specific epigenetic marks with very little spatial, temporal, or interindividual
variability.

Understanding the human imprintome has become a greater necessity because of
the demonstration of species-specific differences in imprinting establishment and
regulation. Evidence that mouse and human imprinted gene repertoires show only
about 30 % overlap (Luedi et al. 2005, 2007) should be taken as a caveat for
modeling any human system or complex disease that includes imprinted genes.
Given the plasticity of the epigenome, and by extension, the imprintome, it can be
inferred that epigenetic divergence between species is more rapid and extensive
than genetic divergence. If epigenetic changes, specifically imprint regulatory
changes, are a driving force in mammalian evolution and species divergence
(Proudhon et al. 2012), then the relevance of any model organism’s imprintome
in understanding the human imprintome is diminished.

An even closer species comparison emphasizes this point. The divergence of rat
and mouse from a common ancestor occurred in the same approximate time frame
as the divergence of human and macaque, approximately 20 MYA (Springer et al.
2003). Nevertheless, the genetic divergence between mouse and rat is nearly double
of that between human and macaque (Gibbs et al. 2004), but mouse and rat have
similar encephalization quotients (ratio of actual brain size to expected brain size
based on body size), while the human encephalization is at least six times that of
macaque (Williams 2002). Given the comparative genetic stability between human
and monkey, it has been postulated that epigenetics provides the adaptable
variability responsible for this sort of difference between species (Keverne 2011).
Thus, to more thoroughly understand the pathogenesis of neurological disorders,
the human imprintome must be defined.

Human Imprintome Identification

Presently, only 22 DMRs associated with known human imprinted genes have been
identified (Skaar et al. 2012); this represents less than half of the experimentally
identified imprinted genes (http://www.geneimprint.com). The discovery of most of
these DMRs was by screening known imprinted genes for differential methylation
by dye-terminator sequencing following bisulfite conversion (Tremblay et al.
1997). Sequencing by this method is capable of qualitatively identifying stretches
of CpGs with intermediate methylation of genomic DNA. Confirmation of these
regions is usually accomplished by the sequencing of clones to definitively identify
parental allele-specific stretches of hyper- and hypomethylation (Tremblay et al.
1997). Newer methods, including pyrosequencing and mass spectrometry-based
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methylation analysis using a Sequenom MassArray system (Sequenom, San Diego,
CA), are also capable of quantitative methylation analysis. Nevertheless, they are
unable to determine contiguous allele-specific methylation, so cloning is still
necessary to definitively identify an imprint regulatory DMR.

The latest methods for high-throughput, parallel, next-generation sequencing
(NGS) are allele specific, generate discrete sequences from single DNA strands, and
are also quantitative. Applications for targeted sequencing of methylated regions
include sequencing of methylated DNA captured by either immunoprecipitation
with 5mC-specific antibodies (MeDIP-seq) (Down et al. 2008) or affinity purifica-
tion by the MDB domain of MeCP2 (MethylCap-seq) (Brinkman et al. 2010).
Similar methods could also be used to map 5-hydroxymethylcytosine (ShmC)
with the appropriate antibodies. These methods provide powerful whole-genome
coverage, but the length of each sequence read is much shorter than other methods,
reducing the number of consecutive CpG sites analyzed. Another limitation is that
capture efficiency depends on CpG density, so that regions with higher CpG content
are overrepresented. Thus, imprintome elements with low CpG content will not be
as effectively captured and sequenced and may be missed without a great depth of
sequencing.

Direct whole-genome sequencing on bisulfite-converted DNA by NGS is also
possible and would avoid any pulldown biases, but trade one drawback for another.
With the bisulfite conversion of all cytosines not in CpG pairs, and many that are,
there are only three bases in most sequence outputs. Thus, the resulting sequences
can be ambiguous for genome alignment, particularly with the short reads of NGS,
making analysis of de novo sequencing results challenging. Finally, bisulfite con-
version and sequencing cannot distinguish between ShmC and 5mC, a difference
that may be highly significant for regulation.

The most recently developed sequencing methods, such as Pacific Biosciences
(Menlo Park, CA) single-molecule real-time (SMRT) sequencing, sequence single
molecules in real time. Nanopore sequencing, such as the GridION system of
Oxford Nanopore Technologies (Oxford, UK), also has the same potential. Of
greatest significance, these methods have the potential to directly identify
methylated and possibly also hydroxymethylated bases in single-strand sequencing,
not with bisulfite conversion, but with the use of variation in DNA polymerase
kinetics (Flusberg et al. 2010) or altered electrical current across a nanopore
(Wallace et al. 2010). These high-throughput methods hold the promise of unam-
biguous and unbiased sequencing that will be capable of identifying differential
methylation.

Until NGS whole-genome methylation sequencing is validated and
standardized, the most cost-effective method for comparative methylation analysis
with complete genomic coverage is MeDIP-chip, using affinity pulldowns as
described previously, but with analysis on whole-genome tiling arrays. Methylated
DNA collected by MeDIP is quantitated by hybridization to genome arrays,
providing relative methylation levels for screening purposes. Imprintome DMRs
are consistent across tissues, time, and individuals, so false positives can be reduced
by using diverse samples to eliminate variability. While the completeness of



22 R.L. Jirtle

genome-wide detection by NGS depends on the depth and redundancy of sequenc-
ing, the entire genome is interrogated equally when arrays are scanned. The
resolution of this method is limited to array probe length, but more significantly
is the already described challenge of distinguishing DMRs, with their typically low
CpG density, from non-imprintome methylation. This requires multiple samples to
provide sufficient power to distinguish between hypermethylation and differential
methylation.

To eliminate variability from non-imprintome methylation, methylation
mapping of gametic cells should be helpful since this approach detects only the
original parentally established marks. A major drawback of this approach is that
while sperm DNA is plentiful, human oocyte DNA is difficult to obtain in sufficient
quantity for this type of assay. Analysis of sperm DNA alone has two limitations.
Firstly, it contains DNA methylation other than the DMR-establishing marks.
Secondly, the majority of known DMRs are established by maternal methylation,
so sperm analysis would likely miss most novel DMRs. The ideal screen would use
oocyte DNA to subtract common methylation and thereby identify paternal- and
maternal-specific DNA methylation marks. Unfortunately, though the use of
gametic DNA will be useful in defining gDMRs, it will not help define sSDMRs.

Genome-wide interrogation of DNA methylation is a more straightforward
process than the determination of histone modification status. Nevertheless,
whole-genome arrays and NGS have the potential to screen for chromatin structure
or histone modifications indicative of imprinting. Chromatin immunoprecipitation
(ChIP) with antibodies specific to histone modifications, followed by either
microarray analysis (ChIP-chip) or sequencing (ChIP-seq), can identify differen-
tially marked regions, comparable to the methylation screens described.

Informatic approaches have also proven useful in the ascertainment of imprinted
genes and imprintome elements. The list of potential imprinted human genes from
the previously mentioned prediction study (Luedi et al. 2007) has resulted in the
experimental confirmation of DLGAP2, FAM50B, KCNK9, MAGI2, and NTM as
imprinted (Barbaux et al. 2012; Luedi et al. 2007); a DMR for FAM50B linked to
monoallelic expression has also been identified (Zhang et al. 2011). Continuation of
this approach using the convergence of informatic predictions, methylation analy-
sis, and histone modification studies could have a great deal of power to specifically
identify imprintome elements.

Unless an imprint regulatory element is in the promoter or resides within a gene,
our knowing the imprintome does not identify the genes that are imprinted.
Establishing imprint status requires determining if the expressions of genes in the
genomic region of an identified DMR are parental allele dependent. Obtaining
experimental confirmation of this unique expression pattern for imprinted genes
can be a daunting task, particularly in humans, since monoallelic expression of
imprinted genes can vary by cell type, developmental stage, and the sex of the
individual (Gregg et al. 2010; Prickett and Oakey 2012). Interestingly, rare
microdeletions and amplifications (i.e., CNVs) that alter disease phenotype in a
parent-of-origin-dependent manner should be helpful in determining the imprinted
genes regulated by the DMRs defined in the imprintome. In effect, such CNVs can
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act as spotlights to focus our attention on those genes that are monoallelically
expressed.

Ultimately, not only will the complete repertoire of imprinted genes be identified
in the human but also in other mammalian species. By performing phylogenetic
comparisons of the full complements of imprinted genes and their imprintomes, we
will be able to determine the role they play in mammalian evolution and disease
susceptibility.

1.4 Conclusions

Every time we look into a mirror or step on a scale, we know we are what we eat;
however, we now know that we may also be what our mother was exposed to while
we were in her womb (Jirtle and Skinner 2007; Waterland and Jirtle 2003).
Furthermore, since epigenetic marks are not always erased in the egg and the
sperm (Anway et al. 2005; Daxinger and Whitelaw 2012; Jirtle and Skinner
2007; Pembrey et al. 2006), we may even be what our grandparents and great
grandparents were exposed to during their lives. Thus, recent epigenetic
investigations have brought a novel biological perspective to the Biblical warning
that the sins of the fathers are visited upon the children unto the third or fourth
generation (Exodus 20:5). It is now evident that the ability to optimally diagnose,
prevent, and treat diseases will remain elusive until it is more fully appreciated that
human health and disease are not dependent solely upon genetic variations, but
rather upon complex interactions between alterations in the rigid genome and the
plastic epigenome.
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Chapter 2
Developmental Epigenomics and Metabolic
Disease

Peter D. Gluckman, Felicia M. Low, and Mark A. Hanson

Abstract Organisms have evolved the processes of developmental plasticity to
adjust their developmental trajectory in response to early life exposure to environ-
mental cues. The potentially adaptive nature of such anticipatory responses is
aimed at promoting Darwinian fitness; however, a mismatch between the induced
phenotype and the later life environment increases the risk of disease, as evolution-
ary processes act to maximize reproductive success and not to maintain health and
longevity. We focus on the developmental origins of later life metabolic disease in
humans particularly with respect to early life under- and overnutrition and review
the experimental, epidemiological, and clinical evidence implicating epigenetic
mechanisms in the modulation of disease risk. There is growing evidence that
epigenetic marks—and hence possibly disease risk—may be transgenerationally
transmitted via non-genomic pathways of inheritance. This has implications both
for the perpetuation of disease risk across generations and for the potential impact
on evolution should epigenetic marks become genomically fixed. We also discuss
the potential of developmental epigenomics in identifying prognostic biomarkers
and therapeutic targets and raise several technical and methodological caveats to be
borne in mind when undertaking and interpreting epigenomic research.
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DOHaD Developmental origins of health and disease
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IAR Immediate adaptive response
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2.1 Introduction

Gene-environment interactions have traditionally been used to explain phenotypic
variation in humans, such as differential susceptibility to disease. However, such a
dichotomous perspective is increasingly becoming outmoded in light of the
accumulating data pointing to the role of early life development in disease causation.
In this chapter we discuss how the processes of developmental plasticity—whereby
phenotypic development is influenced by developmental experiences—affect an
individual’s interaction with its environment at maturity and, in turn, its risk of
metabolic disease. Developmental plasticity is now well recognized as being
underpinned by epigenetic mechanisms, which are phylogenetically old processes
that regulate gene expression in response to environmental cues through covalent
modification of DNA and its associated molecules. We also discuss how the emerging
field of developmental epigenomics may be exploited to identify prognostic
biomarkers and indicate targets for therapy and the attendant methodological pitfalls
of which to be mindful.

2.2 Developmental Plasticity

Far from passively adhering to a rigid genetic blueprint during early development,
the developing organism is receptive to external cues and responds by adjusting its
phenotypic development, thus resulting in several different possible phenotypes
arising from a single genotype. It achieves this via the processes of developmental
plasticity, which are ecologically prevalent and seen across many taxa (Bateson
et al. 2004). Examples include the female honeybee which develops into either a
queen or a worker according to how the early larva is fed; the water flea which
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forms a defensive helmet and tail spike when its mother is exposed to chemicals
released by predators, allowing it to cope with a potentially dangerous postnatal
environment; the larval desert locust which receives parental chemical signals that
act as a proxy for population density and in response develops into either a
nocturnal, solitary morph or a diurnal, gregarious morph; and the spade-foot
tadpole which undergoes earlier metamorphosis from tadpole to terrestrial form
to promote immediate survival when habitat desiccation is imminent. In this review
we shall focus on the potential role of the processes of developmental plasticity in
humans and consider how these may contribute to the risk of metabolic disease in
later life.

Developmental plasticity clearly plays an essential role in coping with changing
environments on a time-scale intermediate between coping via homeostasis and
responding through phenotype selection. It has evolved to enable an organism to
modulate its phenotypic development and life course in potentially adaptive ways
(Bateson et al. 2004; Bateson and Gluckman 2011), that is, increasing Darwinian
fitness to allow gene flow to the next generation. With respect to cues such as
nutritional state, it is likely that there is some level of phenotypic inertia in the
formation of responses to environmental cues: taking into account a range of
environmental conditions over a longer time scale may enable a more accurate
picture of the future environment to be obtained (Kuzawa and Thayer 2011).

The potential reaction norm of induced phenotypes provided by developmental
plasticity is presumably limited by the range of environmental exposures previously
experienced by the lineage. A further constraint emerges from the likely develop-
mental and energetic costs involved in maintaining the capacity for plasticity.
Hence, these processes tend to be limited to windows during early development
(Bateson and Gluckman 2011). The mechanisms underlying developmental plas-
ticity include changes in epigenetic marks that modulate the expression of specific
genes under specific contexts (Waterland and Jirtle 2003; Gluckman et al. 2011).
There are also emerging hints that epigenetic changes may be transgenerationally
transmitted through non-genomic mechanisms of inheritance (Low et al. 2011).

2.2.1 Environmental Interactions During Development

Developmental plasticity is one of several responses that organisms employ during
development in response to environmental exposures. The type of response elicited
is dependent on where on the spectrum of severity and evolutionary novelty the
environmental exposures lie. Extreme environmental challenges that overwhelm
the adaptive capacity, or which are entirely novel and thus are not countered by
evolved defenses, can result in irreversible disruption of the normal developmental
program. Limb malformation in children whose mothers were treated with thalido-
mide during pregnancy is an example of such a teratogenic response. Challenges
that are less severe, and particularly those that occur within the normative
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ecological context, generally induce a potentially adaptive plastic response
(Gluckman et al. 2009).

The phase within the life course when the phenotypic consequences of these
responses become apparent allows an additional level of classification into imme-
diate adaptive responses (IARs) or predictive adaptive responses (PARs), although
there is no sharp delineation between the two and both can be induced by the same
cue (Gluckman et al. 2005b). TARs are made when survival is immediately
threatened and a prompt response is needed, but this is usually followed by
longer-term trade-offs. For example, the fetus challenged by placental dysfunction
may be born prematurely and growth retarded so as to improve its immediate
chances of survival, but this incurs an unavoidable trade-off of greater morbidity
and mortality postnatally (Gluckman et al. 2005b).

Cues of a more subtle nature may evoke PARs which do not lead to an overt
phenotype at birth, but nevertheless bestow potentially adaptive advantages later in
life. However, what has often been misunderstood is that these responses are most
likely to be fitness enhancing in childhood through to the early reproductive years
(Godfrey et al. 2010), as human fitness is largely determined by childhood and
adolescent survival (Jones 2009). There may be a loss of potential advantage under
some circumstances from the induction of such responses in mismatched
environments later in life, but this is inconsequential in evolutionary terms. By
adapting the phenotype better to the predicted ecological (e.g., nutrition and stress)
environment in childhood and adolescence, fitness is likely to be enhanced. Such a
model is supported by the observation that puberty is accelerated in girls of lower
birth size (Sloboda et al. 2007).

Anticipatory responses are a widespread phenomenon, and the PAR model is
supported by much experimental and clinical evidence. The coat characteristics of
the meadow vole are particularly illustrative—using day length cues as transduced
by maternal melatonin, voles are born with a thin coat during spring in anticipation
of a hot summer or a thick coat in autumn which only confers an advantage later in
the winter season (Lee and Zucker 1988). The ability to use prenatal cues to predict
the extremes of temperatures encountered in adulthood therefore promotes survival
and reproduction. Fetally undernourished rats fed a normal postnatal diet become
obese, hypertensive, and insulin and leptin resistant and develop behavioral
modifications reflected in increased food consumption and decreased physical
activity (Vickers et al. 2000). This set of features comprises an integrated pheno-
type that had been tailored to cope with the nutritional scarcity anticipated to
prevail postnatally. A high-fat diet amplifies these features, but administration of
the adipokine leptin to neonatal rats can prevent development of all aspects of
metabolic dysfunction (Vickers et al. 2005). In humans, retrospective analysis of a
cohort of adults who were gravely undernourished in childhood showed that those
who were smaller at birth developed marasmus, a more benign form of malnutri-
tion, compared to those larger at birth who developed kwashiorkor, a form with a
poorer survival prognosis (Forrester et al. 2012). They also had persistent changes
in metabolic physiology. This suggests that potential marasmics were able to make
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PARs enabling the development of a metabolic physiology that is more compatible
with a low-nutrient environment.

2.2.2 The Role of Epigenetics in Developmental Plasticity

A rapidly accumulating body of literature indicates that epigenetically mediated
modulation of the expression of specific genes and pathways plays a crucial role in
the processes of developmental plasticity. This understanding has been consider-
ably aided by next-generation technological advances in sequencing analysis over
the past few years (Ku et al. 2011). Epigenetic mechanisms affecting gene dosage
underpin several developmental processes including cell differentiation, genomic
imprinting, and X-chromosome inactivation in female mammals. It would appear
that the same biological processes have been co-opted for a range of core functions.
While these other uses of epigenetic processes are generally stable, developmental
plasticity involves contingent changes in gene regulation that may be transient or
persist across the life course.

The honeybee referred to above provides a good example of how epigenetic
processes mediate developmental plasticity. Although early life nutrition in terms
of duration of access to royal jelly normally determines whether larvae become
queens or workers, experimentally induced silencing of Dnmt3, which encodes the
DNA methyltransferase enzyme responsible for establishing new methylation
marks, causes most larvae to develop into queens with the characteristic enlarged
ovaries (Kucharski et al. 2008).

2.2.3 Epigenetics and Evolution

Epigenetic processes, such as DNA methylation and small RNA activity, are
thought to have evolved as defense mechanisms to protect the genome against
transposable elements—potentially mutagenic mobile DNA segments that move
from one location of the genome to another (Slotkin and Martienssen 2007).
Epigenetic silencing may have evolved to counter viral infections or to silence
the second genome during cell fusion in bacteria. Alternatively, DNA methylation
may also have enabled gene dosage rebalance after gene duplication (Chang and
Liao 2012). Others have suggested that the epigenetic function of changes in
histone structure may have arisen as an incidental outcome from their primary
role as regulators of gene expression (Felsenfeld and Groudine 2003). Mattick has
also proposed that noncoding RNAs may have evolved as a means of regulating the
complex processes of plasticity underpinning cognition and brain function, perhaps
in part through their ability to be differentially edited depending on the context
(Mattick 2011).
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2.2.3.1 Potential Role of Epigenetic Change in Evolutionary Processes

Could epigenetic processes play a role in guiding genetic evolution? West-Eberhard
(2003) has suggested that changes in phenotype induced by the environment can
lead to adaptive evolution and the origin of evolutionary novelties. Thus, rather
than being the originator of evolutionary change, genes may instead serve as
“followers” in maintaining developmentally induced phenotypic changes. Indeed,
a growing body of evidence points towards the transgenerational transmission of
developmentally induced, epigenetically regulated phenotypes (Gluckman et al.
2007a), but the discussion to date on whether heritable induced phenotypes could
drive evolutionary change has been limited by insufficient empirical evidence for a
mechanism.

A key question is whether changes in epigenetic marks prompted by early life
exposures could become incorporated into the genome. Theoretically, this may be
achieved through several routes. Firstly, recurrence of the inducing cues over
multiple generations may stabilize the phenotype until genomic fixation occurs
via genetic accommodation, the processes of which are still poorly defined. Sec-
ondly, the propensity of methylated or hydroxymethylated cytosine to spontane-
ously hypermutate into thymine or uracil, respectively (Pfeifer 2006), causing
nonrandom changes to the DNA sequence, may generate a range of phenotypes
that undergo natural selection and become genomically fixed. Finally, increasing
data from animal studies examining male germline inheritance have suggested that
epigenetic marks may pass meiosis by way of microRNAs (Wagner et al. 2008) or
of methylation and/or histone marks in sperm (Ng et al. 2010; Morgan and Bale
2011). This supports the plausibility of selection acting on the phenotype induced
by a particular epigenetic mark; phenotypes that enhance fitness could conceivably
then become genomically fixed and drive evolutionary change.

2.3 Developmental Plasticity, Health, and Disease

2.3.1 Developmental and Evolutionary Pathways to Disease

We proposed that PARSs act to confer longer-term adaptive advantages that enhance
an organism’s fitness (Gluckman et al. 2005a). However, the efficacy of this
strategy is dependent on the accuracy of early life cues received. If the cues are
not faithfully transmitted or are not reflective of the actual environment, the fetus
will consequently make erroneous predictions and adopt a developmental trajectory
that is unsuited to its mature environment, thereby elevating risk of disease in later
life. This scenario is known as a developmental mismatch (Gluckman and Hanson
2006). For example, if the fetus receives inadequate nutrition, whether due to
placental dysfunction, poor maternal diet, or maternal constraint (maternally
imposed physiological limitations on fetal growth to reduce the risk of obstructed
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labor), an energy-poor environment is predicted, and an energy-conserving meta-
bolic physiology is developed—even though the environment may be nutritionally
abundant in reality. It then becomes mismatched to a postnatal obesogenic environ-
ment, potentially leading to metabolic disease. The conditions under which predic-
tive responses are evolutionarily protected have been defined—selective advantage
is possible even if the prediction is not always accurate (Jablonka et al. 1995).

The consequences of mismatch need not be symmetrical: there is a greater
fitness disadvantage for a human in predicting a nutritionally rich environment
and being born into a nutritionally poor environment than vice versa. Both survival
and fertility are more likely to be compromised in the former, and the Paleolithic
human was most likely to be exposed to less nutritionally rich environments. The
presence of maternal constraint further biases the prediction. The key issue is when
in the life course the disadvantage appears. In general the impact of a nutritionally
rich environment does not affect health until after peak fertility, at least in females.
As evolution is driven by fitness, and not by health or longevity per se, such late-
onset disadvantage is generally of no evolutionary consequence.

Evidence of developmental mismatch in humans abounds and will be discussed
in detail below. Migrants or refugees who were born in conditions of poor nutrition
and have moved to countries with a more energy-dense, fat- and sugar-laden diet
are at greater risk of diabetes and cardiovascular disease (Jeemon et al. 2009).
Similar health problems are also increasingly seen in countries undergoing rapid
economic growth and hence nutritional transition to a diet more comparable in
composition and quantity to the “Western” diet, such as in India and China.

Two points should be noted regarding the nature of mismatch. Firstly, not every
individual who is mismatched to their environment will inexorably develop disease.
Other factors such as the individual’s specific developmental history, later life
environment, and their genome may also play a role. Mismatch simply increases
the risk of developing disease in later life. Secondly, because developmental
plasticity operates under normal as well as under adverse conditions (Gluckman
et al. 2011), the induction of variable risk in a mismatched environment is not
limited to extreme scenarios. For instance, risk of death from heart disease is higher
among those of low birth weight, but the effect is graded across the normal range of
birth weights, indicating that plastic responses are occurring even in uneventful
pregnancies (Godfrey 2006). Similar graded effects have also been observed for
risk of diabetes, obesity, and hypertension. Since no obvious impact is seen in the
fetus or mother, and such effects can be induced by normal physiological cues (i.e.,
maternal nutritional status throughout the offspring’s early development), “normal”
birth weight may well be obscuring subtle developmental effects that nonetheless
increase risk of later life disease. It is important to note that the “normal” range in
terms of nutrition may include over- as well as undernutrition, either of which can
be viewed as unbalanced nutrition leading to potential mismatch in the offspring.
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2.3.2 Developmental Origins of Health and Disease

The involvement of a developmental component in determining disease risk in later
life—a phenomenon dubbed the Developmental Origins of Health and Disease
(DOHaD)—is a relatively new field of research. While there was a series of earlier
clinical and experimental papers (reviewed in Gluckman et al. (2010)), it only
received more focused attention after the publication of several highly influential
papers from David Barker’s group. They showed that reduced fetal growth, as
measured by low birth weight, was associated with greater risk of cardiovascular-
related mortality in later life (Barker et al. 1989). These findings proved provoca-
tive as they challenged preconceived assumptions that adverse cues experienced
during gestation would only become manifest during the immediate postnatal
period and not produce effects after a lag of several decades. However, further
research has since verified this phenomenon by demonstrating similar associations
for other metabolic disorders including insulin resistance, obesity, hypertension,
diabetes, and osteoporosis (Godfrey 2006) coupled with a plethora of studies in a
number of animal species. Today there is an increasing appreciation of the impor-
tance of DOHaD research in understanding contemporary human morbidity and
mortality.

2.3.3 Developmental Origins of Obesity and Related Metabolic
Diseases

An extensive body of experimental studies in animals involving maternal dietary
and behavioral or hormonal manipulation from pregnancy to weaning has revealed
how offspring can be “primed” to develop characteristics akin to that of human
cardiometabolic disease in later life. Two widely used rat models involve
subjecting pregnant dams to a hypocaloric or protein-restricted diet during preg-
nancy and/or lactation (Vickers et al. 2000; Lillycrop et al. 2009). Offspring later
develop obesity, hypertension, impairments in glucose homeostasis and lipid
metabolism, and dietary fat preference. These effects are exacerbated when off-
spring are fed a high-fat postnatal diet, which simulates a situation of greater
mismatch. Recent work in rodents has suggested that such developmental induction
can also be effected by paternal factors (Carone et al. 2010; Ng et al. 2010; Morgan
and Bale 2011).

In humans, the prolonged study periods required for longitudinal analysis have
limited experimental and clinical studies. Therefore, retrospective analysis of so-
called natural experiments, such as famines and pandemics which have exposed
population groups to a putative inducer of developmental programming, has
yielded the most useful data (Vaiserman 2011). A cohort of Dutch individuals
whose mothers were subjected to an acute period of famine during pregnancy as a
result of Nazi-imposed food restrictions have served as a valuable resource.
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Compared to their unexposed siblings, these people as adults tend to have higher
plasma lipid levels and higher rates of obesity and coronary artery disease
(Heijmans et al. 2009). Comparable observations have also been made in Nigerian
individuals exposed to conditions of famine during early life, who were then at
higher risk of hypertension and impaired glucose tolerance in adulthood (Hult et al.
2010).

Prenatal undernutrition is not the only developmental route by which predispo-
sition to metabolic disease could occur. Early life overnutrition, maternal adiposity,
gestational diabetes, and excessive weight gain during pregnancy are also risk
factors for a similar outcome (Boney et al. 2005). The downstream metabolic
effects of early life overnutrition have been corroborated by many animal studies.
For example in mice, offspring of mothers fed a high-fat diet from weaning until
lactation developed hypertension, fatty liver, and lipid metabolism dysregulation in
adulthood (Elahi et al. 2009). In rats, a maternal high-fat diet induced hepatic fat
deposition and insulin insensitivity in offspring at adulthood (Bruce et al. 2009;
Dunn and Bale 2009).

The apparent paradox of diametrically different exposures giving rise to similar
health outcomes in later life suggests that multiple developmental pathways are at
play. Our understanding of the biological basis of how early life overnutrition is
linked to adverse health outcomes is rudimentary. There are suggestions that
disruption of mitochondrial function, oxidative stress, and upregulated placental
transport could contribute (Bruce and Hanson 2010); however, there is now also
growing evidence that epigenetic factors contribute to both pathways, as discussed
later.

Although gestational diabetes has adverse consequences on offspring health,
evolutionary explanations could account for the lack of negative selection against
it: as mild fetal hyperinsulinemia is growth promoting, the placenta may have
evolved to buffer against fetal undernutrition rather than overnutrition; furthermore
obesogenic environments would have been highly unlikely during the course of our
evolutionary history, and it is only with the current ubiquity of nutritional overload
that an evolutionary mismatch has arisen (Ma et al. submitted).

The trends towards poorer dietary quality and increasing rates of maternal
obesity and gestational diabetes in many developing and developed countries are
raising concerns about the health impact on the next generation and in particular the
perpetuation of a vicious cycle of “diabesity”” (Poston 2011). Paternal influences at
the time of conception may also play a role: daughters of male rats chronically fed a
high-fat diet have impaired pancreatic function, suggesting that the generational
effects must have been caused by altered sperm development or molecular pro-
gramming in the father’s germline (Ng et al. 2010). Food preferences may be
shaped by the nature of maternal diets and the foods onto which children are
weaned (Beauchamp and Mennella 2009). Infant diet can also modulate disease
risk. For example, an early transition from breast milk to formula feeding increases
the risk of being overweight in adolescence (Gillman et al. 2001).
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2.3.3.1 Epigenetics: Experimental Evidence

The initial resistance towards the idea that disease with a later life onset could have
developmental origins was partially due to the lack of evidence for a tenable
biological mechanism that could account for the epidemiological observations.
However, a wealth of animal data have now identified modifications of specific
epigenetic marks in association with alterations in gene expression and disease
susceptibility. In the rat undernutrition model described above, increased methyla-
tion at the promoter region of Ppara, which encodes a major regulator of lipid
metabolism, was seen in conjunction with decreased gene expression in hepatocytes
(Gluckman et al. 2007b). Additionally, both epigenetic and phenotypic changes in
these rats could be reversed if leptin was administered at the neonatal stage (Vickers
et al. 2005; Gluckman et al. 2007b). This suggests that the presence of an adipose-
derived hormone may act as a cue to alter fetally made predictions of a scarce
nutritional environment and thus adopt a different developmental trajectory to
adapt accordingly. A similar approach found hypomethylation of hypothalamic
Pomc, encoding an anorexigenic peptide, in association with the rescuing effects
of orally administered leptin (Palou et al. 2011). The degree of nutritional deficit
need not be severe for epigenetic effects to be seen. In baboons, moderate undernu-
trition that did not affect birth weight—that is, no overt phenotypic change was
induced—nevertheless led to molecular changes as reflected by hypomethylation at
the PCK1 promoter, the gene product of which is crucial for normal gluconeogene-
sis (Nijland et al. 2010).

In the maternal protein restriction rat model, decreased methylation at the Ppara
and GR promoters was observed together with corresponding increases in gene
expression (Lillycrop et al. 2005, 2007, 2008); histone modifications biased
towards GR transcription were also detected. In a similar mouse model, offspring
showed hypermethylation at the Lxra promoter and reduced expression of its gene
product, a key protein in lipid metabolism (van Straten et al. 2009). Lower levels of
leptin gene transcription and protein expression were found in adipose tissue
of offspring of protein-starved mice. This was also associated with demethylation
of specific CpGs at the leptin gene promoter (Jousse et al. 2011). Of potential
functional relevance to hypertension, hypomethylation at the promoter of mouse
brain Ace-1, coding for a component of the renin-angiotensin system, has been
observed alongside upregulation of microRNAs that regulate its translation (Goyal
et al. 2010).

Placental insufficiency can be experimentally simulated by uterine ligation during
pregnancy. Offspring of these rats eventually become diabetic. Molecular
investigations demonstrate that this outcome is underpinned by multiple epigenetic
changes. These included histone deacetylation and reconfiguration of histone meth-
ylation and, in parallel, gradual Pdx/ promoter hypermethylation leading to
underexpression of a transcription factor necessary for pancreatic development
(Park et al. 2008). Neonatal treatment of offspring with exendin-4, a glucagon-like
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peptide-1 analogue, could normalize the histone modifications and Pdx/ transcrip-
tion, preventing the onset of diabetes (Pinney et al. 2011).

There is increasing evidence for the epigenetic basis by which early life overnu-
trition gives rise to metabolic dysfunction in adulthood. In a study of knockout rats
that lack apolipoprotein E and are hypercholesterolemic, it was shown that off-
spring fed a high-cholesterol diet had as adults differential histone marks in the
vasculature compared to counterparts from wild-type mothers fed an identical diet
(Alkemade et al. 2010). Changes appear to manifest early in postnatal life in the rat
model of maternal high-fat nutrition since hypomethylation of Cdknla, which
encodes for the hepatic cell cycle inhibitor, was observed at postnatal day two
(Dudley et al. 2011). Various changes in histone marks have been detected for
hepatic Pckl (Strakovsky et al. 2011), which codes for a key regulator of plasma
glucose homeostasis. A neurobehavioral link has been suggested wherein mice born
to maternal high-fat diet dams showed both global and gene promoter-specific
hypomethylation in the brain, including that of opioid- and dopamine-related
genes (Vucetic et al. 2011). The altered epigenetic regulation within the mesocorti-
colimbic reward circuitry may likewise account for dietary preferences biased
towards sucrose and fat.

In a nonhuman primate model, Japanese macaques fetuses, which were exposed
to a high-fat diet during gestation, showed symptoms of nonalcoholic fatty liver
disease. Molecular investigations revealed hyperacetylation of the histone mark
H3K14 in hepatocytes and decreased expression of the histone deacetylase HDAC1
(Aagaard-Tillery et al. 2008).

2.3.3.2 Epigenetics: Clinical Evidence

The obvious constraints of using humans as experimental subjects in investigations
of the developmental induction of later life disease have limited the availability of
high-quality molecular evidence. Adult offspring born during the Dutch Hunger
Winter famine cohort were examined for their epigenetic state of several genes
known to be linked to growth and metabolic disease. A birth weight-independent
decrease in DNA methylation was seen at the promoter of /GF2, an imprinted gene
that promotes cell proliferation, when compared to that in unexposed siblings
(Heijmans et al. 2008). While the effect size was very small, these data suggest
that an epigenetic change can persist for at least six decades after transient exposure
to the inducing cue. Interestingly, /GF2 methylation is not affected in preterm
babies born small for gestational age, suggesting some caution in interpretation
(Tobi et al. 2011).

Molecular support for the concept that maternal preconceptional body composi-
tion influences offspring metabolic profile has been provided by a study which
found that prepregnancy BMI was moderately correlated with methylation of
umbilical cord PPARGCIA, the gene product of which regulates energy metabo-
lism (Gemma et al. 2009). Since none of the mothers was diabetic, it can be inferred
that developmental influences may still be exerted in unexceptional pregnancies.
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Perhaps the strongest data come from a recent clinical study following children
born to normal pregnancies from birth to up to 9 years, to determine potential
associations between early life epigenetic marks and possible prodromal markers of
metabolic disease. It was found in two independent cohorts and in two independent
replicates within one cohort that in DNA extracted from the umbilical cord at term,
the methylation level at a specific site in the RXRA promoter correlated with
childhood body fat (Godfrey et al. 2011). RXRA is a transcription factor involved
in fat metabolism and insulin sensitivity, providing physiological relevance. Mater-
nal carbohydrate consumption in early pregnancy has previously been linked to
neonatal adiposity, and in this study higher RXRA promoter methylation was indeed
linked to low-carbohydrate intake. That the association was detected in healthy
subjects and not dependent on birth weight underscores the normative nature of
developmentally plasticity. As a substantial proportion of the variance in adiposity
could be accounted for by the epigenetic state, epigenotypic measures may lead to
the ability to quantify the importance of the developmental contribution.

2.3.4 Epigenetic Contributions to the Developmental Origins of
Other Disorders

2.3.4.1 Early Life Stress

Early life stresses in humans can lead to dysfunctions in neurodevelopment and
behavior (Champagne 2010). Furthermore, maternal rat behaviors including tactile
stimulation, such as licking and grooming of pups, influence their later life behav-
ioral and hypothalamic-pituitary-adrenal (HPA) responses to stress. Higher levels
of maternal care lead to lower methylation levels at the hippocampal GR promoter
and lower expression of GR, which plays a role in the regulation of HPA activity
(Weaver et al. 2004). These rats are better able to cope with stressors and grow up to
demonstrate a similar level of care towards their offspring, inducing the same
epigenetic changes in them. Known as niche re-creation, this is one pathway by
which developmentally induced epigenetic changes can be passed onto subsequent
generations. Maternal separation, another inducer of early life stress in mice, caused
hypomethylation at the enhancer region of brain Avp, which codes for the neuro-
peptide arginine vasopressin linked to mood and cognitive behaviors (Murgatroyd
et al. 2009). Alterations were particularly apparent at CpGs located in the MeCP2
binding site. The epigenetic changes, together with the induced endocrine and
behavioral phenotypes, persisted for at least 1 year.

In recent years, a number of human studies have been published that draw some
parallels with the animal work. Hypermethylation at the promoter of hippocampal
GR, and a reduction in its expression, was found in individuals who had suffered
childhood abuse compared with those who did not experience such adversity
(McGowan et al. 2009). Furthermore, newborn children whose mothers
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experienced depression in late pregnancy had hypermethylated cord blood GR and
at 3 months of age showed heightened HPA stress responses as determined by
salivary cortisol after stress exposure (Oberlander et al. 2008). This study did not
examine if the epigenetic changes endured past the neonatal period. Recently, a
positive association was found between methylation levels in blood samples from
adolescent children and maternal experience of violence from an intimate partner
during pregnancy (Radtke et al. 2011), which highlights the durability of epigenetic
marks established in utero. Finally, other work focusing on the impact of childhood
abuse found an influence on methylation at the promoter region of SHTT, encoding
the serotonin transporter; degree of methylation also correlated with symptoms of
antisocial personality disorder (Beach et al. 2011).

2.3.4.2 Environmental Toxins

It is now well established that prenatal exposure to environmental toxins affects
global and gene-specific DNA methylation. Children whose mothers were tobacco
smokers during pregnancy showed global hypomethylation in cord blood
(Guerrero-Preston et al. 2010). Moreover, these changes appear to be durable, as
suggested by a preliminary report showing lower genomic methylation of Sat2 and
Alu in adults who had been prenatally exposed to smoke (Flom et al. 2011). Traffic-
related airborne polycyclic aromatic hydrocarbon exposure is also linked to
increased ACSL3 methylation in cord blood, concomitant with lowered gene
expression in fetal placental tissue (Perera et al. 2009). It is of concern that the
degree of methylation is associated with incidence of childhood asthma, although it
is unclear if the physiological functions of ACSL, an enzyme involved in fatty acid
metabolism, directly affect asthma.

2.4 Developmental Epigenomics

2.4.1 Problems and Pitfalls

The literature reviewed above points to a role for epigenetics in developmental
processes of functional significance in humans; however, these studies are at an
early stage and several caveats are needed. Experimental studies generally involve
a single large manipulation, making it potentially difficult to translate the findings
to humans. The field of epigenomic epidemiology likewise needs to benefit from
the experience of genomic research and become more aware of the importance of
experimental replication. To date it appears that only the study by Godfrey et al.
(2011) has validated a finding by replication both within and between cohorts.
Beyond these cautionary points, the issues of which epigenetic marks to study
are pertinent. In general metabolic disease and obesity involve the gradual
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appearance of pathophysiology over many years. As the physiology of metabolic
homeostasis is complex and only subtle physiological change is needed for
symptoms to appear over time, epigenetic changes of an on/off nature would not
be expected to occur as they do in cell differentiation. Rather, one would anticipate
context-dependent changes in regulation of sensitive components within complex
networks. Thus, we may be looking for epigenetic marks distal to the proximal
promoter which may have no effect on expression changes, except in particular
contexts. The search strategy used by Godfrey et al. (2011) was an attempt to be
unbiased. A microarray discovery approach was used to define genomic regions
where DNA methylation showed high variance within a population; then pheno-
typic correlates were searched for. Since then the potential for better and more
complete scanning by whole genome approaches has grown, but the challenges are
no less diminished. Ultimately, whatever epigenetic marks are identified, their
functional importance will need to be validated by in vitro experiments since the
presence or absence of expression changes under basal conditions may not be
informative given the context-specific nature of the change.

A further problem concerns which tissue to study and the need to consider
potential changes in the number of cells of any type within the tissue since this
may be the developmental change of interest, rather than simply being a con-
founder. A further problem will be how best to analyze the data since its complexity
will be orders of magnitude higher than that associated with genomic analyses.
Furthermore, we have recently found that many epigenetic measures do not follow
normative distributions and require more complex forms of analysis (Sheppard
et al. submitted for publication). Such concerns mean that caution must be
exercised, particularly when subtle changes in methylation are reported, as seen
in the study of /GF?2 in the Dutch Hunger Winter study (Heijmans et al. 2008).

There inherently seems to be greater confidence in data when the magnitude
of the epigenetic change is large, and the phenotypic change is strongly associated
in a graded manner with the change in the epigenetic mark (Godfrey et al. 2011).
Nevertheless, some epigenetic changes may occur in stepwise fashion or follow
U-shaped relationships to the phenotype or cue. This might either reflect a canali-
zation process or show that the epigenetic change measured is distal to the induction
pathway and of secondary importance.

Beyond the birth period when perinatal tissues can be collected, the range of
sample types from which DNA can be extracted is limited. This creates another
potential complication. We have found that epigenetic marks in umbilical tissue do
not necessarily correlate with those from buccal smear samples, and validation
techniques may have to be age and tissue specific. Unless these issues are
addressed, we will soon have an obfuscating, confused literature where the techni-
cal issues could obscure important biological phenomena.
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2.4.2 The Potential of Developmental Epigenetics

Notwithstanding these difficulties, the application of developmental epigenetics has
enormous potential in more clearly defining the etiology of metabolic diseases. The
reality is that we have little knowledge of the optimal nutritional management of
mother and infant to reduce long-term risk of metabolic diseases in contemporary
environments. To date, we have mainly used crude measures of birth outcomes and
infant growth. It seems feasible to use epigenetic marks to profile infants in
relationship to their nutritional exposures and use such measures to better address
the issues of preconceptional, gestational, lactational, and infant feeding. Interven-
tional studies which have long-term disease outcomes as their endpoints are clearly
impractical, and epigenetic measures may become useful biomarkers of desirable
changes in the developmental trajectory.

Birth weight provides a very limited assessment of the neonatal state and
intrauterine history, as evidenced by many children who are neither very large
nor small at birth having altered development. We are currently evaluating the
potential of epigenetic measures made at birth to interrogate the developmental
history further. This may be useful in stratifying subjects for intervention, poten-
tially at any stage in the life course.

There remains much uncertainty regarding the relative importance of develop-
mental as opposed to genetic and lifestyle factors in the etiology of
noncommunicable disease. The data of Godfrey et al. (2011) indicate a greater
developmental component than was generally thought. Nevertheless, much more
data, together with various approaches to validation across different populations,
will be needed to reach firm conclusions.

As epigenetic biology evolves, the potential for it to identify new therapeutic
targets will become clearer. Epigenetic manipulation has already found utility in
cancer therapy. If therapeutic strategies are also discovered that allow for the
specific targeting of epigenetic changes involved in the genesis of metabolic
diseases, the ability to improve human health will be greatly enhanced.

2.5 Final Comments

An in-depth understanding of the developmental origins of obesity, diabetes, and
other related metabolic diseases will have important implications for intervention
strategies to deal with the epidemic of noncommunicable disease. There is low
adherence in the UK to a prudent diet among women of reproductive age, even if
pregnancy was planned (Inskip et al. 2009). There is also little appreciation of the
importance of nutritional influences in early infancy on lifelong health among first-
time mothers (Gage et al. 2011). This suggests that effective nutritional and health
education programs targeted at young women could be of immense value in
mitigating the soaring rates of obesity and related metabolic diseases. Epigenetic
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measurements could well assist in the development of optimal nutritional strategies
for health improvement both in the mother and infant, to stratify at-risk populations
and to monitor interventions. As global approaches to interrogate the epigenome
become more available, novel epigenetic targets for therapeutic intervention will
continue to be identified.
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Chapter 3
Sculpting Our Future: Environmental Nudging
of the Imprintome

Susan K. Murphy and Cathrine Hoyo

Abstract Over the past several decades, there has been a dramatic increase in
awareness of the importance of epigenetics in the regulation of gene expression and
how this relates to disease. The initial focus on cancer as a potential outcome of
epigenetic alterations has grown to include the role of epigenetics in neurodeve-
lopmental disorders, obesity, diabetes, memory, and even deviation in complex
human social interactions. Prominent among the genes implicated in all of these
conditions are those subject to genomic imprinting. These genes are regulated by
epigenetic mechanisms, including DNA methylation that is established during early
development and results in parent of origin dependent expression. Advances in the
ability to accurately measure DNA methylation using high throughput techniques
have now paved the way for study of this epigenetic modification in epidemiologic
studies. In this chapter, we will examine the relationship of the early origins
hypothesis to imprinted genes and how emerging studies strongly suggest that
early origins may in part have its roots in epigenetic changes at these imprinted
regulatory regions during early life.
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Beckwith Wiedemann Syndrome

Cyclin-Dependent Kinase Inhibitor 1C

CCCTC Binding Factor

Delta Like 1 Homolog (Drosophila)

Differentially Methylated Region

DNA Methyltransferase

Guanine Nucleotide Binding Protein (G protein) Alpha
Stimulating Activity Polypeptide

Growth Factor Receptor-Bound Protein 10
Maternally Expressed H19

Hydatidiform  Mole  Associated and
(Non-Protein Coding)

Insulin-like Growth Factor Type I Receptor
Insulin-like Growth Factor II

Opposite Strand/Antisense Transcript (Non-Protein Coding)
Maternally Expressed Gene 3 (Non-Protein Coding)
Mesoderm Specific Transcript Homolog (Mouse)

Necdin

Newborn Epigenetics STudy

Neuronatin

Pleomorphic Adenoma Gene-Like 1

Paternally Expressed Gene 3

Epsilon Sarcoglycan

Solute Carrier Family 38 Member 4

Imprinted

As early as the 1970s, Ravelli et al. (1976), Forsdahl (1977), and later Barker (1988)
put forth the hypothesis that the adult risk of diseases in humans like bronchitis,
hypertension, stroke, and cardiovascular disease is related to the environmental
conditions experienced during gestation and early childhood. Despite the evidence
connecting early development with later disease, causal mechanisms have remained
elusive. Over the last decade, however, epigenetics has come into the fore as a
potential explanation for the influence of the early environment on outcomes with
repeated demonstration of the importance of epigenetic mechanisms to gene regu-
lation. Environmental epigenetics is now a major focus of many labs around the
world, including our own.
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Epigenetics refers to the mechanisms that bring about a change in phenotype
without depending on a change in nucleotide sequence. There are multiple forms of
epigenetic regulation, including noncoding RNAs, posttranslational modifications
of histone proteins, and DNA methylation. DNA methylation occurs predominantly
at 5'-CG-3' dinucleotide pairs. The prevalence of CG dinucleotides is reduced
throughout the genome when compared to the other 15 possible dinucleotide
combinations (Bird 1987). This observation has been attributed to the activity of
endogenous deaminase enzymes, which target methylated cytosines (Duncan and
Miller 1980), and may have led to the depletion of CG dinucleotide pairs in the
genome over time. About 20 % of CG dinucleotides are grouped into high CG-
density regions referred to as CG islands, with criteria including length greater than
500 bp, GC content >55 %, and observed CG to expected CG ratio >0.65 (Takai
and Jones 2002). CG islands are often located at the promoter regions of genes and
the CG dinucleotides contained within these islands are most often unmethylated,
with exceptions including CG islands associated with genes subject to X chromo-
some inactivation in females and genes whose expression is subject to genomic
imprinting.

3.2 Genomic Imprinting

Genomic imprinting is an intriguing phenomenon that results in transcription from
only one of the two parentally derived chromosomes in a manner that is entirely
dependent on the parent of origin’s sex (Monk 1988). There are approximately 65
confirmed imprinted genes in humans (Table 3.1), although another ~150 have been
computationally predicted to exist (Luedi et al. 2007). Much debate has ensued over
the reasons for why genomic imprinting initially arose and why it has been retained
over time (Reik and Walter 2001; Sleutels and Barlow 2002). There is evidence to
support that imprinting arose as a consequence of the drive to epigenetically silence
repetitive elements in the genome (Pask et al. 2009; Warren et al. 2008), and that
neighboring genes acquired their imprinted status as a consequence of a bystander
effect and subsequent selection. A corollary to this idea is that it implies distinct
abilities in the gametes to differentially silence particular regions of the genome, an
implication supported by the observation that imprint marks are erased and then
reestablished in the gametes such that they are specific to the sex of the individual
now carrying the developing germ cells. Others have proposed that imprinting arose
in early mammals as a result of conflicts over genetic investment and overall
competitive fitness of the offspring (Moore and Haig 1991). In this scenario,
imprinting might provide a growth advantage to offspring of males through manip-
ulation of maternal resources (e.g., placental nourishment) and preferential invest-
ment in nurturing (e.g., nursing, provision of warmth, licking and grooming) in the
context of concurrent paternities. In contrast, females desire equal fitness for all
offspring they gestate. Thus, females developed the ability to selectively silence
transmitted genes that promote growth and increase the demand for maternal
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Table 3.1 Known imprinted genes in humans
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Expressed Expressed
Gene Location allele Gene Location allele
TP73 1p36.32 Maternal PHLDA?2 11p15.5 Maternal
DIRAS3 1p31.3 Paternal OSBPL5 11p15.4 Maternal
LRRTM1 2p12 Paternal SMPD1 11pl15.4 Maternal
NAPILS 4q22.1 Paternal WT1 11p13 Paternal
PLAGLI 6q24.2 Paternal RBP5 12p13.31 Maternal
HYMAI 6q24.2 Paternal DILK]I 14q32.2 Paternal
SLC22A2 6q25.3 Maternal MEG3 14q32.2 Maternal
SLC22A3 6925.3 Maternal PWCRI 15q11.2 Paternal
DDC Tpl2.2 Isoform NDN 15q11.2 Paternal
dependent
GRBI10 Tpl2.1 Isoform SNURF 15q11.2 Paternal
dependent
TFPI2 7921.3 Maternal SNORD107 15q11.2 Paternal
SGCE 7q21.3 Paternal SNORD64 15q11.2 Paternal
PEGI0 7q21.3 Paternal SNORD108 15q11.2 Paternal
PPPIR9A 7921.3 Maternal SNORD109B 15q11.2 Paternal
DLXS5 7q21.3 Maternal MKRN3 15q11.2 Paternal
CPA4 7q32.2 Maternal MAGEL2 15q11.2 Paternal
MEST 7q32.2 Paternal SNRPN 15q11.2 Paternal
MESTITI 7q32.2 Paternal SNORD109A 15q11.2 Paternal
KLF14 7q32.3 Maternal SNORD115 15q11.2 Paternal
COPG2ITI 7q32 Paternal SNORD115-48 15q11.2 Paternal
DLGAP2 8p23 Paternal UBE3A 15q11.2 Maternal
KCNK9 8q24.3 Maternal ATPI0A 15q11.2 Maternal
INPP5F V2 10q26.11 Paternal ANKRD11 16q24.3 Maternal
KCNQI0TI 11pl5.5 Paternal TCEB3C 18q21.1 Maternal
HI9 11p15.5 Maternal ZIM?2 19q13.43 Paternal
IGF2 11p15.5 Paternal PEG3 19q13.43 Paternal
IGF2AS 11p15.5 Paternal ZNF264 19q13.4 Maternal
INS 11p15.5 Paternal BLCAP 20q11.23 Isoform
dependent
KCNQI 11p15.5 Maternal NNAT 20q11.23 Paternal
KCNQIDN 11p15.4 Maternal L3MBTLI 20q13.12 Paternal
CDKNIC 11p15.5 Maternal GNASAS 20q13.32 Paternal
SLC22A18 11p15.5 Maternal GNAS 20q13.32 Isoform
dependent

nurturing and resources. In contrast, males developed the ability to selectively
repress expression of transmitted genes that function to keep growth in check and
genes that place limitations on maternal resource extraction.

While these are intriguing hypotheses and are not mutually exclusive, the true
reasons behind the evolution of imprinting remain an enigma. Nevertheless,
imprinted genes represent a substantial group of genes that are expressed and
regulated very differently from the remainder of the genome, in a manner that
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allows for only one functional copy. Epigenetics is integral to this regulation and as
such may be the imprinting “Achilles’ heel” in terms of preventing chaos resulting
from disruption of normal imprinting. In this chapter, we will discuss the
implications for the imposition of monoallelic expression on this group of genes,
the potential vulnerabilities that might trigger detrimental shifts in expression over
the course of our lifetimes, and how this might link early life environmental
adaptations to later life outcomes.

3.3 The Imprintome

The imprintome comprises all of the epigenetic features required to bring about
imprinted gene expression. It is distinct from the process of transcription but is
involved in establishing imprint status as well as eliciting and coordinating the
transcriptional activity from this group of genes. Thus, the imprintome minimally
consists of the patterns of DNA methylation established in the gametes and early
embryo along with the requisite histone modifications and may also involve the
action of noncoding RNAs that contribute to establishment and maintenance of
imprinted expression.

The existence of the imprintome means that the group of genes regulated by this
mechanism is present in a permanent state of half-functionality. Unlike genes
subject to random monoallelic expression by which one of the two copies is
inactivated but the choice of copy is random (Zakharova et al. 2009), the
imprintome necessarily imposes inactivation on the same parental copy in all
cells. The molecular mechanisms required to dictate this pattern of regulation
have been maintained for millions of years (Killian et al. 2000), supporting an
important driving force for this complicated and resource-usurping ability. The
risks this imposes to health and development in light of the relative ease of
overriding the imprintome with a single genetic or epigenetic hit further
underscores a strong evolutionary drive to keep this mechanism in place.

3.4 The Early Origins of Disease

Abundant anecdotal evidence from well-documented population health records has
repeatedly shown that there is increased risk of long-term health effects for
individuals who experienced nutritional deprivation during gestation. During the
Dutch Hunger Winter of 1944—1945, an embargo imposed toward the end of World
War 1II resulted in food rationing such that the population of about 4.5 million
people living in the part of the Netherlands occupied by Germany was restricted to
consuming ~600 kcal per day. This included many pregnant women, deprived of
adequate nutrition required to support a healthy pregnancy. Individuals born to
mothers who became pregnant during the time of the famine show an increased risk
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of diabetes, obesity, and cardiovascular disease, while those born to mothers who
were in the second trimester of pregnancy at the time the famine have an increased
risk of developing schizophrenia (Roseboom et al. 2006; Susser et al. 1996).

The early origins hypothesis postulates that metabolic adaptation to these
conditions resulted in what has been referred to as “thrifty phenotype” (Hales and
Barker 2001). In the case of nutrient deprivation during pregnancy, an expression
profile is instituted that is hyperefficient at caloric use and storage, which allows the
developing fetus to survive. Once a particular metabolic gene expression profile is
established, it becomes fixed and destined to govern that individual’s metabolism
throughout the course of their life, regardless of conditions experienced later. Thus,
a thrifty phenotype brought about by exposure to limited nutrition during early
pregnancy leads to a metabolic profile in postnatal life and adulthood that is
extremely efficient at caloric utilization and storage, and this may lead to develop-
ment of obesity due to the tendency to utilize minimal calories for basal metabolic
functions while maximally retaining unused calories, stored as fat. In contrast,
adequate nutrition during pregnancy creates a more balanced metabolic profile
that is not programmed toward establishment of caloric reserves but instead more
efficiently balances caloric intake with expenditure. Thus, the propensity toward a
particular metabolic profile and diabetes as well as obesity in postnatal and adult
life is dependent on the conditions encountered during pregnancy. Epigenetic
mechanisms are thought to explain the establishment of these disparate and persis-
tent metabolic profiles (Wadhwa et al. 2009).

3.5 Imprinted Genes and Early Origins

While there are undoubtedly many genes that are involved in the establishment of
individual metabolic profiles, many imprinted genes have demonstrated roles in
glucose utilization and adipose tissue formation. Thus, this group of genes, being
epigenetically regulated, may link the early nutritional environment with later
propensity toward metabolic disorder, diabetes and obesity, along with the
increased risk of developing obesity-associated cardiovascular disease and cancer.
Insulin-like Growth Factor II (IGF2) protein is produced from mRNAs originating
from paternally derived chromosome 11 and functions as a growth mitogen by
signaling through the Insulin and IGF1R receptors. Delta-like 1 homolog (Drosoph-
ila) (DLK1) is also paternally expressed from chromosome 14 and functions as both
a growth factor and an inhibitor of adipocyte differentiation. Polymorphisms in
both /IGF2 and DLKI have been associated with obesity (Chacon et al. 2008;
O’Connell et al. 2011).

Paternally expressed NNAT is an acute diet-responsive gene that is expressed in
white adipose tissue and in the hypothalamus (Li et al. 2010), is regulated by leptin
and associated with obesity (Vrang et al. 2010) and implicated in pancreatic beta
cell function and type 2 diabetes (Joe et al. 2008). Paternally expressed MEST is
highly expressed in adipose tissue and has been causally linked to its expansion
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(Koza et al. 2006; Kozak et al. 2010). Mutation of Peg3, also paternally expressed,
leads to inability to regulate body temperature, increased leptin levels and obesity in
mice (Curley et al. 2005). PLAGLI and HYMAI are both paternally expressed and
the only genes localized within the region of chromosome 6 causing transient
neonatal diabetes (Docherty et al. 2010).

Imprinted genes play fundamental roles in biological processes beyond those
involved in metabolism. They are also involved in neurological function, including
learning (Drake et al. 2011), the consolidation and enhancement of memory (Chen
et al. 2011), extinction of fear memories (Agis-Balboa et al. 2011), and function in
social and nurturing behaviors (Champagne et al. 2009; Lefebvre et al. 1998; Li
et al. 1999). As such, imprint deregulation contributes to numerous neurological
disorders, including those attributed to overt defects in imprinted domains like
those on chromosome 15 associated with Prader-Willi and Angelman syndromes,
as well as those associated with uniparental disomies of chromosomes 7, 11, and 14
(Murphy and Jirtle 2003; Wilkins and Ubeda 2011). Imprinted genes have also been
implicated in autism, a neurodevelopmental disorder that disproportionately affects
males (Fradin et al. 2010; Guffanti et al. 2011; Kato et al. 2008; Nurmi et al. 2003).

3.6 Windows of Vulnerability During Reprogramming of the
Imprintome

The imprinted status of a gene is reset in each generation. This process takes place
in the gametes, the only cellular compartment in which the parentally derived
chromosomes can be acted upon in isolation. During gametogenesis, the methyla-
tion imprint marks are completely erased. This effectively eliminates the “memory”
of the parental origin of each of the chromosomes such that new imprint marks can
be established that are specific to the sex of the developing embryo in which the
chromosomes are then housed. DNA methylation is thought to represent the
fundamental imprint mark that establishes these domains as being imprinted, but
histone modifications may also be involved. During spermatogenesis, histone
proteins are replaced with protamines (Miller et al. 2010; Ooi and Henikoff
2007), a characteristic previously thought to negate the ability of histones to
transmit epigenetic information during the process of gametogenesis. However, it
is now known that some histones are retained during protamine replacement
(Hammoud et al. 2009), suggesting that modifications that are present on these
retained histone proteins may help to mark the relevant chromosomal regions as
those requiring the methylation marks that specify imprinting.

In humans, gametogenesis begins during embryonic development and marks one
of two developmental time points during which extensive epigenetic remodeling
occurs. The other occurs just after fertilization, when the parentally derived
chromosomes unite in the zygote and undergo methylation erasure, with the
exception of methylation present at imprinted loci that was established in the
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Fig. 3.1 Implications for nudging the imprintome at critical developmental windows of vulnera-
bility. Shown is a hypothetical imprinted DMR that normally carries a maternal methylation mark,
indicated by the filled circles. Normally, this methylation is established in the oocyte. During
spermatogenesis, an unmethylated state is established for the same sequence. After fertilization,
this methylation pattern is carried forward throughout the lifespan of the individual in all somatic
cells. The imprintome can be nudged in various ways, including the effects of incomplete
reprogramming of methylation profiles in the gametes (shown as incomplete erasure during
spermatogenesis) or through environmental perturbations (shown as loss of methylation on the
paternally derived allele). If these effects occur prior to gastrulation, they are carried forward
soma-wide throughout life. Imprintome nudging can also occur as a result of environmental
exposures encountered ex utero (shown as gain of methylation on the maternal allele), or as a
result of the aging process, or both. In these cases, the alterations may be tissue-specific. None of
these effects are mutually exclusive. Cumulative effects of imprintome nudging may shift expres-
sion levels and impair proper function of imprinted genes and could potentially induce a loss of
fidelity of the imprinting mechanism, leading to aberrant activation of expression of the normally
silent parental allele or conversely, to the aberrant silencing of the normally active allele

gametes. It is perhaps during these periods of development, when the epigenome
undergoes physical depletion followed by renewal and is in a highly dynamic state
of flux, that any endogenous or exogenous influences may be most likely to induce
persistent changes in methylation (Fig. 3.1).
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3.7 Environmental Influences In Utero Shift Methylation
in the Imprintome

The Newborn Epigenetics STudy (NEST) was initiated in North Carolina to begin
to address how the in utero environment impacts epigenetic profiles in newborns
and how this relates to development and disease. The first genes undergoing
analysis within NEST are imprinted genes, using bisulfite pyrosequencing to quantify
DNA methylation at the differentially methylated regulatory regions that regulate
imprinted expression. While data generation and analyses are ongoing, as described
below, we first examined two differentially methylated regions associated with the
IGF2/H19 imprinted domain at human chromosome 11p15.5. Paternally expressed
IGF2 encodes an endocrine and autocrine/paracrine acting factor important in
directing growth during prenatal development (LeRoith and Lowe 2005). Maternally
expressed H19 encodes a long noncoding RNA that has been implicated in the trans
regulation of /GF2 (Wilkin et al. 2000), as a tumor suppressive RNA (Yoshimizu
et al. 2008), an oncofetal RNA (Ariel et al. 1997), and most recently as producing a
protein from an antisense transcript with tumor suppressive activity (Onyango and
Feinberg 2011).

Regulation of the IGF2/H19 imprinted domain is relatively well established in
comparison to what is known about other imprinted domains. There are two DMRs
that have been previously shown to contribute to the establishment and mainte-
nance of /GF2 imprinting, including the H/9 DMR, located proximal to the
promoter region of HI9, approximately 140 kb downstream from /GF2, and the
IGF2 DMR located in an intragenic region upstream of the three closely positioned
IGF2 promoters that are subject to genomic imprinting. Both regions have previ-
ously been shown to exhibit altered methylation that is associated with skewed
expression and/or imprinting, with phenotypic outcomes of perturbations in growth,
obesity, diabetes, neurological deficits, and multiple types of cancer (Chao and
D’Amore 2008). Of particular intrigue, periconceptional exposure to famine conditions
is associated with shifts in methylation at the /GF2 DMR as measured six decades
postexposure (Heijmans et al. 2008), indicative of the responsiveness of imprinted gene
DMRs to environmental influences as well as the persistence of such alterations.

3.7.1 The Imprintome and Folic Acid

DNA methylation reactions are enzymatically catalyzed by DNA methyltransferase
enzymes, which catalyze the transfer of a methyl group from the universal methyl
group donor, S-adenosylmethionine, to the five-carbon position of cytosines located
5’ to guanines in the DNA sequence. Generation of S-adenosylmethionine occurs
through the one-carbon metabolism pathway, which is supplied with carbon units
through dietary sources, including foods rich in folate, methionine, choline, and
betaine. Folic acid, the synthetic form of folate, can also be consumed as a dietary
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supplement and is included in many multivitamin and prenatal vitamin supplements.
Fortification of milled grain products, including breads and cereals, began in the
United States in 1998 upon recognition that 400 micrograms of daily folic acid taken
by women prior to and throughout early pregnancy reduces the risk of neural tube
defects (Pitkin 2007). Providing the strongest impetus for fortification was the fact
that approximately half of pregnancies in the United States are unplanned. In these
instances, folic acid supplementation would typically not occur until after knowledge
of pregnancy, beyond the window of potential benefit. The consequences of dietary
fortification of the general population are not fully understood (Gibson et al. 2011;
Kim 2007; Sauer et al. 2009; Solomons 2007) nor are the consequences for children
conceived to women who began taking folic acid supplements prior to becoming
pregnant (via recommendations for prenatal vitamin consumption) along with foods
fortified with folic acid and those containing folate.

Animal studies have clearly demonstrated that maternal supplementation with
one carbon donor nutrients has a direct and persistent effect on methylation in the
offspring that also leads to phenotypic changes and increased risk of obesity and
cancer (Dolinoy et al. 2006; Waterland and Jirtle 2003). We therefore wished to
determine if variable levels of folic acid intake during pregnancy are associated
with differences in methylation at the regulatory elements of imprinted loci and
focused on the two DMRs associated with the /GF2/H19 imprinted domain. There
were no significant differences in methylation at the /GF2 DMR, consistent with
the lack of association reported for folate levels and methylation of the proximal P2
or P3 promoters of IGF2 (Ba et al. 2011). Methylation levels at the H/9 DMR were
3-5 % lower in infants born to women who took folic acid before and during
pregnancy versus infants born to women who did not take supplements, respec-
tively, and this effect was most prominent in male infants (Hoyo et al. 2011). The
average level of methylation detected at this DMR was ~61 % in the entire cohort,
indicating that there is some methylation present on the normally unmethylated
maternal chromosome. These results suggest that at least for this particular region,
the effect of folic acid intake during pregnancy may be beneficial in that it
contributes toward a more normal (i.e., closer to 50 %) methylation profile.

3.7.2 The Imprintome and Smoking

Harmful effects from in utero exposure to cigarette smoking include increased risk
of birth defects, premature birth as well as being small for gestational age and low
birth weight, yet 13 % of women smoke during their pregnancies (Dietz et al. 2011).
Attitudes regarding smoking during pregnancy have dramatically changed versus
those dominant a half-century ago, when smoking during pregnancy was much
more common, reported in one study to be 62 % of pregnant women in the 1960s
(Paradis et al. 2011), and at the time not clearly associated with detrimental
outcomes (Stewart 1967). We examined the relationship between methylation of
the IGF2/HI19 DMRs and in utero exposure to cigarette smoking. We quantified
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methylation of these two regions using umbilical cord blood, which is naive to
direct exposures to the external environment and thus should reflect in utero
exposures. Here the effects of exposure were specific to the /IGF2 DMR. There
were no observable differences in methylation at the H/9 DMR. Infants born to
mothers who smoked throughout pregnancy showed approximately 5 % higher
methylation at the /GF2 DMR than did infants born to never smoking mothers.
Infants born to mothers who quit smoking during pregnancy also exhibited methyl-
ation levels comparable to the infants born to never smoking mothers. Similar to our
findings with folic acid intake, the methylation shifts were specific to male infants
(Murphy et al. 2011). Others have reported a 1.2 % decrease in methylation of the
IGF2 DMR in response to maternal smoking during pregnancy that approached
significance (p = 0.054), although stratification by sex showed no apparent
differences (Tobi et al. 2011). In this study, peripheral blood from individuals at
age 19 was used for analysis, suggesting that the methylation effects from exposure
to cigarette smoke during gestation persist for at least two decades.

3.7.3 The Imprintome and Antidepressant Use

We analyzed the NEST cohort with respect to maternal depression and use of
antidepressant medication during pregnancy, and their potential influence on meth-
ylation profiles at the /IGF2 and H/9 DMRs. While there was no evident association
between depression and methylation profiles at these DMRs, there was an approxi-
mate 7 % increase in methylation at the H/9 DMR in infants born to mothers who
used antidepressant medications during pregnancy, an effect observed in African
Americans but not in Caucasians (Soubry et al. 2011).

3.8 Breast Feeding May Counter Negative Environmental
Effects on the Imprintome

As described above, multiple imprinted genes play a role in the ability to utilize and
store energy and from studies in adults, they have been shown to play a role in
obesity. In NEST, we analyzed how growth trajectories for infants during the first
year of life are related to methylation at the /GF2 and H/9 DMRs and how this
relates to feeding patterns of the infants, particularly breast feeding. Infants classi-
fied as overweight or obese at 1 year of age had higher levels of methylation at the
H19 DMR, while the /GF2 DMR showed no significant differences. Intriguingly,
H19 DMR hypermethylation was not present in obese infants who breastfed at any
point during the first year of life (Perkins et al. 2012).
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3.9 Childhood Exposure to Lead Induces Imprintome
Methylation Alterations

Low-level lead exposure is known to impair cognitive abilities in children
(Bellinger et al. 1992; Canfield et al. 2003; Lanphear et al. 2005; Mazumdar et al.
2011). The use of lead-based paint was banned in 1978 to minimize exposure of
children to this heavy metal. Despite these efforts, lead exposure is still of concern
since housing built before 1978 may still contain lead-based paint which becomes a
problem as it deteriorates. The mechanisms by which lead exposure induces
harmful effects may in part be explained by effects on the epigenome (Pilsner
et al. 2009; Wright et al. 2010). Quantitative analysis of multiple imprinted gene
DMRs in peripheral blood from individuals followed as part of the Cincinnati Lead
Study (Dietrich et al. 2001) showed significant hypomethylation of PLAGLI
associated with early childhood lead exposure; an association that appeared to be
more pronounced in males than females (our unpublished data). These methylation
changes were also associated with criminal behavior in adult life. Prior analysis of
this cohort has shown that an increased level of lead in the peripheral blood during
childhood is associated with gray matter atrophy (Brubaker et al. 2010; Cecil et al.
2008) and later delinquent and antisocial behaviors (Wright et al. 2008) as well as
poorer performance on standardized measures of intelligence (Hornung et al. 2009).
It is not yet clear how deregulation of PLAGL! or other imprinted genes might
contribute to these findings.

3.10 Implications of Nudging the Imprintome

There is now mounting evidence that there are indeed epigenetic consequences
resulting from environmental exposures and that the targets of these exposures
include the imprintome. As opposed to the relatively large shifts in methylation that
are frequently reported in human pathological conditions, the effect sizes associated
with environmental exposures discussed here have thus far been small. This is not
necessarily surprising, since larger changes are indeed associated with overt pathol-
ogy. While research still seeks to generate knowledge on the types of environmental
influences that change methylation and which loci are affected by these changes, it
will also be of fundamental importance to understand the consequence of those
changes. To this end, use of integrated technologies, such as genome-wide methyl-
ation profiling along with gene expression, microRNA, and proteomics data, will be
essential to decipher such outcomes and to help understand how these changes
might be prevented or ameliorated.

Using gene expression microarray data generated from umbilical cord blood of a
subset of the infants analyzed in our NEST cohort, we found that a 1 % decrease in
methylation at the /GF2 DMR was associated with a near doubling of IGF2
transcript levels. At the HI/9 DMR, every 1 % decrease in methylation was
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associated with a 2.2-fold increase in /GF?2 transcript levels. The increased methyl-
ation at the /GF2 DMR in male infants born to smoking mothers was found to
mediate 20 % of the reduced birth weight in these children (Murphy et al. 2011).
This finding is consistent with the important role of /GF2 in promoting growth
during prenatal development, since increased methylation in the infants born to
smokers was associated with lower IGF?2 transcript levels and also with risk of low
birth weight. As described above, low birth weight has been linked to risk of
numerous adult-onset chronic diseases and conditions (Barker 2004).

Decoding these relationships in human studies is difficult due to the complexity
of exposures, the genetic heterogeneity in the human population and our lack of
understanding of how genetic variants contribute to epigenetic vulnerability and
efficiency of reprogramming, combined with the restricted tissue types available for
study from living humans. Nonetheless, it will be important to determine the
downstream consequences of environmentally induced nudging of the imprintome.

3.10.1 Perturbing Imprintome Function May Disrupt an
Integrated Gene Network

Accumulating evidence suggests that many imprinted genes function together in a
coordinately regulated network. The first demonstration of coordinate regulation
came from studies of BWS, a congenital overgrowth disorder caused by defects in
imprinting on chromosome 15 with increased risk of Wilms’ tumor or
hepatoblastoma (Enklaar et al. 2006). In this study, Arima and colleagues (2005)
examined the paternally expressed gene PLAGLI (aka ZAC) on chromosome 6,
implicated in transient neonatal diabetes when overexpressed (Ma et al. 2004), and
the maternally expressed gene CDKNIC (aka p57%'"?) that is causally associated
with BWS and located on chromosome 15. They observed that in mice, Plagll and
Cdknlc share strikingly similar spatial patterns of gene expression. They also found
that human PLAGL1, a zinc finger protein, binds in a methylation-sensitive manner
to the nearby imprinted KCNQIOTI (LITI) promoter CpG island that regulates
expression of CDKNIC in cis to activate transcription. They reported loss of
methylation of the KCNQIOT1 promoter in several patients with transient neonatal
diabetes and altered expression and methylation of PLAGLI, suggesting that
interaction between these two imprinted domains may contribute to this condition
and that these findings may portend a more global methylation defect.
Subsequently it was shown by Varrault and colleagues (2006) that Plagll null
mice die perinatally, exhibit growth restriction and abnormal bone formation.
Microarray analysis showed that Plagl/l knockout disrupts a network of coordi-
nately regulated genes that contains an unusually large number that are imprinted,
including Igf2, HI9, Cdknlc, DIkl, Meg3, Sgce, Peg3, Ndn, Mest, Gnas, and
Grbl0. Experiments in vitro showed induction of 1gf2, Cdknlc, H19, DIkI, and
Mest when Plagl1 was overexpressed. In contrast, liver tissue from Plagl/l null mice
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showed repression of 1gf2, Cdknlc, H19, and DIkl. Plagll was found to bind to the
endodermal enhancers that drive paternal expression of /gf2 and maternal expres-
sion of H19 (located downstream of H19), trans-activating the promoters of both
genes. Further support for a coordinated network of imprinted genes that function to
help guide appropriate patterns of growth came from the finding that imprinted /gf2,
HI19, Plagll, Mest, Peg3, DIkl, Meg3, Grbl0, Ndn, Cdknlc, and SLC38a4 all
normally exhibit coordinate transcriptional downregulation concomitant with
growth deceleration as adult body size is reached (Lui et al. 2008).

Using a different approach called circular chromosomal conformation capture
(4C), Zhao et al. (20006) revealed additional evidence of an imprinted gene network
from analysis of chromosomal domains that interact in trans with the maternally
derived HI9 imprint control region (ICR). Remarkably, 114 other regions of the
genome were found to interact with the H/9 ICR, including domains associated
with 15 imprinted genes. These interactions differed in undifferentiated embryonic
stem cells versus embryoid bodies, suggesting variable functions of these
relationships based on cell type. Up to four distinct chromosomal regions were
interacting with the H/9 ICR at any one time, which may indicate a highly active
process, and support that an altered epigenetic state at the H/9 ICR has the potential
to hinder multiple interchromosomal interactions and consequent downstream
effects.

Berg et al. also found a near tenfold overrepresentation of multiple imprinted
genes among those genes comprising a stem cell signature in long-term murine
hematopoietic, muscle, and epidermal stem/progenitor cells (Berg et al. 2011). The
level of expression of these imprinted genes was repressed upon differentiation.
These results indicate that, in addition to the requirement for coordinate regulation
of these genes to orchestrate growth and development, these genes also have a
fundamental role in maintaining somatic tissues throughout life.

If imprinted genes are subject to multi-locus coordinate transcriptional regula-
tion in humans, then disrupted expression through epigenetic or genetic alterations
of the upstream regulators of such a network could have widespread ramifications
for the functioning of the entire network, with phenotypic consequences depending
on the severity of the defect. Major disruptions may go unrecognized, given the
likelihood of embryonic or fetal lethality of such events. Indeed, altered methyla-
tion and expression of multiple imprinted genes has been observed in conceptal
tissues from spontaneous miscarriages (Doria et al. 2010; Pliushch et al. 2010), with
a disproportionate number of males showing this effect (Pliushch et al. 2010). More
minor alterations likely raise the risk of disorders associated with imprinted genes,
including (neuro)developmental disorders and cancer.

Both paternally expressed PLAGLI (Varrault et al. 2006) and maternally
expressed H19 (Gabory et al. 2009; Sandhu et al. 2009) have been implicated as
regulatory hubs of a transcriptional imprinting network. As such, disruption of
expression of these genes, or in the case of the H/9 DMR, altered binding of the
CTCF protein, may lead to extensive effects on either the establishment of
imprinted expression or the coordination of expression levels among the imprinted
and non-imprinted genes that are connected within this network.
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Epigenetic deregulation at these loci does not necessarily result solely from
environmental exposures. It is also conceivable that altered methylation that
disrupts network function could arise from lack of fidelity in epigenetic
reprogramming in the gametes (Fig. 3.1). If erasure of the imprint marks from the
prior generation and/or establishment of the new imprint marks in the developing
gametes is incomplete, this skewed imprintome will be transmitted faithfully to the
next generation. Such defects could arise, for example, due to declining function of
the reprogramming machinery as a result of the aging process, dietary deficiencies,
or genetic variants that affect an inability to undergo complete reprogramming of
epigenetic marks in the gametes, or from a combination of these effects.

3.10.2 Long-Term Implications of Nudging Imprintome Function

The ability to maintain health depends on appropriate expression and functioning of
the genes throughout the genome, not just those that are imprinted. However,
imprinted genes appear to comprise a special subgroup whose temporal and spatial
patterns of expression are particularly important to maintenance of neurological and
physiological health. The deviations in imprinted gene regulation that result from
diet or environmental exposure, or even from inefficiencies with epigenetic
reprogramming, can have indirect or direct adverse effects on development with
long term consequences not only to the individual but also to society in the
increased expense associated with providing intervention, health care, and
addressing special needs related to alterations in imprintome function.

3.10.2.1 Costs to the Individual

It may be easy to dismiss small shifts in the imprintome result from environmental
exposures. But are they inconsequential? We certainly do not yet have a grasp of the
breadth of imprintome changes that occur in response to environmental
perturbations, the relevant targets for each exposure, nor do we understand the
thresholds of methylation changes that are tolerable (i.e., that do not induce a
measurable change in phenotype). Nevertheless, we do know that there are changes
in imprintome methylation that can directly mediate profound neurological and/or
developmental disorders, and we are finding that more subtle alterations are linked
to phenotypic changes that include shifts in the expression of growth regulatory
genes. Increased risk of metabolic syndrome and diabetes from adaptive epigenetic
programming in utero may have a tremendous impact on health-care costs.
Individuals with obesity, hypertension, and diabetes are at increased risk of stroke
and cardiovascular disease, sequelae that may well have been preventable through
careful attention not only to avoiding relevant exposures but also through the
quality and quantity of nutritional intake during pregnancy. Thus, costs to the
individual resulting from imprintome nudging can include alterations in normal
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patterns of growth, developmental deficits, propensity to develop obesity, cardio-
vascular disease, and increased risk of stroke, diabetes, and cancer.

3.10.2.2 Costs to Society

Imprinted genes and the imprintome have essential functions as growth continues
during gestation and childhood. Particular imprinted genes may also have critical
functions in preserving the function of somatic stem cells and thus of maintaining
homeostasis of adult tissues (Berg et al. 2011; Ferron et al. 2011). As described
above, scientific inquiry has shown irrefutable evidence of the importance of the
imprintome to maintaining health, and conversely the disease that can result when
perturbed. Thus, the potential societal costs to imprintome nudging should not be
overlooked. To our knowledge, no one has performed cost projection analyses that
assess the expense associated with the increased need for interventional and
educational services and health care related to imprintome deregulation.

Low birth weight, as we have found is mediated in part through alterations
associated with maternal smoking-induced methylation changes at IGF2 (Murphy
et al. 2011), results in increased risk of smoking-related morbidities and pregnancy
complications that often require additional care. In a study examining health-care
costs associated with births in Iowa, low birth weight attributable to smoking during
pregnancy was estimated to add an excess $2,085,907 annually (2007 dollars) to
health-care costs during the neonatal period alone (Udeh and Losch 2008). Con-
versely, childhood obesity is estimated to add $14.1 billion dollars annually to
normal health-care costs for children in the United States (Trasande and Chatterjee
2009). That a number of imprinted genes are involved in energy management, and
even in the differentiation of adipocytes, suggests that imprintome deregulation
could substantially contribute to these additional costs.

Aside from the influence of the imprintome on cost of health care and general
well-being, additional societal costs result from effects on neurological function
and cognitive abilities. For example, low birth weight associated with smoking
during pregnancy is linked to decreased cognitive abilities in the child (Grantham-
McGregor 1998) as well as increased risk of attention deficit disorder (Nomura
et al. 2010; Sciberras et al. 2011). In addition to the costs associated with providing
services in the schools to assist these children, the reduction in productivity,
reduced wage earning potential, and overall reduction in societal contributions
must also be taken into account.

3.11 Can Imprintome Deregulation Be Treated or Prevented?

There are certainly non-preventable causes of imprintome deregulation, such as
errors in chromosome segregation and copy number alterations that affect
imprinted domains. However, environmentally induced shifts in the imprintome
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and the associated morbidities may indeed be preventable, especially as we begin to
identify and understand the specific types of exposures that should be avoided. One
of the most exciting aspects related to epigenetic modifications is that they are
potentially reversible. Animal models as well as studies of human disease show that
this may be possible through dietary or pharmaceutical interventions. Reversal of
altered methylation has been shown to occur in mice with the use of methyl group
donor nutrients as well as with genistein, a phytoestrogen present in soy products
(Dolinoy et al. 2007). Use of DNA methyltransferase inhibitors has also shown
efficacy in reversing aberrantly hypermethylated genes in the treatment of cancer
(Issa 2007).

While methylation can be modulated through these types of interventions, the
problem with all of the current approaches is that they are nonspecific. There is
currently no mechanism that allows for effectively targeting specific loci to alter
DNA methylation. This may present a substantial hurdle since there are regions of
the genome that should normally be methylated (e.g., transposable elements) and
using these approaches may inadvertently lead to hypomethylation of these regions
and create other unintended problems. In addition, the stability of the imprintome
methylation profiles and the notion that the imprintome may only be vulnerable to
shifts in methylation during certain developmental windows may make correcting
epigenetic defects within the imprintome particularly challenging. It is thus crucial
to continue investigation into the mechanisms responsible for the writing and
reading of the imprintome as well as where vulnerabilities exist so that we may
identify the opportunities, targets, and artillery for beneficial interventions.

3.12 Conclusions

The imprintome is a unique and powerful regulatory mechanism that is capable of
dictating much about not only our individual health, but also appears to have the
potential, when disrupted, to impact society through detrimental effects at consid-
erable cost to the individual, health-care system, and society as a whole. Insuring
the appropriate reprogramming of the imprintome in the gametes and safeguarding
it from potentially detrimental environmental influences during development
should be a top priority if we hope to circumvent these problems. However, before
interventions can be implemented, a systematic examination of environmental
factors that are associated with epigenetic perturbation will be required, the
windows of vulnerability defined, and the resultant phenotypes elucidated. Such
observations should be mechanistically evaluated in both in vitro and in vivo
studies.
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Epigenetics and Environmental Exposures



Chapter 4
Complex Phenotypes: Epigenetic Manifestation
of Environmental Exposures

Christopher Faulk and Dana C. Dolinoy

Abstract Environmental influences in early development alter the epigenome and
lead to complex phenotypes and disease susceptibility throughout the life course.
Five primary factors, including nutrition, behavior, stress, toxins, and stochasticity,
act to influence the epigenome during this critical period. To illustrate how changes
in early environment can dramatically affect the epigenome, we provide examples
from diverse members of the animal kingdom, spanning insects to human. Specific
to mammalian early embryogenesis, DNA methylation, and other epigenetic marks
are reset at two specific times in distinct cell lineages leading to epigenetic
programming of gametic and somatic cells. These two waves of genomic demeth-
ylation and reestablishment of methylation frame the sensitive times for early
environmental influences. Evaluating the complex effects of environmental
exposures on the developing epigenome requires novel and comprehensive
approaches. In this chapter we outline a strategy for the evaluation of environmen-
tally induced epigenetic effects across animal models and human samples,
highlighting the necessity for careful assessment of dose and resulting phenotypic
changes across the life course. Herein we review the history, environmental factors,
critical time points, and vulnerable genomic structures of epigenome—environment
interactions. We also provide a framework to further explore epigenomic changes
and translate this knowledge from mouse to man.
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Abbreviations

BPA Bisphenol A

CDK Cyclin-dependent kinase

DMR Differentially methylated region

DOHaD Developmental origins of health and disease

GR Glucocorticoid receptor
IAP Intracisternal A-particle
LTR Long terminal repeat

PGC Primordial germ cells

PRC2 Polycomb repressive complex 2
RAMs Regions of altered methylation
tRNA Transfer RNA

4.1 Introduction

The developmental environment is emerging as an influential predictor of
subsequent phenotypes and disease risk in later life. The “developmental origins
of health and disease” (DOHaD) hypothesis posits that gene—environment
interactions during early life result in long-lasting effects and points to epigenetic
inheritance as a prime mechanism (Barker et al. 2002). Epigenetics is the study of
changes in gene expression that are heritable from cell to cell, hence through cell
lineage development, or in rare cases, transgenerationally from parent to offspring
to grand-offspring (Youngson and Whitelaw 2008). Increasingly, we are
recognizing that early environmental influences on the epigenome are diverse and
include dietary (total caloric intake, specific nutrient level, phytochemicals), physi-
cal (behavior, temperature, species density, stress), chemical (toxins, endocrine
disruptors, pharmaceuticals), or unknown (stochastic, random) effects. Thus, the
convergence of environmental toxicology and epigenetic gene regulation is partic-
ularly important during the earliest stages of development when epigenetic
modifications, such as DNA methylation, are the most sensitive to perturbation.
In this chapter, we introduce the reader to complex phenotypes emerging from
environmental perturbations on the developmental epigenome. Firstly, we discuss
five relevant environmental influences on epigenetic modifications in development.
Here, we showcase examples in animals from insect to human where the environ-
ment influences the epigenome through early developmental exposures. Secondly,
we review the timing of epigenomic reprogramming, focusing on the post-fertiliza-
tion and germ cell differentiation stages in male and female offspring. Thirdly, we
elucidate the major genome structures and mechanistic targets most vulnerable to
environmental perturbations. Finally, we introduce strategies for evaluating
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environmental effects on the developing epigenome, and for detecting and
verifying epigenetic modifications using combined approaches in animal models
and human clinical and epidemiological populations.

4.2 Developmental Influences on the Epigenome

The importance of the early environment in modifying developmental trajectory is
not new. For example, in 1809 Jean-Baptiste Lamarck proposed that the increased
use of a body part would cause a heritable increase in the size of that body part
(Lamarck 1809). Mechanistically, Baptiste hypothesized that organisms have a
“tendency to progression” in which offspring inherit traits acquired by the habits
of their parents (Gould 2002). Likewise in the early twentieth century, early
environmental manipulations were attempted by now-discredited Soviet biologist
Trofim Lysenko in his claims that crop yields could be adapted to cold climates by
exposing seeds to cold temperatures (Soyfer 2001). This culminated in Lysenko’s
experimental feeding of special diets to gestating cattle hybrids to produce off-
spring with greater milk productivity (News of Science 1957). Such misconceptions
surrounding the environmental influence on developmental trajectory, therefore,
persisted for decades despite early refutations such as August Weismann’s experi-
ment in cutting the tails off of rats over five generations while never observing the
birth of a tailless rat (Weismann 1891). Epigenetics was revived as a modern
science by Conrad Waddington in 1947 and by the end of the twentieth century
had adopted its current definition (Jablonka and Lamb 2002).

There are currently a variety of recognized developmental influences resulting in
lifelong phenotypic change, mediated by epigenetic gene regulation. The five early
developmental influences described here, nutrition, behavior, stress, toxins, and
stochasticity interact to influence methylation and other epigenetic marks that in
turn affect life-stage phenotype and disease (Fig. 4.1). As indicated by the wide
number of animal species discussed (from insects to humans), it is likely that the
capacity for epigenetic plasticity is evolutionarily selected. Therefore, it is likely
that many more instances of environmental epigenetic influences remain to be
elucidated (Jablonka and Raz 2009). Of important note, however, is that not all
animals use DNA methylation to repress gene function; for example, the model
organisms, fruit fly (Drosophila melanogaster) and roundworm (Caenorhabditis
elegans). To ultimately succeed in identifying environmental factors that affect the
epigenome and lead to complex phenotype and disease, researchers must integrate
the layers of epigenetic changes in response to mixtures of environmental
exposures, paying attention to the times of sensitivity and the model system of
evaluation.
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Fig. 4.1 Environmental
factors working individually
and in concert. Five
environmental influences that
affect the developing embryo
and its primordial germ cells Tedins Nutrition
(represented by the pink and
blue dots). Each of these
factors can act through a
variety of mechanisms, and
result in an array of changes
in epigenetic marks

Behavior

4.2.1 Nutrition

Nutrition in early life is never guaranteed or consistent. In bees (Apis mellifera),
early life nutritionally induced changes are the underlying mediators of queen and
worker honeybee differentiation. Bee larva fed royal jelly, a diet specially enhanced
with royalactin proteins, shifts development to the queen phenotype, and shows
similar effects in the fruit fly (Drosophila melanogaster) (Kamakura 2011). DNA
methylation is a primary mechanism by which royal jelly acts on the genome
through the diet (Kucharski et al. 2008). For example, methylation of the promoter
region of dynactin p62 is decreased in worker bee heads as compared to bodies and
averages 10 % lower methylation in the queen bee’s complementary tissues, an
effect that has been experimentally induced by siRNA-mediated silencing of
Dnmt3. Additionally, in utero supplementation of animals with methyl-donor rich
diets permanently shifts the coat color pattern of mice carrying the Agouti viable
yellow allele (Waterland and Jirtle 2003) and increases methylation and suppresses
transcription of the Runx3 gene in lung tissue (Hollingsworth et al. 2008). Simi-
larly, dietary supplementation with genistein, the major phytoestrogen in soy,
interacts with the methyl-donor pathway to similarly shift the coat color distribution
of Agouti viable yellow mice, which have emerged as a model biosensor for in utero
effects on the fetal epigenome (Dolinoy et al. 2006).

Whole genome hypomethylation is also seen in animals receiving folate defi-
cient diets during gestation and lactation (McKay et al. 2010). For example, in
mice, an early postnatal methyl-donor deficient diet reduced methylation at the
imprinted gene, /gf2 (Waterland et al. 2006b). In fact, in utero malnutrition in
rodents not only directly affects the expression and methylation of several genes,
such as glucocorticoid receptor, Nr3cl, and peroxisome proliferator-activated
receptor alpha, Ppara, but also the neonatal response to leptin. Moreover, these
epigenetic effects persist later in life and affect the ultimate adult phenotype,
adiposity (Gluckman et al. 2007). Humans are also affected by early life nutritional
status as shown in the DNA methylation changes at the /GF2 locus in whole blood
from individuals subject to the Dutch hunger winter (Heijmans et al. 2008). Human
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longevity also appears correlated to food abundance available to our grandparents
during their prepubertal growth, an effect hypothesized to be epigenetic in origin,
although the direct epigenetic mechanism remains unknown (Kaati et al. 2007).
Candidate gene studies followed by whole epigenome analysis will become impor-
tant to environmental epigenomics especially in the translation from mouse to
human research.

4.2.2 Behavior and Stress

Behavior- and stress-induced changes are likewise widespread from insects to
mammals. The desert locust (Schistocerca gregaria) produces more offspring of
the gregarious swarming phenotype when bred in crowded conditions (Maeno and
Tanaka 2010). Similarly, rats show persistent DNA methylation changes of the
glucocorticoid receptor and many other loci in the hippocampus due to high versus
low levels of maternal care in the first week of life (McGowan et al. 2011). Falling
under both behavior and stress, humans abused in early life also show increased
DNA methylation at the NR3C! glucocorticoid receptor promoter in the hippocam-
pus (McGowan et al. 2009).

Stress induces epigenetically controlled phenotypic changes in many animals.
Insects show widely varying genomic methylation levels between species and
changes within a species during development, suggesting a role for methylation
in gene—environment interactions (Kronforst et al. 2008). The pea aphid
(Acyrthosiphon pisum) has a functional DNA methylation system, and under stress
from crowded conditions or predators will produce more winged offspring (Weisser
et al. 1999). The crowded mothers express more DNMT enzyme, and the winged
offspring show increased methylation at the ApJHBP locus (Walsh et al. 2010).
This illustrates the importance of verifying concordant changes in message level
and translation with DNA methylation. Emerging evidence also suggests that
regulation of epigenetic marks is associated with stress and environmental response
genes in the pacific oyster (Crassostrea gigas) and in the basal chordate Ciona
intestinalis (Gavery and Roberts 2010; Sasaki and Satoh 2007). Furthermore, after
being in close proximity to cats, rats exhibit symptoms of post-traumatic stress
syndrome concomitant with increases of methylation in the Bdnf gene in the
hippocampus (Roth et al. 2011). Interestingly, increased methylation of this same
gene is also seen in human suicide victims (Keller et al. 2010).

In mice, stress in early life results in increased adult brain expression of arginine
vasopressin (AVP) protein correlating with increased methylation of the Avp gene
in neurons (Murgatroyd et al. 2009). Stress from maternal separation in mice results
in depressive behavior coupled with both increased and decreased DNA methyla-
tion in a number of genes (Franklin et al. 2010). Interestingly, these mice can
transmit the DNA methylation pattern and phenotype transgenerationally through
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the male line (Franklin et al. 2010). Early life stress in humans is also linked with
gene expression changes for a polymorphic form of serotonin receptor (Caspi et al.
2003).

4.2.3 Chemical Toxicants

Chemical toxins are widely dispersed and have been shown to impact epigenetic
processes and marks following early life exposures. Water fleas (Daphnia magna)
show decreased global DNA methylation when reared in the presence of
vinclozolin, a fungicide and endocrine disruptor (Vandegehuchte et al. 2010).
Moving from insects to mammals, female rats exposed to vinclozolin during
gestation produce male offspring with methylation changes in numerous genes in
their sperm. In the female offspring there is a greater incidence of tumor formation
and pregnancy abnormalities, which in some cases persists transgenerationally
through the germ line (Anway et al. 2005; Guerrero-Bosagna et al. 2010; Nilsson
et al. 2008). A whole epigenome approach will offer a more complete understand-
ing of these changes. Because F1 and F2 germ cells are present in the exposed
gestating female, they are exposed to vinclozolin during early development. Thus,
the effects on the epigenome can be inherited transgenerationally (Fig. 4.2).

While a complete review of the full suite of chemicals affecting the developing
epigenome is beyond the scope of this chapter, a number of classes of chemicals
beyond pesticides have also been elucidated to act on the epigenome. For example,
bisphenol A (BPA), a widely studied endocrine disruptor, is ubiquitous in our
environment and is repeatedly shown to affect DNA methylation in multiple rodent
tissues, such as liver and brain (Dolinoy et al. 2010; Yaoi et al. 2008). In primates,
early exposure to the metal lead (Pb) results in decreased DNA methyltransferase
activity in the brain even 23 years later, again underscoring the importance of
correlating message level to methylation (Wu et al. 2008). Given the emerging
weight of evidence linking developmental toxicant exposures to later disease states
in animal models via methylation, a clear path from dosage experiments in model
organisms to candidate genes in human studies is particularly crucial.

4.2.4 Stochasticity

Lastly, stochastically or randomly placed methylation marks laid down in early
development have been observed at several loci. The model biosensor, the viable
yellow (A') mouse, varies from brown, pseudoagouti, to yellow fur coloration due
to randomly established levels of DNA methylation at a recently inserted
intracisternal A-particle (IAP) element within the 5’ end of the Agouti gene. DNA
methylation can vary by over 80 % at several CpG sites within this IAP between
animals (Dolinoy et al. 2010). Similarly the Cabp™ locus in C57BL/6 mice also
contains a contraoriented IAP element in intron 6, capable of stochastic DNA
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Fig. 4.2 Methylation reprogramming in a single genome occurs in two waves. Global demethyl-
ation events from the perspective of the mouse F2 genome from germ cells to newly conceived F2
embryo. Within the pregnant GO mouse, the F1 embryo generates a group of cells destined to
become its gametes, which will form the F2 generation. These primordial germ cells (PGC) begin
to migrate to the genital ridge around embryonic day 7.25 in the mouse. During this time they
become demethylated in preparation to adopt the somatic methylation pattern, and for imprinted
genes, the gender-specific methylation pattern to match the genotype of the individual in which
they reside. In males, methylation is reestablished by E14. In females the PGC remain largely
unmethylated until maturation in the F1 adult during each estrous cycle. During fertilization, the
F2 gametes combine and undergo the second, more complete, wave of demethylation in prepara-
tion to establish somatic methylation patterns (with the exception of the F3 PGCs). Any environ-
mental influences on the pregnant GO adult can affect the development and adult disease
susceptibility of both the F1 and F2 generations as their somatic and germline methylation patterns
are being established, respectively

methylation (Druker 2004). The Axin-fused (Axin™™) mouse has a dramatic kinky
tail phenotype caused by stochastic DNA methylation of another intronic IAP
element (Vasicek et al. 1997). Thus, IAP elements are important proxies for
genome-wide methylation determination as well as for understanding methylation
resetting during development, as will be discussed in more detail in Sect. 4.4.1.
These alleles are termed “metastable epialleles,” as they are variably expressed
in genetically identical organisms due to epigenetic modifications that are
established during early development (Rakyan et al. 2002). The epigenetic marks
are variable between individuals but consistent and stable in their patterns within a
mouse throughout its life, implying that the level of methylation is set early in
development and stable for life (Weinhouse et al. 2011). The distribution of
variable expressivity is shifted at these metastable epialleles following maternal
exposure to nutritional and environmental factors (Cooney et al. 2002; Dolinoy
et al. 2006, 2007; Kaminen-Ahola et al. 2010; Waterland and Jirtle 2003; Waterland
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et al. 2006b). In humans, we see variation in methylation in monozygotic twins
where spinal deformation was associated with increased AXINI methylation in one
twin with lack of methylation and associated physical anomaly in the other one
(Oates et al. 2006). It is likely that the underlying stochastic distribution of
methylation at metastable epialleles may be affected by as yet uncharacterized
environmental factors.

4.3 Time Points of DNA Methylation Lability

DNA methylation is primarily a stable repressive mark; however, its regulation is
more dynamic than previously believed and can be actively removed at specific loci
and genome-wide at several stages during development (Wu and Zhang 2010). In
the context of early environmentally modifiable epigenetic marks, it is important to
determine the windows of greatest susceptibility. The epigenome is most vulnera-
ble to environmental factors during embryogenesis because the DNA synthetic rate
is high, and the elaborate DNA methylation patterning required for normal tissue
development is established. During adulthood, somatic tissues vary widely in
cellular turnover rate and environmental exposures (see Sect. 4.3.3). The mamma-
lian genome undergoes two waves of global DNA demethylation followed by de
novo methylation, as illustrated in Fig. 4.2 using the mouse as a representative
mammalian animal model (Bernal and Jirtle 2010). In mammals, the mother, GO,
hosts the development of the F1 offspring from zygote stage to birth. During the
development of the F1 offspring, a separate lineage of cells within the F1, called the
primordial germ cells (PGCs), migrate and differentiate into gamete precursor cells
that will eventually become the F2 generation. By convention, the first wave of
methylation resetting refers to the reprogramming of the epigenome within these
PGCs, and the second wave refers to the reprogramming that happens shortly after
zygote formation. Exposure of a pregnant mother can affect methylation status of
both the first wave (in the F2 PGCs) and the second wave (in the post-fertilization
F1 pluripotent somatic cells).

4.3.1 Germ Cell Methylation Reprogramming

In mice, the first wave of reprogramming occurs in primordial germ cells (PGCs)
during and after their migration to the genital ridge (Yamazaki et al. 2003). This
demethylation is complete in the mouse before birth and allows resetting of
imprinted genes in the PGCs to match the sex of the host in which they now find
themselves (Lees-Murdock and Walsh 2008; Sasaki and Matsui 2008). A number of
repetitive elements, including IAPs, are also protected from demethylation to
varying extents during this reprogramming wave in developing oocytes (Hajkova
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et al. 2002). These genetic loci are more susceptible to loss of heterozygosity and
increased methylation instability, respectively (Dolinoy and Jirtle 2008).

In male mouse fetuses, PGCs differentiate into prospermatogonia, enter mitotic
arrest, and reestablish methylation before birth (Kota and Feil 2010; Reik et al.
2001). Consequently, this window is especially important for disruptions to loci that
escape demethylation as well as resetting of global methylation in male offspring
with any effects likely to be seen in the F2 generation (Guerrero-Bosagna et al.
2010; Hanel and Wevrick 2001). Nonmammalian animals, in general, do not have
imprinted genes (Kaneda et al. 2004). Developmental exposures may affect the
growth of the offspring by inheritance without necessarily having a lasting impact
on the parent.

After sexual maturation in all male mammals, the prospermatogonia complete
meiosis and differentiate into mature sperm, and during this process, the
chromosomes are almost entirely stripped of histones and repackaged with highly
basic protamines. Because the protamines do not contain any modifiable tails, any
epigenetic information carried on histones is unable to be passed through the male
germ line (Balhorn 2007). A small number of histones are retained in mammalian
sperm; however, it is unknown whether they play a role in passing on any epige-
netic information to the resulting zygote (Gaucher et al. 2010; Kota and Feil 2010).

In contrast to males, F1 female mammalian PGCs complete meiosis I while still
in the developing embryo, followed by cell arrest until puberty (Kota and Feil
2010). Thus, in human females, for example, the oocytes remain in a haploid
demethylated state for years. Therefore, the window of possible disruption to the
establishment of methylation patterns in oocytes is much longer and repeatedly
occurs during the maturation of each egg throughout fertility (Fig. 4.2) (Sasaki and
Matsui 2008).

4.3.2 Zygotic Methylation Reprogramming

The second wave of global demethylation occurs shortly after fertilization and
before implantation. The male pronucleus is stripped of the protamines, while the
DNA is actively demethylated and repackaged with newly synthesized histones in
the zygote (Nonchev and Tsanev 1990; Santos et al. 2002). The female complement
of chromosomes becomes demethylated via a passive mechanism during replica-
tion (Hemberger et al. 2009). Not every gene is demethylated since the oocyte
contains egg-specific isoforms of DNMT1, and the early embryo synthesizes its
own somatic DNMTI1 isoform. The presence of these maintenance
methyltransferases is required to ensure the preservation of gametically derived
differential methylation for imprinted genes, particularly during global demethyla-
tion of most other regions of the genome (Cirio et al. 2008). Application of whole
epigenome methods in model organisms will complete the list of candidate targets
for environmental sensitivity.
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The zygotic round of demethylation is less comprehensive than the
reprogramming in PGCs, with imprinting control regions retaining differential
DNA methylation depending on their parent-of-origin and some classes of repeti-
tive elements also retaining their methylation (Lees-Murdock and Walsh 2008).
This wave of methylation cycling sets the pattern for all somatic cells in the
resulting embryo and adult except for the PGCs, which will form the gametes for
the next generation. The embryo (F1) would be most vulnerable during this window
of time to environmental influences that disrupt the reestablishment of DNA
methylation. Thus, any epigenetic disruptions early in development would affect
tissues in all three germ layers (Weinhouse et al. 2011).

4.3.3 Somatic Methylation Lability

The major global demethylation event that occurs in the somatic cells of adults is
associated with aging and disease states (Calvanese et al. 2009). As mammals age,
they undergo gradual genome-wide DNA hypomethylation concomitant with
hypermethylation at normally unmethylated CpG islands (Murgatroyd et al.
2010). Additionally, adult tissues undergo widely varying life spans and cellular
turnover rates. Neurons can last a lifetime, while gut epithelial cells live only a few
days (Creamer et al. 1961). Cell types have differing exposure profiles as well, with
some exposed more directly to toxins and nutrients like the gut and intestinal tract.
Other tissues are exposed primarily to chemical metabolites, and some, like liver,
are exposed to both. Location, length of exposure, and cellular life span all play a
role in the dynamics of DNA methylation change for a given organ over time. Since
cancer is a heterogeneous disease, it displays inconsistent methylation profiles, but
in general, the genome is widely hypomethylated as compared to normal tissue with
the notable exception of hypermethylation of tumor suppressor gene promoter
regions (Feinberg 2007).

4.4 Vulnerable Genomic Structures

The genome is not homogenous in content, expression, or epigenetic marks; some
loci are more likely to resist reprogramming or to be environmentally sensitive. As
discussed in Sects. 4.2 and 4.3, repetitive elements and imprinted genes can be
incompletely reprogrammed or unusually labile, respectively. Below we examine
these types of loci in greater detail.
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4.4.1 Repetitive Elements

Human and mouse genomes are comprised of 46 % and 39 % repetitive elements,
respectively. These elements fall under several different types based on their
methods of duplication including cut-and-paste, copy-and-paste, tandem duplica-
tion, and gene conversion (Cordaux and Batzer 2009). From an evolutionary
perspective, selection acts to limit the spread of these potentially genome
destabilizing elements. Epigenetics, particularly DNA methylation, plays a major
role in their suppression. As an example, the long terminal repeat (LTR) class of
elements is widely active in mice with several thousand copies accumulating and
still being quite active in reshaping the genome today (Qin et al. 2010). These
elements are generally silenced to a high degree in normal somatic cells; however,
they can act as gene promoters in both mouse and human (Bernal and Jirtle 2010;
Cohen et al. 2009). Additionally, the same elements can exhibit differing species-
specific methylation patterns (Carbone et al. 2009). Elements of different classes
regain methylation at different times as well. For examples, some LTR-class IAPs
can remain unmethylated in the female oocyte until maturation, whereas LINE-1
elements are remethylated much sooner, around the time of birth (Lees-Murdock
and Walsh 2008). Sex-specific differences are also evident in these same elements,
with both classes becoming methylated in male germ cells immediately following
the global demethylation event in migrating primordial germ cells. Clearly, the
genomic identity of a region plays a large role in the timing in the laying down of
epigenetic marks.

4.4.2 Imprinting

Epigenetic systems in mammals may have developed as a consequence of totipo-
tency and the need to activate genes in only certain cell types despite the fact that all
cells share the same genetic components (Jablonka and Lamb 2002). One of the
most extensively studied epigenetic phenomena in mammals is genomic imprint-
ing, in which one parental allele is epigenetically altered resulting in parent-of-
origin modification of gene transcription (Murphy and Jirtle 2003; Reik and Walter
2001). Imprinted genes were first hypothesized following nuclear transplantation
studies conducted by Surani and colleagues in the 1980s in which diploid
androgenotes derived from two male pronuclei and diploid gynogenotes derived
from two female pronuclei developed improperly (Barton et al. 1984; Surani et al.
1984). It was not until 1991, however, that the first imprinted genes were identified.
Since the demonstration that insulin-like growth factor 2 (Igf2), a potent growth
factor (DeChiara et al. 1991), and insulin-like growth factor 2 receptor (Igf2r)
(Barlow et al. 1991) are imprinted, approximately 80 imprinted genes have been
identified in mice and humans, with 29, or about one third being imprinted in both
species (Morison et al. 2005).
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Since imprinted genes are functionally haploid, the health consequences of
genomic imprinting are potentially disastrous. Monoallelic expression eliminates
the protection that diploidy normally affords against deleterious effects of recessive
mutations. The most widely accepted theory of imprinting evolution, “the conflict
hypothesis,” posits that imprinting arose because of a genetic tug-of-war between
the parents to control the amount of nutrients extracted from the mother by her
offspring (Haig and Graham 1991; Wilkins and Haig 2003). Work in the early
2000s showed that imprinting evolved approximately 180 million years ago fol-
lowing the divergence of Prototherian (i.e., monotremes) from Therian (i.e.,
marsupials and eutherians) mammals (Killian et al. 2000; Murphy and Jirtle
2003). Thus, genomic imprinting arose in mammals with the evolution of the
placenta and the advent of viviparity.

Imprinted genes and their associated regulatory components may be particularly
sensitive to developmental environmental perturbations on the epigenome. In fact,
as discussed above, individuals conceived during the Dutch hunger winter at the
end of World War II, were shown 60 years later to have altered DNA methylation at
the IGF2 locus (Heijmans et al. 2008). Imprinted genes are associated with differ-
entially methylated regions, termed DMRs (Ferguson-Smith 2011). Since DMRs,
unlike most regions of the genome, must retain methylation on a single copy on one
chromosome with the sister chromosomal locus hypomethylated, they are naturally
sensitive to methylation disruption (Bernal and Jirtle 2010). The classic example of
complementary genes being imprinted is the maternally expressed /gf2r and pater-
nally expressed /gf2 genes in mice. Although these regions are believed to have
evolved rapidly, the /gf2r DMR is maintained in humans despite the now biallelic
expression of the gene (Kalscheuer et al. 1993). Moreover, the imprinting status is
often, but not always, preserved between species (Ferguson-Smith 2011; Weidman
et al. 2004). The monoallelic expression of imprinted genes can also be specific to a
tissue or developmental time point. Consequently, developmental dysregulation by
toxins or other environmental exposures can vary in tissue and time-dependent
manner further complicating risk assessment.

4.5 Mechanistic Targets of Environmental Exposure

Mounting evidence suggests that environmental pressures can exert effects on
multiple levels of gene regulation. The weight of evidence is currently focusing
on gene transcription and chromatin structure controlling access to transcriptional
machinery.
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4.5.1 Gene Transcription

The original function of DNA methylation is likely to be host defense against rogue
transposable elements but has since been co-opted to also serve a gene regulatory
function (Zemach and Zilberman 2010). Gene transcription can be suppressed by
the DNA methylation of CpG islands in promoters as well as histone modification
and nucleosome placement. For example, the methyl group of the 5-methyl cyto-
sine extends into the major groove of DNA, inhibiting transcription by interfering
with transcription factor binding proteins. In addition, DNMTs and methylated
DNA interact with higher-order chromatin proteins to affect histone modifications
and further compact chromatin. Thus, DNA methylation and histone modifications
act synergistically to maintain silencing and inhibit access to transcription factors.
As introduced previously, the insertion of a metastable IAP in the Agouti gene in
the A™ mouse strain provides a locus for variable DNA methylation to affect
transcription. The Cabp™” and Axin™ loci also show a correlation of increased
methylation and decreased expression affected by environmental exposures. These
loci provide a basis for the investigation of genome-wide changes due to methyla-
tion, and a number of studies find novel metastable epialleles with variable methyl-
ation (Luedi et al. 2005; Waterland et al. 2010). Repetitive element insertions can
also be the cause of several human diseases (Callinan and Batzer 2006). Although
they can disrupt gene transcription, they can also be silenced by surveillance
mechanisms, as we see in the case of the A" mouse IAP element. Environmentally
induced derepression of these repetitive elements is an active area of research.

4.5.2 Chromatin Remodeling Complexes

Chromatin modifying complexes act throughout the genome changing the higher-
order chromatin structure to inhibit or increase access to transcriptional machinery.
The methyltransferase EZH2 catalyzes H3K27 trimethlyation as part of the PRC2,
and it can also be phosphorylated by cyclin-dependent kinases (CDK) (Hansen et al.
2008). After phosphorylation it loses the ability to bind to noncoding RNAs and is
thus unable to place the H3K27me3 mark in a sequence-specific manner (Zeng et al.
2011). Importantly, this mark is propagated from cell to cell, preserving the
epigenetic silencing of marked regions. Any environmental influences that alter
the activity of EZH?2, or its upstream CDK enzymes, can thereby have widespread
developmental effects lasting into adulthood. Placental mammals also have REX],
a DNA-binding transcription factor thought to target chromatin remodeling
complexes (Kim et al. 2007). In mouse Rex/ null mutants, DNA methylation
profiles at the DMRs of several imprinted loci are disrupted in adult tissues despite
the fact that Rex!/ is only expressed very early in development (Kim et al. 2011).
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Fig. 4.3 Comprehensive strategy for the analysis of environmental disruption on the developing
epigenome from mice to men. (a) Multiple dosages in animal model studies better reflect relevant
human exposure ranges allowing for the detection of non-monotonic epigenomic effects, often
characteristic of endocrine active compounds such as bisphenol A (BPA). (b) Candidate gene
assays are quick, reproducible, and relatively inexpensive and are able to be used for epidemio-
logical research. Conversely, this approach alone is limited in the ability to identify new targets of
environmentally influenced epigenetic changes. (¢) Epigenome-wide studies, enabled by advances
in technology, provide a comprehensive overview of DNA methylation changes over the entire
genome, enabling the discovery of new regions of metastability. (d) Phenotype can be measured
quantitatively by message level and correlated to genomic DNA methylation. An environmentally
induced change in an epigenetic mark does not necessarily reflect a corresponding change in
message, such as mRNA levels. (e) Translational research from animal models to human clinical
samples to human populations is necessary to locate and quantify environmentally induced
changes (e.g. BPA) on the epigenome

4.6 Mapping Environmental Influences on the Developing
Epigenome: A Representative Approach from Mice to Men

Until recently, most attempts to elucidate the effects on the epigenome following
nutritional and environmental exposure were either candidate gene driven or based on
epigenetic techniques with limited genome coverage/sensitivity, restricted in
dose-response assessment, or confined to animal models. Using bisphenol A (BPA)
as a representative early environmental exposure, we have developed a comprehen-
sive strategy for evaluating effects on the developing epigenome (Fig. 4.3). This
approach combines multi-dose studies in animal models with careful environmental
characterization of human clinical samples and extended analysis of epidemiological-
characterized human population samples. Integral to this strategy and important for
identifying biomarkers for disease risk and progression is the requirement that
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environmentally induced changes on the developmental epigenome be correlated
with subsequent gene expression and phenotypic effects across the life course.

BPA is a high-production volume monomer used in the manufacture of polycar-
bonate plastic and epoxy resins. It is present in many commonly used products
including food and beverage containers, baby bottles, dental composites, and
thermal receipt paper. Furthermore, BPA 1is associated with epigenetic alterations
following developmental exposure (Dolinoy et al. 2007; Ho et al. 2006; Yaoi et al.
2008). In the rat model, Ho et al. observed multiple changes in gene-specific DNA
methylation patterns in the adult male prostate, including hypomethylation of the
phosphodiesterase type 4 variant 4 (Pde4d4) gene following neonatal exposure to
both estradiol and low-level BPA (10 pg/kg of body weight BPA). Decreased
Pde4d4 methylation is associated with a marked increase in prostate cancer risk.
Using the viable yellow Agouti (A'”) mouse model, we showed that maternal
dietary exposure to moderate levels of BPA (50 mg BPA/kg diet) results in
decreased DNA methylation at the A", and Cabp™*” metastable epialleles (Dolinoy
et al. 2007). Finally, using restriction-enzyme based methylation technology, Yaoi
and colleagues reported both hyper- and hypomethylation at Notl loci in murine
offspring forebrain following gestational exposure to 20 pg/kg of body weight BPA
(Yaoi et al. 2008). These recent attempts, including our own, were limited to (1) a
candidate gene driven approach, (2) restricted dose-response assessment, (3) less
than comprehensive timing and expression effects, and finally (4) animal models.

Capitalizing on advances in unbiased epigenomic and high-throughput quantita-
tive DNA methylation technologies, we have developed a comprehensive approach
to identify the constellation of genomic loci with altered epigenetic status following
dose-dependent in utero BPA exposure. Using a “tiered focusing approach,” our
strategy proceeds from unbiased broad DNA methylation analysis using methyla-
tion-based next generation sequencing technology to in-depth quantitative site-
specific CpG methylation determination using the Sequenom MassARRAY and
QIAgen pyrosequencing platforms. Innovative to this design, we employ this
approach across both mice and humans in order to identify species specificity in
lability from early exposure to environmental agents. Additional toxicologically
relevant animal models, including rats and sheep are also being considered for this
approach, resulting in a comparative epigenomic analysis across mammalian spe-
cies. Using bioinformatics and biostatistical methods, we compare the regions of
altered methylation (RAMs) following BPA exposure, and the cellular pathways in
which the genes with nearby RAMs function.

Human BPA exposure, including time-dependent intra-individual variation, is an
extremely active area of research as well as being controversial. Examination of
2,517 individuals (>6 years) from 2003 to 2004 NHANES survey showed urinary
BPA concentrations ranging from 0.4 to 149 ug/L (mean 2.6 ug/L) (Calafat et al.
2008). Levels were lower in Mexican Americans compared to non-Hispanic blacks
and whites and higher in women and children as well as individuals of low socioeco-
nomic status (Calafat et al. 2008). A study of circulating blood BPA levels in
pregnant women in Michigan indicated exposure levels between 0.5 and 22.3 ug/L
(mean 5.9 ug/L) (Padmanabhan et al. 2008). These trends indicate that in utero
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development and infancy may be particularly vulnerable time periods for exposure to
BPA. Collaborating with analytical chemists, we are evaluating BPA concentrations
in human placental and fetal tissue and employing epigenome-wide techniques to
correlate human in utero BPA exposure levels with distinct methylation profiles.
These samples represent a unique opportunity to not only measure BPA levels in
tissue matrices but to also conduct epigenome-wide and transcriptomic analysis, an
endeavor that requires relatively large amounts of DNA and RNA. Moving from
human clinical samples to human population studies with well-characterized early
environmental exposure data, as well as life-course demographic and nutrition data,
is a crucial next step in this pipeline.

The strategy described herein utilizes BPA as a representative environmental
toxicant that is easily applied to other environmental factors of interest. The
elucidation of epigenomic loci dysregulated in a dose-dependent manner in both
animal and human genomes will ultimately strengthen human health risk assess-
ment and shape diagnostic and therapeutic strategies for disease. As mentioned
above, the mouse is a tractable and popular model for human diseases; however,
animal models for toxicology studies may not be the best choice for modeling the
potential impact on the human genome if the repertoire of epigenetically labile
genes is markedly species dependent. For example, recently Jirtle and colleagues
employed machine-learning algorithms to identify epigenetically regulated
imprinted genes throughout the genome. This approach uncovered 600 novel
imprinted candidate genes in the mouse and 156 in the human (Luedi et al. 2005,
2007). Interestingly, humans are predicted to have not only fewer imprinted genes
than mice, but also a markedly different repertoire. The divergence of imprinted
genes, and potentially other epigenetically regulated loci such as metastable
epialleles, between mouse and human could have serious consequences for the
reliance on rodents as models of human disease. Further, the use of whole genome
and unbiased deep sequencing approaches allows for the identification of epigenetic
biomarkers for exposure that will be useful in enabling clinicians to identify at-risk
individuals prior to disease onset.

4.7 Moving Forward

It is increasingly recognized that environmental exposure to chemical, nutritional,
and behavioral factors alters gene expression and affects health and disease, by not
only mutating promoter and coding regions of genes but also by altering gene
expression through the modification of the epigenome. The investigation of early
environmental effects can inform the fields of toxicology and environmental epide-
miology by elucidating the mechanisms underlying developmental exposure and
adult disease. Of the five environmental factors we highlighted as affecting devel-
opment, nutrition is the best studied. Given the ubiquity of environmental toxins in
our environment, a comprehensive plan is needed to assess their effects. Dosage
levels, corresponding mRNA message levels, protein translation, and resulting
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phenotypic consequences, ideally must all be determined in model organisms.
Candidate gene approaches will be enhanced by concomitant whole epigenome
technologies. Epidemiological studies must then translate these results from mouse
to man.

In order to integrate epigenetic research into risk assessment or clinical practice,
we must first understand the most sensitive time points in the resetting of epigenetic
marks. These vulnerable periods are likely distinct for males and females as well as
for offspring and grand-offspring and may require specialized preventive and/or
corrective actions. Additionally, the molecular mechanisms linking these sensitive
time points to the adult presentation of disease need to be fully characterized.
Ultimately scientists must integrate the layers of epigenetic changes with the
times of sensitivity to generate the best prescriptions for human health. Since
epigenetic profiles, unlike genetic mutations, are potentially reversible, approaches
for prevention and treatment, such as nutritional supplementation and/or pharma-
ceutical therapies, may have significant impact on human health and disease
trajectories.
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Chapter 5
Epigenetic Effects of Ionizing Radiation

Olga Kovalchuk

Abstract Over the past decade, research efforts have focused on elucidating the
cellular and molecular mechanisms of ionizing radiation (IR)-induced effects in
eukaryotic and, most importantly, mammalian cells. The primary sources of radia-
tion exposure stem from diagnostic tests, therapeutic treatments, occupational
exposures, nuclear tests, nuclear accidents, as well as the growing production of
radioactive waste. It is now well accepted that the effects of IR exposure can be
noticed far beyond the borders of the directly irradiated tissue. IR can affect
neighboring cells, giving rise to a bystander effect. IR effects can also span several
generations and influence the progeny of exposed parents, leading to
transgenerational effects. Bystander and transgenerational IR effects are linked to
the phenomenon of the IR-induced genome instability that manifests itself as
chromosome aberrations, gene mutations, late cell death, and aneuploidy. While
the occurrence of these phenomena is well documented, the mechanisms that lead
to their development are still being defined. Mounting evidence suggests that IR-
induced genome instability and bystander and transgenerational effects may be
epigenetically mediated. The epigenetic alterations include DNA methylation,
histone modification, and RNA-associated silencing. Recent studies show that IR
exposure alters epigenetic parameters not only in the directly exposed tissues but
also in the distant bystander tissues. Furthermore, transgenerational radiation
effects are proposed to be of an epigenetic nature. In this chapter, I will discuss
the role of the epigenetics in IR-induced direct responses, as well as in bystander
and transgenerational effects.
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Abbreviations
3D Three-dimensional
ATR Ataxia telangiectasia and Rad3 related

BORIS  Brother of the regulator of imprinted sites
DNA Deoxyribonucleic acid

DNMT DNA methyltransferase

ESTR Expanded simple tandem repeat
DSBs Double-strand breaks

IR Ionizing radiation

LSH Lymphoid-specific helicase
MBD Methyl CpG-binding domain
mRNA  Messenger RNA

miRNA  MicroRNA

piRNA  Piwi-interacting RNA

RB Retinoblastoma

RISC RNA-induced silencing complex
RNA Ribonucleic acid

UTR Untranslated region

5.1 Introduction

All living organisms are exposed daily to radiation. In addition to diagnostic and
therapeutic medical exposures, we are exposed chronically to background radiation
from cosmic rays, radioactive waste, radon decay, nuclear tests, and accidents at the
Chernobyl, Fukushima, and other nuclear power plants. On the one hand, IR is a
well-known cancer-inducing agent. The carcinogenic potential of IR was
recognized very soon after its discovery, when the first radiation-induced tumor
was reported in 1902 (Chauveinc et al. 1998; Little 2000, 2003; Kovalchuk and
Baulch 2008). On the other hand, IR is one of the primary clinical methods used for
detecting and treating human malignancies, which makes understanding the under-
lying mechanisms of IR-induced biological effects imperative.
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5.2 Direct Effects of Radiation Exposure: Radiation-Induced
Cancers

The risk of radiation therapy-related deleterious effects, including secondary
cancers, is a growing problem (Boice et al. 1992; Leone et al. 1999; Brenner
et al. 2000, 2005; Copelan et al. 2004; Hall 2006). Furthermore, cancer risk may
also stem from exposure to low doses of IR during diagnostic procedures such as
computed tomography (Hildreth et al. 1989; Preston-Martin et al. 1989; Infante-
Rivard et al. 2000; Mori et al. 2001; Hall 2002; Shu et al. 2002; Brenner and Hall
2004; Kleinerman 2006; Liu et al. 2006).

Elevated cancer rates have been reported in atomic bomb survivors, occupation-
ally exposed individuals, and populations exposed to IR as a result of nuclear tests
and nuclear power plant accidents. Analysis of the Hiroshima and Nagasaki A-
bomb survivors cohort revealed elevated rates of leukemia (Folley et al. 1952;
Watanabe et al. 1972; Wakabayashi et al. 1983), breast cancer (Wakabayashi et al.
1983; Carmichael et al. 2003), thyroid carcinoma (Watanabe et al. 1972;
Wakabayashi et al. 1983), and stomach and lung cancers (Wakabayashi et al. 1983).

Significantly increased rates of leukemia were reported in residents of the areas
adjacent to the Mayak nuclear facility in the southern Urals region of Russia
(Kossenko 1996; Shilnikova et al. 2003). Increased mutation and cancer rates
were also seen in the population of the Semipalatinsk nuclear test site in Kazakhstan
(Salomaa et al. 2002; Tanaka et al. 2006).

In April of 1986, the explosion of the 4th reactor at the of Chernobyl Nuclear
Power Plant led to an enormous release of radioactive materials into the atmosphere
and the formation of complex patterns of radioactive contamination over vast
territories of Europe. In Chernobyl, the most significant human exposure was to
radioactive iodine-131. This exposure resulted in a subsequent rise in the number of
thyroid carcinomas (Bogdanova et al. 2006; Likhtarov et al. 2006; Williams and
Baverstock 2006; Williams 2006). IR exposure from the Chernobyl accident also
resulted in elevated levels of other cancers such as leukemia and lymphoma
(Gluzman et al. 2005; Balonov 2007), breast cancer (Pukkala et al. 2006;
Prysyazhnyuk et al. 2007), bladder cancer (Morimura et al. 2004), and renal-cell
carcinomas (Romanenko et al. 2000). The rates of the IR-induced solid cancers
continue to rise even now, more than 25 years after the accident (Baverstock 2000;
Baverstock and Williams 2006, 2007; Williams and Baverstock 2006). Another
devastating nuclear accident happened in 2012 in Fukushima, and its health effects
still remain to be explored. Based on the similarities between the Chernobyl and
Fukushima accidents, it is predicted that the reactor accident in Japan will also lead
to an increased cancer incidence in the exposed populations.

Over the past decade, intense research efforts have been made to elucidate the
cellular and molecular mechanisms of IR-induced carcinogenesis in eukaryotes
and, most importantly, in humans. IR causes a variety of responses in exposed cells.
It can cause changes in gene expression, disruption of mitochondrial function, cell
cycle arrest, and apoptotic cell death (Khodarev et al. 2001; Amundson et al. 2003;
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Amundson and Fornace 2003; Criswell et al. 2003; Fei and El-Deiry 2003; Iliakis
et al. 2003; Powell and Kachnic 2003; Andreev et al. 2006; Jeggo and Lobrich
2006; Rodemann and Blaese 2007; Valerie et al. 2007). Moreover, IR is a potent
DNA damaging agent capable of producing DNA damage such as cross-linking,
nucleotide base damage, and single- and double-strand breaks (Little 2000; Huang
et al. 2003). The accumulation of DNA damage caused by IR in conjunction with
disrupted cellular regulation processes can lead to cancer (Little 2000).

5.3 Indirect Effects of Radiation Exposure: Genome Instability
and Bystander Effects

Historically, the central dogma of radiation biology stated that the effects of IR
were restricted to the directly hit cells. This paradigm has been challenged by
numerous observations in which cells that were not directly traversed by the IR
exhibited responses similar to those of the directly irradiated cells. These responses
were demonstrated in the cells that were descendents of the directly irradiated cells
and were postulated to occur because of a phenomenon called radiation-induced
genome instability (Morgan 2003a, b; Nagar et al. 2003; Morgan and Sowa 2005,
2007, 2009). Genomic instability is characterized by an increased acquisition of
alterations in the genome. It manifests itself as an induction of chromosomal
aberrations, aneuploidy, micronuclei, gene mutations and amplifications, microsat-
ellite instability, and cell death (Huang et al. 2003; Morgan 2003a, b; Nagar et al.
2003; Suzuki et al. 2003). IR-induced genomic instability occurs in the irradiated
cell at extended times after irradiation and even in the progeny of the irradiated cell
generations after exposure (Morgan et al. 1996; Wright 1998; Little 2000). There
are many signaling pathways involved in the initiation and perpetuation of genomic
instability (Kaplan et al. 1997). Furthermore, the relative contribution of the
different pathways depends upon the genetic background of the irradiated cell or
organism (Paquette and Little 1994). It has long been proposed that genomic
instability also plays a significant role in tumorigenesis (Goldberg 2003; Little
2003).

Radiation responses also occur in the naive bystander cells that were in contact
with irradiated cells or received signals from the directly irradiated cells. These
bystander effects challenge the classic radiation biology dogma (Morgan et al.
2002; Mothersill and Seymour 2003, 2004, 2006; Morgan and Sowa 2005). IR-
induced bystander effects encompass a number of different endpoints. Some, but
not all, of these are detrimental to the cell. Similar to genomic instability, bystander
effects are measured by the induction of gross genome rearrangements, chromo-
some aberrations, sister chromatid exchanges, deletions, duplications, mutations
and amplifications, and cell death (Zhou et al. 2000; Lorimore et al. 2001, 2005;
Zhou et al. 2002a, b; Klokov et al. 2004; Hamada et al. 2007; Han et al. 2007).
Interestingly, bystander effects are also observed following cytoplasmic irradiation,



5 Epigenetic Effects of Ionizing Radiation 103

demonstrating that the target for genetic events is not just the nucleus (Folkard et al.
1997; Wu et al. 1999; Randers-Pehrson et al. 2001). They were seen in cells that
were not traversed by radiation but were in the same environment as the irradiated
cell. These bystanders received signals from irradiated cells that generated a
response in the bystander cells. Evidence suggests that bystander effects are
communicated between cells by means of either gap junctions or transmission of
soluble factors between the irradiated cell and the nonirradiated cell through cell
culture medium. Among the candidate soluble factors are reactive oxygen species
and cytokines (Morgan 2003a, b; Nagar et al. 2003; Kovalchuk and Baulch 2008).
Responses seen in nonirradiated bystander cells include cell death, neoplastic
transformation, and genomic instability (Zhou et al. 2000, 2002a, b; Lorimore
et al. 2001, 2005; Suzuki et al. 2003; Azzam and Little 2004; Gaugler et al. 2007,
Han et al. 2007; Maguire et al. 2007). Bystander effects are also observed in three-
dimensional tissue models, including spheroids (Persaud et al. 2005, 2007), and
reconstructed human tissue models (Belyakov et al. 2005; Sedelnikova et al. 2007,
Kovalchuk et al. 2010). Thus, bystander effects are a ubiquitous consequence of
radiation exposure (Mothersill and Seymour 2004).

Bystander effects also manifest themselves in the whole-organism context;
however, conclusive evidence in vivo is relatively scarce (Goldberg and Lehnert
2002; Hall 2003; Koturbash et al. 2007; Mothersill et al. 2007; Kovalchuk and
Baulch 2008). Radiation exposure leads to clastogenic activity in the plasma of the
patients receiving high-dose radiotherapy and in individuals accidentally exposed
to radiation (Goh and Sumner 1968; Pant and Kamada 1977; Emerit et al. 1994,
1995; Marozik et al. 2007; Kovalchuk and Baulch 2008; Ilnytskyy and Kovalchuk
2011). Moreover, these factors are capable of inducing chromosome damage in the
cultured cells (Goh and Sumner 1968; Hollowell and Littlefield 1968; Pant and
Kamada 1977; Emerit et al. 1994, 1995; Marozik et al. 2007).

Bystander effects also occur within an exposed organ. When the lung base is
irradiated, significant molecular and cellular damage occurs in the shielded lung
apex (Khan et al. 1998, 2003). The same group also showed that exposure of one
lung, either right or left, results in a marked increase of micronuclei in the
unexposed, shielded lung (Khan et al. 1998, 2003). Similar within-the-organ
bystander effects are observed during partial liver irradiation (Brooks et al. 1974;
Brooks 2004). The existence of the somatic bystander effects has been confirmed
through the use of rodent skin and spleen models in which one part of the animal
body is exposed to IR, while the other part is protected by a medical grade shield
(Koturbash et al. 2006b, 2007, 2008a, b; Ilnytskyy et al. 2009; Ilnytskyy and
Kovalchuk 2011). These studies show that X-ray exposure of one side of the animal
causes profound changes in the unexposed bystander portion of the body.
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5.4 Transgenerational Effects of Radiation Exposure

The effects of radiation exposure can also span several generations in animals and
humans. Evidence to support the hypothesis for germline heritable effects in
humans exposed to ionizing radiation is subject to much debate. In contrast, the
data from animal models clearly demonstrate that the biological effects of parental
radiation exposure are transmitted to the progeny through the germline of the
irradiated parent (Morgan 2003a). Early studies of these transgenerational effects
used various tests such as the specific locus, dominant lethal, and heritable translo-
cation assays (Generoso et al. 1980; Russell and Kelly 1982; Green et al. 1987,
Russell et al. 1998). Other studies focused on heritable alterations in cancer
incidence and teratogenesis following parental preconception irradiation (Nomura
1988; Tomatis 1994; Mohr et al. 1999; Nomura 2003; Nomura et al. 2004;
Dasenbrock et al. 2005). It is now also apparent that the risks to the progeny of
irradiated parents include transgenerational genomic instability (Tomatis 1994;
Carls and Schiestl 1999; Mohr et al. 1999; Barber et al. 2002; Dubrova 2003a, b;
Niwa 2003; Nomura 2003; Nomura et al. 2004; Dasenbrock et al. 2005; Barber and
Dubrova 2006; Kovalchuk and Baulch 2008; Ilnytskyy and Kovalchuk 2011).

While the exact molecular mechanisms of transgenerational IR-induced genome
instability have yet to be adequately defined, evidence points to an epigenetic basis
for this phenomena (Morgan 2003c; Jirtle and Skinner 2007; Kovalchuk and Baulch
2008; Ilnytskyy and Kovalchuk 2011). Specifically, several independent studies
demonstrate that the IR-induced cellular reprogramming persists for multiple
generations. Wiley and colleagues used a mouse preimplantation embryo chimera
assay to demonstrate heritable effects of paternal irradiation on embryonic cell
proliferation that persisted for two generations with no decrease in the incidence or
severity of the effect between generations (Wiley et al. 1997; Baulch et al. 2001;
Vance et al. 2002; Baulch and Raabe 2005).

The mechanism(s) that underlies the observed persistent transgenerational gene
expression phenotype is termed epigenomic instability (Baulch and Raabe 2005).
Studies using the neutral pH sperm comet assay show effects on the DNA electro-
phoretic mobility of sperm from irradiated male mice 7 weeks postexposure
(Anderson and Brinkworth 2007; Baulch et al. 2007; Kovalchuk and Baulch
2008). This same assay also demonstrated DNA damage and changes in chromatin
conformation in the unexposed offspring of irradiated male mice (Anderson and
Brinkworth 2007; Baulch et al. 2007).

Dubrova and colleagues pioneered the analysis of transgeneration instability of
repeat sequences in the genome (Dubrova et al. 1993). Initially, these repeat
sequences were referred to as minisatellites but later were called expanded simple
tandem repeat (ESTR) loci. ESTR analysis was used to demonstrate the induction
of heritable genomic instability in the progeny of irradiated mice (Dubrova et al.
1993; Barber et al. 2002; Yauk et al. 2002) and in human populations, including
individuals initially exposed in the Chernobyl accident, the Chernobyl cleanup
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workers, and people living around the Semipalatinsk nuclear test site (Dubrova
et al. 1996, 1997, 2002).

A great deal of data attests to the existence and manifestation of genomic
instability and the bystander effect in cultured cells, 3D models of tissues, organs,
and organisms. Unfortunately, the mechanisms responsible for the bystander effect
in these model systems remain relatively unexplored. The high frequency of
induction and the transgenerational persistence of the bystander responses, how-
ever, suggest an epigenetic genesis of this phenomenon (Lorimore et al. 2003;
Morgan 2003a, b; Nagar et al. 2003; Kaup et al. 2006; Kovalchuk and Baulch 2008;
Ilnytskyy and Kovalchuk 2011).

5.5 Epigenetic Changes and Their Roles in the Cell

Epigenetic changes are mitotically stable and potentially meiotically heritable
alterations in gene expression. They include DNA methylation, histone modifica-
tion, and RNA-associated silencing (Jaenisch and Bird 2003). Cytosine DNA
methylation was the first epigenetic alteration identified and is the most widely
studied of the known epigenetic mechanisms. It is crucial for normal development,
cell proliferation, and the proper maintenance of genome stability in an organism
(Robertson and Wolffe 2000; Scarano et al. 2005; Klose and Bird 2006; Shames
et al. 2007). In mammals, DNA methylation occurs mostly in the context of CG
dinucleotides that are methylated normally from 60 % to 80 % (Weber and
Schubeler 2007). The process of DNA methylation is mediated by the DNA
methyltransferase enzymes, DNMT1, DNMT3a, and DNMT3b (Robertson 2001;
Rountree et al. 2001; Goll and Bestor 2005; Weber et al. 2005, 2007; Wilson et al.
2006). DNMTT1 is the major enzyme involved in the maintenance of the pattern of
DNA methylation after DNA replication (Liang et al. 2002). DNMT3A
and DNMT3B are de novo methyltransferases targeting unmethylated
and hemimethylated sites (Okano et al. 1999; Goll and Bestor 2005; Weber and
Schubeler 2007). The association of DNA methylation with transcriptional repres-
sion is mediated by the MBD (methyl CpG-binding domain) proteins (MeCP2,
MBDI1, MBD2, and MBD3) (Klose and Bird 2006). These proteins selectively
interact with methylated DNA (Robertson and Wolffe 2000; Robertson 2002;
Hendrich and Tweedie 2003; Jaenisch and Bird 2003; Klose and Bird 2006). The
regulatory potential of DNA methylation manifests in promoter regions that control
the expression of adjacent genes. Hypermethylated promoters lead to an “off” state
of expression, while those less methylated are deemed as “on” (Jaenisch and Bird
2003). Moreover, methylated cytosines themselves can physically prevent the
proper binding of transcription factors to promoter regions (Weber and Schubeler
2007).

DNA methylation changes are closely connected with alterations in the other
components of chromatin structure, primarily histone modifications. In this
instance, however, there are in excess of 50 posttranslational modifications that
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may occur at key amino acid residues within histones of the nucleosome. Histone
modifications  encompassing acetylation, methylation, phosphorylation,
ubiquitination, and sumoylation are important in maintaining transcriptional regu-
lation and genome stability (Jenuwein and Allis 2001; Weidman et al. 2007).

For example, acetylation of several lysine residues within the N-terminal tail of
H3 and H4 gives rise to an open or “on” chromatin state typically associated with
DNA hypomethylation and expressed genes, while deacetylation tends to coincide
with hypermethylated DNA loci that are not expressed (Munshi et al. 2009).
Histone methylation can lead to different transcriptional consequences based on
the residue affected (Jenuwein and Allis 2001; Cheung and Lau 2005). Moreover,
histone residues can be mono-, di-, and trimethylated, leading to an enormous
complexity in the mostly uncharted histone code (Cheung and Lau 2005; Saha
et al. 2006; Weidman et al. 2007; He et al. 2008).

In addition, epigenetic control can be mediated by the recently discovered small
regulatory RNAs. Among those of special interest are the microRNAs (miRNAs)
that can inhibit the translation of a variety of proteins. MicroRNAs are abundant,
small, single-stranded noncoding RNAs that are potent regulators of gene expres-
sion (Hwang and Mendell 2006; Sevignani et al. 2006). To control the translation of
their target mRNAs, miRNAs associate with the RNA-induced silencing complex
(RISC) proteins and bind to the 3'UTR of their cognate mRNAs. Thus, they serve as
translational suppressors that regulate protein synthesis (Hutvagner and Zamore
2002a, b). Regulatory microRNAs impact a wide variety of cellular processes, such
as cellular differentiation, proliferation, apoptosis, genome stability, and even
predisposition to cancer (Chang and Mendell 2007; Fabbri et al. 2007b).

5.6 Epigenetic Changes in the Directly Exposed Tissue

Direct radiation exposure strongly influences epigenetic effectors. DNA damaging
agents including ionizing radiation have been reported to affect DNA methylation
patterns (Kalinich et al. 1989; Tawa et al. 1998; Minamoto et al. 1999; Kovalchuk
et al. 2004). Acute exposures to low LET X-rays or y-rays were noted to result in
global hypomethylation (Kalinich et al. 1989; Tawa et al. 1998). It was recently
shown that the IR exposure leads to the profound dose-dependent and sex- and
tissue-specific global DNA hypomethylation (Pogribny et al. 2004; Raiche et al.
2004; Koturbash et al. 2005; Loree et al. 2006). The IR exposure also affects
methylation of the promoter of the pl6 tumor suppressor in a sex- and tissue-
specific manner (Kovalchuk et al. 2004). The DNA hypomethylation observed after
irradiation was related to DNA repair (Pogribny et al. 2004). It also correlated with
the radiation-induced alterations in the expression of DNA methyltransferases,
especially de novo methyltransferases, DNMT3a and DNMT3b (Raiche et al.
2004; Pogribny et al. 2005). Most importantly, the radiation-induced global
genome DNA hypomethylation appears to be linked to genome instability in the
exposed tissue (Pogribny et al. 2004, 2005; Raiche et al. 2004; Loree et al. 2006).



5 Epigenetic Effects of Ionizing Radiation 107

Although much attention has been given to the IR-induced changes in DNA
methylation, histones have been largely overlooked. Among the histone modifications
that change upon radiation exposure, phosphorylation of histone H2AX has been
studied most intensively. Histone H2AX, a variant of histone H2A, is rapidly
phosphorylated at Ser139 upon the induction of DNA strand breaks by irradiation,
and it can be visualized effectively within repair foci using phospho-specific
antibodies (Sedelnikova et al. 2003; Pogribny et al. 2005). Animal studies demon-
strate that changes also in histone methylation, specifically with the loss of histone H4
lysine trimethylation, also correlate with IR-induced global loss of DNA methylation
(Pogribny et al. 2005). Furthermore, histone protein modification may influence the
radiation sensitivity of the tissues (Lee et al. 2012).

IR also results in significant changes to the microRNAome. Recent research
efforts have led to the identification of over 150 potential IR-responsive miRNAs
(Weidhaas et al. 2007; Maes et al. 2008; Cha et al. 2009a, b; Simone et al. 2009;
Wagner-Ecker et al. 2010; Templin et al. 2011). MicroRNAome changes are
present in exposed animal tissues, as well as in human cells and 3D models of
human tissue. These changes are detected as early as several hours after exposure to
IR (Ilnytskyy et al. 2008; Koturbash et al. 2008c; Ilnytskyy et al. 2009) and persist
for days, weeks (Koturbash et al. 2008c; Tamminga et al. 2008a; Ilnytskyy et al.
2009), and even months (Koturbash et al. 2007). Analysis of miRNA profiles in
different tissues after IR exposure delineates tissue-dependent and sex-specific
changes in miRNA regulation (Koturbash et al. 2007, 2008c; Ilnytskyy et al.
2008; Tamminga et al. 2008a).

Interestingly, very profound effects of IR exposure on miRNAome were seen in
IR-sensitive hematopoietic tissues, spleen, and thymus in a sex-specific manner
(Ilnytskyy et al. 2008). Among the regulated miRNAs, the most prominent changes
were seen in the expression of miR-34a and miR-7. These miRNAs may be
involved in important protective mechanisms counteracting radiation cytotoxicity
(Jietal. 2008; Tahara et al. 2010). IR exposure leads to a significant increase in the
expression of the tumor-suppressor miRNA, miR-34a, paralleled by a decrease in
the expression of its target oncogenes, NOTCHI, MYC, E2F3, and CYCLIN D].
MiR-7 targets the lymphoid-specific helicase LSH, a pivotal regulator of DNA
methylation and genome stability. While miR-7 is significantly downregulated in
response to radiation exposure, LSH is upregulated. Taken together, these
miRNAome changes may constitute a cellular protective effect and an attempt of
the cell to counteract radiation-induced DNA hypomethylation (Ilnytskyy et al.
2008).

Analysis of miRNA expression in the testes of whole-body irradiated mice
reveals that a large number of miRNAs are significantly changed following IR
exposure; the majority of which are upregulated (Tamminga et al. 2008a). MiR-709
is highly expressed in control testes, but its expression is significantly increased
following irradiation. This miRNA is controlled through the DNA damage response
ATR/Rfx1 pathway that controls the expression of Brother of the Regulator of
Imprinted Sites (BORIS). This is a testes-specific gene that directs epigenetic
reprogramming and DNA methylation during male germ cell differentiation.
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IR-induced changes in miR-709 levels are associated with altered levels of BORIS
and DNA methylation in exposed murine testes. Studies indicate that an increase in
miR-709 expression in irradiated testes may elicit a protective effect through
decreasing the cellular level of BORIS, thereby preventing aberrant erasure of
DNA methylation (Tamminga et al. 2008a).

The effect of X-ray irradiation on microRNA expression in the hippocampus,
frontal cortex, and cerebellum of male and female mice also revealed a sex- and
brain region-specific expression pattern of miRNAs (Ilnytskyy et al. 2009;
Koturbash et al. 2010a). The most pronounced changes in response to IR were
observed in the frontal cortex. In total, 38 miRNAs were found to be deregulated in
females and 13 in males. Most interestingly, miRNAs of the miR-29 family, miR-
29a and miR-29c, are exclusively downregulated in the frontal cortex tissue of
exposed female mice. This family of miRNAs is involved in several very important
processes, including the establishment of DNA methylation patterns by regulating
the expression of the de novo DNA methyltransferases, DNMT3a and DNMT3b
(Fabbri et al. 2007a). Protein analysis reveals increased levels of DNMT3a in the
female frontal cortex of female mice. This correlation suggests that increased
DNMT3a levels may result from IR-induced downregulation of the miR-29 family
of miRNA in the frontal cortex of female mice. Therefore, the miR-29-mediated
increase of DNMT3a in the female frontal cortex may be a protective mechanism
involved in restoring and stabilizing the levels of global genomic methylation after
IR exposure.

Overall, IR-induced microRNAome alterations are detectable as early as several
hours after exposure (Ilnytskyy et al. 2008, 2009; Koturbash et al. 2008c), and they
can persists for months (Koturbash et al. 2007). MiRNA changes may have a
protective effect after IR exposure, yet more studies are needed to determine the
roles of miRNAs in whole-body IR responses. The exact roles of miRNAs in IR-
induced carcinogenesis also need to be delineated (Koturbash et al. 2010b).

5.7 Epigenetic Determinants of the Indirect Radiation Effects:
Bystander Effect

Although a significant body of evidence points toward the epigenetic nature of the
IR-induced bystander and transgenerational effects, until recently, very few studies
have investigated the epigenetic changes involved in these indirect radiation
responses. The pioneering work of Kaup and colleagues showed that DNA methyl-
ation is important for the maintenance of the IR-induced bystander effect in
cultured cells. Using cultured human keratinocytes, they demonstrated that the
dysregulation of DNA methylation in naive cells exposed to the medium from the
irradiated cells persists for 20 passages. Over a similar period of culture and under
the similar culture conditions, these cells have also exhibited increased and
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persistent levels of chromosome and chromatid aberrations, reproductive cell death,
apoptosis, and other signs of genome instability (Kaup et al. 2006).

Epigenetic changes have been shown to be important in both tissue- and
organism-based bystander effect models. The study by Sedelnikova and colleagues
examined bystander effects in two reconstructed human 3D tissue models and in
airway tissue and full-thickness skin (Sedelnikova et al. 2007). Following the
microbeam irradiation of cells located in a thin plane through these biological
samples, a variety of biological endpoints were analyzed in distal bystander cells
(i-e., up to 2.5 mm away from the irradiated cell plane) as a function of postexpo-
sure time (i.e., 0 h to 7 days). In this study, a significant increase in the levels of
phosphorylated H2AX was found in bystander tissues, a histone for which
bystander effects were previously demonstrated in culture (Sokolov et al. 2005;
Smilenov et al. 2006; Burdak-Rothkamm et al. 2007; Yang et al. 2007). Further-
more, extensive long-term increases in apoptosis and micronucleus formation, as
well as the loss of nuclear DNA methylation, persistent growth arrest, and the
increasing number of senescent cells were observed. Of special interest is the loss of
DNA methylation in bystander cells. DNA methylation is an important epigenetic
phenomenon involved in the regulation of gene expression and genome stability.
Since changes in DNA methylation are linked to other epigenetic effectors, the
observed alteration of DNA methylation in bystander cells may be indicative of an
epigenetic basis of the bystander effect in a 3D model of human tissue (Sedelnikova
et al. 2007).

Further analysis of bystander effects in a 3D model of human tissue revealed that
IR leads to a deregulation of miRNA expression in bystander tissues (Fig. 5.1).
Indeed, the major bystander end points, including apoptosis, cell cycle deregula-
tion, and DNA hypomethylation, are mediated by altered expression of miRNAs.
Specifically, c-MYC-mediated upregulation of the miR-17 family seen in bystander
tissues was associated with decreased levels of E2F1 and RB1, indicating a switch
to a proliferative state, while priming bystander cells for imminent death signals.
Upregulation of the miR-29 family of microRNAs resulted in decreased levels of
their targets DNMT3a and MCLI1 proteins, thus influencing DNA methylation and
apoptosis in bystander tissues. Altered expression of miR-16 also leads to changes
in expression of BCL2, indicating modulation of apoptosis in bystander cells. These
data clearly suggest that miRNAs play a profound role in the manifestation of IR-
induced bystander effect endpoints (Fig. 5.2) (Kovalchuk et al. 2010; Dickey et al.
2011b).

Based on their size, stability, and potent regulatory roles in the cells, microRNAs
appear to serve as a primary signaling mechanism for bystander effect propagation.
Yet, no major differences in the levels of IR-induced y-H2AX foci were found in
matched human colon carcinoma cell lines with wild-type or depleted levels of
mature miRNAs. Thus, even though miRNAs play a role in bystander effect
manifestation, they appear not to be the primary bystander signaling molecules in
the formation of bystander effect-induced DSBs (Dickey et al. 2011a, b).

A very significant insight into the role of epigenetic changes in bystander effects
comes from the animal-based studies, where IR exposure induces DNA damage and
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Fig. 5.1 Heat map of ANOVA (p<0.05) gene expression analysis following radiation treatments.
Vertical columns denote days after irradiation for the mock treatment (Mock) and the bystander
tissues (BS), unirradiated control samples (CT). The white box includes co-regulated members of
the miR-17-92 family. The red boxes highlight important miRNAs discussed in the article. Each
column represents an independent biological replicate. Red denotes high gene expression, whereas
green depicts low gene expression (Adapted with permission from Kovalchuk et al. (2010))

modulates the epigenetic effectors in distant bystander tissues. The Kovalchuk and
Engelward laboratories pioneered studies on the role of epigenetic changes in IR-
induced bystander effects in vivo. To analyze in vivo bystander effects, they
developed a mouse model whereby half of an animal body was exposed to radia-
tion, while the other half was protected by a medical grade shield (Koturbash et al.
2006b) (Fig. 5.3). Alternatively, the animal head can be exposed while animal body
is shielded by lead. This model system is used to monitor the induction and repair of
DNA strand breaks in the cutaneous tissue. In addition to this well-established
endpoint, epigenetic mechanisms (i.e., DNA methylation and alterations in DNA
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methyltransferases and methyl-binding proteins) were investigated in the genera-
tion and/or maintenance of an IR-induced bystander effect in cutaneous tissue.
They showed that radiation exposure of half the body leads to elevated levels of
DNA strand breaks and altered levels of key proteins that modulate methylation
patterns and silencing in the unirradiated bystander half of the body. These are some
of the first findings to clearly demonstrate that the epigenetic alterations are
involved in the bystander effects occurring in vivo (Koturbash et al. 2006b).

To be relevant for carcinogenesis, the epigenetic manifestations of bystander
effects should accumulate and/or persist over a long period of time. To investigate
the possibility that localized X-ray irradiation induces persistent epigenetically
modulated bystander effects in distant tissues, Koturbash and colleagues monitored
the occurrence of epigenetic changes (i.e., DNA methylation, histone methylation,
and miRNA expression) in spleen tissue 7 months after localized cranial irradiation.
This analysis revealed that localized cranial exposure causes decreased levels of
global DNA methylation. It also alters the levels of key proteins that modulate
methylation patterns and silencing (i.e., de novo methyltransferase DNMT3a and
methyl-binding protein MeCP2) and contributes to the reactivation of the LINE1
retrotransposon in the bystander spleen. This study also provided the first evidence
that downregulation of DNMT3a and MeCP?2 is triggered and maintained by miR-
194 expression in the bystander rat spleen. The use of a microarray platform also
showed that radiation exposure increased MiR-194 expression in bystander spleen,
while miR-148a was changed in bystander skin (Ilnytskyy et al. 2009; Dickey et al.
2011b). These data clearly demonstrate that the bystander effect occurs in vivo in
distant tissue, persists over a long period of time, and is epigenetically regulated
(Koturbash et al. 2007; Dickey et al. 2011b).

5.8 Epigenetic Determinants of the Indirect Radiation Effects:
Transgenerational Effects

A wealth of evidence has accumulated on the nature of transgenerational changes in
the somatic tissues of the progeny of IR-exposed parents (Nomura 2003; Barber and
Dubrova 2006). There is evidence that genome instability and elevated mutation
rates in the progeny of exposed parents exposed to chemical agents occur because
of alterations in the epigenome (Jirtle and Skinner 2007). Nevertheless, the molec-
ular mechanisms leading to IR-induced transgenerational genome instability and
carcinogenesis remain elusive.

The first direct evidence for epigenetic effector involvement in transgenerational
responses came from the study by Koturbash and colleagues (Koturbash et al.
2006a). They utilized an in vivo mouse model to analyze the role of epigenetic
parameters in transgenerational radiation effects. A significant loss of DNA meth-
ylation is observed in the thymus of offspring upon paternal and combined parental
exposure. The DNA methylation changes are correlated with alterations in the
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levels of DNA methyltransferases and methyl-binding proteins. Specifically,
DNMTT1 expression is dramatically decreased in the thymus tissue of the progeny
of exposed males and the progeny with combined paternal and maternal exposure.
The levels of DNMT3a and DNMT?3b are also significantly downregulated in the
progeny of exposed males and in the combined parental exposure group.
The decrease in global cytosine DNA methylation and DNMT levels observed in
the thymus of the progeny upon paternal and combined parental irradiation is also
correlated with a significant decrease in the level of methyl-binding protein MeCP2.
This protein selectively recognizes methylated DNA. It is important for methyla-
tion-mediated gene silencing and chromatin remodeling and is implicated in carci-
nogenesis (Jaenisch and Bird 2003; Koturbash et al. 2006a). Mammalian genomes
heavily depend upon properly set patterns of methylated cytosines for their func-
tion. The global loss of DNA methylation and altered levels of DNMT1, DNMT3a,
or DNMT3b can lead to the activation of transposable elements contributing to
genome instability (Jirtle and Skinner 2007). Therefore, it is suggested that the
global loss of DNA methylation observed in the progeny of irradiated parents may
influence retrotransposons and satellite DNA, thus underlying transgenerational
genome instability. Importantly, this postulate helps explain satellite DNA instabil-
ity in the progeny of exposed parents. Parental irradiation also results in signifi-
cantly increased levels of phosphorylated histone H2AX in the thymus of progeny
of exposed males and both exposed parents. The observed accumulation of
phosphorylated H2AX is an important epigenetic alteration, and it may be an
early sign of predisposition to carcinogenesis (Sedelnikova and Bonner 2006;
Bonner et al. 2008).

Histone modifications (e.g., phosphorylation of histone H2AX) also play an
important role in the transgenerational radiation-induced changes. Barber and
colleagues investigated the inheritance of transgenerational mutation rates and
DNA damage in the germline and somatic tissues of the first generation offspring
of the irradiated inbred mice from two different mouse strains (Barber et al. 2006).
They observed marked elevation in transgenerational mutation rates. This finding
was attributed to persistently elevated levels of phosphorylated histone, H2AX.
This underscores the importance of H2AX in the indirect effects of radiation and
IR-induced genome instability. Furthermore, this study suggests the intriguing
possibility that the persistence of elevated mutation rates in the tissues of the
offspring may be due to epigenetic inheritance of instability signals through the
male germline.

DNA methylation is also proposed to be a plausible candidate for an epigenetic
signal that leads to transgenerational mutagenesis. Altered DNA methylation levels
in sperm may profoundly affect the fertilized embryo (Aitken and De Iuliis 2007).
Methylation can be transmitted over many cell divisions. Additionally, it can result
in the long-term gene expression changes by affecting genes responsible for the
genome stability maintenance. The recent study by Hatch and colleagues has
reinforced the conclusion that DNA methylation plays an important role in the
transgenerational changes in mutation and recombination rates in the progeny of
exposed animals (Hatch et al. 2007).
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The majority of current research efforts on transgenerational IR effects have
focused on the role of whole-body exposure, yet such exposure is relatively rare. In
contrast, localized body-part exposures occur very frequently during processes such
as radiation diagnostics and therapy. Recent research shows that localized cranial
exposure leads to DNA damage and epigenetic changes in the germline and also to
transgenerational epigenetic changes in the progeny (Tamminga et al. 2008b). In
this study, an in vivo rat model revealed that cranial paternal irradiation results in a
profound accumulation of DNA damage and global loss of DNA methylation in the
germline even though the gonads are shielded. These changes further lead to
deleterious molecular effects in the unexposed progeny. Specifically, it results in
a pronounced loss of DNA methylation in the bone marrow, thymus, and spleen of
the offspring, with loss of DNA methylation being most pronounced in the bone
marrow.

To fully understand the nature and mechanisms of transgenerational genome
instability, it is important to establish what happens in the germline of exposed
parents as well as in the progeny. Filkowski and colleagues recently investigated
the mechanisms underlying the disruption of DNA methylation and miRNA expres-
sion status in the germline and progeny of exposed parents (Filkowski et al. 2010).
They established that paternal irradiation leads to deregulation of microRNAome in
the exposed germline. IR exposure caused upregulation of the miR-29 family in the
exposed male germline and led to decreased expression of de novo
methyltransferase, DNMT3a, and profound hypomethylation of transposable
LINEI and SINE B2 sequences. Therefore, radiation-induced hypomethylation in
the male germline can be explained in part by the IR-induced alteration in miR-29
expression.

Interestingly, DNA methylation and microRNAome changes observed in the
male germline are likewise associated with molecular effects in the somatic thymus
tissue of the progeny of exposed animals, including hypomethylation of LINE1 and
SINE B2 and a significant decrease in the expression of LSH. LSH is an important
regulatory protein reported to be crucial for maintaining DNA methylation and
silencing of repetitive elements by cooperating with DNMTs.

Furthermore, paternal irradiation results in microRNAome changes in the prog-
eny (Fig. 5.4) (Filkowski et al. 2010). Expression of miR-468 is significantly
increased and significantly decreases the LSH level in the thymus of the progeny
of exposed parents. This study further suggests that miR-468-mediated suppression
of LSH causes aberrant methylation of LINE1 and SINE B2 in the thymus of the
progeny of exposed parents. Thus, altered microRNAome levels, global DNA
hypomethylation, and reactivation of retroelements all constitute deleterious effects
that may significantly influence genome stability and therefore lead to
carcinogenesis.

It is important to note that epigenetic changes in the progeny are linked to male
parent exposure. The paternal genome is extremely sensitive to the exposure to
genotoxic agents. Moreover, the mammalian genomes undergo marked methylation
reprogramming after fertilization in order to establish correct parent-of-origin
developmental programs (Jirtle and Skinner 2007). The epigenetic changes
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Fig. 5.4 Paternal radiation exposure and microRNAome deregulation in the thymus of unexposed
progeny (a) Decreased levels of Dicer in the thymus tissue of the progeny of exposed animals as
determined by immunohistochemistry. Levels of Dicer-positive cells per field of view are shown,
mean values £ SEM, n = 10 fields per animals, 40 cells per field, *p<0.05, student’s r-test.
(b) Hierarchical clustering of differentially expressed miRNA genes in the thymus tissue of the
progeny of control and IR-exposed mice. Red denotes high gene expression, whereas green depicts
low gene expression (Adapted with permission from Filkowski et al. (2010))

observed in irradiated sperm may interfere with postfertilization epigenetic
reprogramming, leading to subsequent detrimental changes in the developing
embryo. Interestingly, some studies reported that transgenerational genome insta-
bility is more pronounced in mice than in humans. The recent data reported by
Filkowski and colleagues may shed light on this apparent species difference in the
magnitude of transgenerational effects (Filkowski et al. 2010). Their analysis of
miRNA and genome databases shows that miR-468 is a mouse-specific miRNA.
While the 3’-UTR of the human and mouse LSH genes are 98 % identical and the
miR-468-binding site is preserved in both species, functional miR-468 does not
exist in the human genome. The lack of miR-468 may explain in part why
transgenerational genome instability is less pronounced in humans. It is clear that
further in-depth studies are needed to understand the roles of miRNAs in germline
and transgenerational effects.

In conclusion, the function of small regulatory RNAs in the genesis of
transgenerational effects resulting from IR exposure needs to be further
investigated. Small RNAs, and especially microRNAs, may constitute an epige-
netic signal that can be inherited through the male germline and influence the
chromatin packaging and gene expression in the fertilized egg. Another group of
short RNAs are the 29- to 30-nucleotide-long RNAs that form complexes with Piwi
proteins (piRNAs) (Aravin et al. 2007a, b; Brennecke et al. 2007; Chu and Rana
2007; O’Donnell and Boeke 2007; Yin and Lin 2007; Aravin and Hannon 2008;
Assis and Kondrashov 2009; Reuter et al. 2009; Wang et al. 2009). This novel class
of small RNA molecules, discovered in 2007, is expressed in mammalian germline.
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PiRNA-Piwi complexes are linked to the silencing of retrotransposons and other
germline genetic elements (O’Donnell and Boeke 2007; Aravin et al. 2008;
Brennecke et al. 2008; Kuramochi-Miyagawa et al. 2008). Therefore, they may
also be important regulators of transgenerational effects, but their role in
transgenerational genome instability has yet to be defined (Ilnytskyy and
Kovalchuk 2011).

5.9 Perspectives

Determining the role of epigenetic alterations in bystander effects,
transgenerational effects, and radioadaptation is critically important since human
exposure to radiation has significantly increased since the turn of the twentieth
century because both environmental and medical exposures have increased. While
radioadaptation at low radiation doses may be a positive effect, hypomethylation
and increased genome instability observed at high doses are most likely deleterious
outcomes. Thus, a better understanding of the molecular changes that occur in
response to radiation should assist in improving radiation risk assessment and in the
development of measures to ameliorate the deleterious effects of IR on the
epigenome.
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Chapter 6

The Intersection of Genetics and Epigenetics:
Reactivation of Mammalian LINE-1
Retrotransposons by Environmental Injury

Kenneth S. Ramos, Ivo Teneng, Diego E. Montoya-Durango, Pasano Bojang,
Mark T. Haeberle, Irma N. Ramos, Vilius Stribinskis, and Ted Kalbfleisch

Abstract Transposable elements such as LINE-1 (long interspersed nuclear
element-1 or L1) are mobile genetic moieties within the genome. L1 retrotransposons
comprise 21 % of the human genome by mass, and up to 100 are believed to remain
retrotransposition competent within the human genome. During embryonic develop-
ment, the genome undergoes reprogramming events defined by specific patterns of
DNA methylation established de novo after implantation and preferentially targeted
to repetitive sequences. Recent studies in the Ramos laboratory have shown that the
ability of polycyclic aromatic hydrocarbon carcinogens, such as benzo(a)pyrene, to
reactivate L1 transcription and retrotransposition in mammalian cells involves
dysregulation of epigenetic programming mediated in part via mechanisms involving
the aryl hydrocarbon receptor, a ligand-activated transcription factor and regulator of
several other biological processes. The most detrimental effect of L1 on the genome
is believed to be insertion into functional sequences that severely compromise gene
function. Other studies have shown that L1 reactivation mediates changes in genetic
programming of differentiation networks. Because L1 insertions can have a profound
impact on primary genetic structure as well as epigenetic status of the host, they
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represent ideal molecular targets for development of novel epigenetic therapies
targeting medical conditions that involve derangements of L1 activity.

Keywords Aryl hydrocarbon receptor (AHR)  Benzo(a)pyrene (BaP) ¢ Bioinfor-
matics ¢ Chromatin modifications ¢« CpG island ¢ Disease phenotypes « DNA
methylation ¢ Environmental injury ¢ Epigenetic programming ¢ Epigenetic
therapies ¢ Genetic diversity * Genetic network ¢« Genome * Genome evolution ¢
Genomic imprinting ¢ Genomic instability * Global hypomethylation ¢ Global
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Abbreviations

3’ UTR 3’/ Untranslated region

5" UTR 5’ Untranslated region

o NP or ANF a-Naphthoflavone

Ac Activator

AHR Aryl hydrocarbon receptor

AIDS Acquired immune deficiency syndrome

AML Acute myeloid leukemia

AP-1 Activator protein-1

APL Acute promyelocytic leukemia

AR Androgen receptor

ARE/EpRE Antioxidant/electrophile response element

ARNT Aryl hydrocarbon receptor nuclear translocator protein
ATM Ataxia telangiectasia mutated

AZT Azidothymidine

BaP Benzo(a)pyrene

bHLH Basic helix-loop-helix

c-myc Myelocytomatosis viral oncogene homolog (avian)
C/EBP CCAAT/enhancer-binding protein

CpG 5" Cytosine-phospho-guanine

CREB Cyclic AMP-responsive element binding protein 1
Ds Dissociator

DNMT DNA methyltransferase

ERa Estrogen receptor o

ETO Eight-twenty-one

GFP Green fluorescent protein
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H2BK
H3K
HAT
HATi

HCG or Beta-HCG

HDAC
HDACi
HIV
HMEC
HMT
HP-1
Hsp90
IAP
LiMd
L1Rn
LINE-1 or L1
LTR
MBD
MGST 1
mVSMC
NAC
N-CoR
nnRTI
Nrf-2
nRTI
ORF
PAH
PER
PCAF
PLZF
PML
RAR
RB
RP2
RT
RUNX
SGPL1
SIM
SINE
siRNA
SP-1
SynBP

Histone H2B lysine residue

Histone H3 lysine residue

Histone acetylase

Histone acetylase inhibitor

Human chorionic gonadotropin
Histone deacetylase

Histone deacetylase inhibitor

Human immunodeficiency virus
Human mammary epithelial cell
Histone methyltransferases
Heterochromatin protein-1

90 kDa heat shock protein
Intracisternal A-particle

L1 in Mus domesticus

L1 in Rattus norvegicus

Long interspersed nuclear element-1
Long terminal repeat

Methyl binding protein

Microsomal glutathione S-transferase 1
Murine vascular smooth muscle cells
N-Acetyl-L-cysteine

Nuclear receptor co-repressor 1
Non-nucleoside reverse transcriptase inhibitor
Nuclear factor erythroid 2-related factor 2
Nucleoside reverse transcriptase inhibitor
Open reading frame

Polycyclic aromatic hydrocarbon
Period circadian protein
p300/CBP-associated factor
Promyelocytic leukemia zinc finger protein
Promyelocytic leukemia

Retinoic acid receptor alpha
Retinoblastoma

Retinitis pigmentosa

Reverse transcriptase

Runt-domain transcription factor
Sphingosine phosphate lyase 1
Single-minded protein

Short interspersed nuclear elements
Small interfering RNA

Specificity protein 1

Syndecan binding protein
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TCDD 2,3,7,8 Tetrachlorodibenzo-p-dioxin
TERT Telomerase reverse transcriptase
WTI1 Wilms’ tumor suppressor

YY1 Yin yang 1

6.1 Introduction

In her pioneering work studying “mutable loci” in maize, Barbara McClintock
identified “Dissociator” (Ds) and “Activator” (Ac) as loci that not only induced
chromosome breaks but that also changed position (i.e., transposed) to effect gene
expression (McClintock 1950). This novel concept of transposition was inconsis-
tent with the long-held view of a static genome and, therefore, rejected for many
years. The discovery of transposable elements at multiple levels of organization,
coupled to the discovery of genomic plasticity, led to wider acceptance of
McClintock’s early hypotheses and a Nobel Prize for her in 1983. It is now
understood that genomes have coevolved with their transposable elements, and
moreover, transposons play a major role in genetic evolution and regulation of gene
expression.

Transposable elements are genetic moieties that can change locations within the
genome. There are two main classes of transposable elements: DNA transposons
and retrotransposons (Babushok and Kazazian 2007). DNA transposons utilize
encoded transposase and inverse terminal repeats for propagation, while
retrotransposons propagate via RNA intermediates utilizing self-encoded reverse
transcriptase activity (Reznikoff 2003). One of the most surprising outcomes of the
analyses of the human genome was that more than 47 % of the sequence consisted
of transposable elements (Kazazian and Moran 1998). Their relative contribution to
the human genome includes long terminal repeat (LTR), 9 %; DNA transposons,
3 %; and long interspersed nuclear elements (LINEs or L1) and short interspersed
nuclear elements (SINEs) which combined represent 35 % (Lander et al. 2001). In
mice, transposable elements account for 37 % of the genome, with L1 representing
up to 20 % (Deininger and Batzer 2002; Waterston et al. 2002).

L1 elements emerged around 120 million years ago (Smit et al. 1995; Lee et al.
2007) and represent the largest family of transposable elements among all studied
mammalian genomes (Brouha et al. 2003; Lander et al. 2001; Smith 1976; Szak et al.
2002). Retrotranspositional explosion in ancestral primates occurred 40—50 million
years ago (Ohshima et al. 2003). Although the causes that promoted this explosion
remain unclear, changes in the environment are most likely involved. Species-
specific L1 insertions in both the human and chimpanzee genomes indicate recent
mobilization (Mills et al. 2006).
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6.2 Genetics of LINE-1 Retrotransposon

Retrotransposons are present in all eukaryotic genomes examined so far (Kumar
and Bennetzen 1999; Lovsin et al. 2001) and have contributed to genome structure
and evolution. These genetic elements propagate via a “copy-and-paste” mecha-
nism that involves reverse transcriptase and RNA intermediates. Autonomous
retrotransposons encode the activities necessary for their mobility, while nonauton-
omous retrotransposons (e.g., Alu elements) do not encode any proteins and,
therefore, require activities of autonomous retrotransposons for mobility (Ostertag
and Kazazian 2001). Two classes of retrotransposons exist: LTR and non-LTR
retrotransposons. LTR retrotransposons have direct terminal repeats that range in
size from 100 bp to over 5 kb, e.g., Tyl and Ty3 retrotransposons in yeast and
retroviruses (Li et al. 2004). Non-LTR retrotransposons lack terminal repeats but
have a 3’ UTR which contains a polyadenylation signal (Dombroski et al. 1991).
Examples of non-LTR retrotransposons are the LINEs and SINEs. A simplified
functional classification of transposable elements is illustrated in Fig. 6.1.

The most abundant non-LTR retrotransposon in the mammalian genome is L1.
L1 retrotransposons comprise 21 % of the human genome by mass, and although
most are inactive, 80—100 in human (Kazazian and Moran 1998) and 400 in mouse
are believed to remain retrotransposition competent (Sassaman et al. 1997). A full-
length mammalian L1 is approximately 6.0-7.5 kb in length and contains three
major components: a 5 untranslated region (5 UTR), two open reading frames
(ORFs), and a 3’ UTR with a poly A tail (Dombroski et al. 1991). ORF1 encodes a
protein with RNA binding capacity (Yang et al. 2005), while ORF2 encodes the
endonuclease and reverse transcriptase activities necessary for retrotransposition
(Feng et al. 1996), along with a zinc finger domain of unknown function. The
human L1 is transcribed from an internal promoter located within the 5" UTR
(Minakami et al. 1992). This promoter is approximately 907 bp long and contains
a 371 bp CpG island within which several putative transcription factor binding sites
including SP-1, AP-1, C/EBP, CREB, and c-myc have been identified (Kedar et al.
1991; Hann et al. 1994; Proffitt et al. 1995; Fabbro et al. 1999; Fawcett et al. 1999;
Adhikary et al. 2005; Teneng et al. 2011). Figure 6.2 compares the structures of
human and mouse L1.

L1 is believed to be the only autonomous, mobile element currently active in
humans (Waterston et al. 2002). Most full-length L1s in the genome are 5’ truncated
and, therefore, incapable of propagation. Other mechanisms of L1 inactivation
include point mutations or inversion (Ostertag and Kazazian 2001). L17" and
L1®P are two examples of full-length, mobilization-competent L1 retrotransposons
in humans (Roepman et al. 1996; Schwahn et al. 1998; Kimberland et al. 1999).
L1%" is about 6 kb and 99.9 % identical to the consensus human L1 sequence, with
its encoded proteins containing only three amino acid changes from the consensus
(Kimberland et al. 1999). L1®* resides in intron 1 of the retinitis pigmentosa (RP2)
gene of a patient with X-linked retinitis pigmentosa (Dombroski et al. 1991;
Roepman et al. 1996; Schwahn et al. 1998). This condition is associated with loss
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Mammalian Transposable Elements (45%)

DNA Transposons (~ 3%) Retrotransposon (~42%)
(cut and paste) (copy and paste)
(e.g. Mer1/2) Autonomous Non-autonomous
Non-LTR LTR Non- LTR
(e.g. L1) (e.g. HERVs, IAPs) (e.g. Sines)

Fig. 6.1 Functional classification of transposable elements. Approximately 45 % of the human
genome consists of transposable elements. Transposable elements are classified into DNA
transposons and retrotransposon based on their mechanism of movement. DNA transposons can
excise themselves from the genome, move as DNA, and insert themselves into new genomic sites.
They use their inverted terminal repeats and homologous recombination to transpose, hence the so-
called cut-and-paste mechanism. Retrotransposons copy themselves or other elements (e.g.,
SINES) and use their encoded reverse transcriptase activity to transpose to other locations,
hence the name copy and paste. Functionally, retrotransposons are divided into autonomous and
nonautonomous retrotransposons. Autonomous retrotransposons (e.g., LINE-1) have the complete
machinery needed to transpose to new locations, while nonautonomous retrotransposons, such as
SINES, borrow the retrotransposition machinery to transpose to new locations. Structurally,
retrotransposons can be subdivided into two groups distinguished by the presence or absence of
long terminal repeats (LTRs). Autonomous LTRs include HERVs (human endogenous
retroviruses) and IAPs (intracisternal A-particles). L1s and SINES such as Alu and SVu are
examples of non-LTR retrotransposon

of photoreceptor function and viability, resulting in tunnel vision, night blindness,
and ultimately complete blindness (Farrar et al. 2002).

LiMd (L1 in Mus domesticus) is a major mouse retrotransposon family,
represented by the consensus L1MdA element which is about 7.8 kb long. Like
the human L1, mouse L1 consists of two ORFs, but the architecture of the mouse
promoter (Fig. 6.2) is considerably different from its human counterpart in that it
contains variable short repeats called monomers (205-210 bp). The relative
strength of the mouse promoter is directly correlated to the number of monomers
(Fanning 1983; Furano et al. 1988). An example is L1Md-AS5, a mouse
retrotransposon which contains 3 and 2/3 repeats that confer strong promoter
activity and, like the human L1 element, contain putative carcinogen-responsive
elements (Lu and Ramos 2003).

Given the preponderance of L1s in the human and mouse genomes, research in
the Ramos laboratory over the past 20 years has focused on L1®" and LIMd,
respectively, as human and mouse model systems of L1 biology. Elucidation of
the mechanisms of regulation of L1 in mammalian cells is paramount given that
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Human L1 5'-UTR ORF1 IRES ORF2 3-UTR
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Mouse L1 " ORF1 IRES ORF2 3'-UTR
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Fig. 6.2 Typical gene structures of human and mouse L1. L1 elements contain a 5 UTR with an
internal promoter and two open reading frames (ORFs). ORF2 encodes endonuclease and reverse
transcriptase functions required for retrotransposition. The 3’ UTR contains a polyadenylation
signal. The mouse L1Md promoter contains 200 bp repeats called monomers on the 5’ UTR region.
A typical human L1 is 6.0 kb, while mouse L1s could be up to 7.7 kb in length depending on
monomer composition

differences in L1 content and retrotransposition may contribute to variations in
gene expression and mutagenic load in individuals. Recent studies have shown that
the presence of L1 within a transcriptional unit can affect the structure of target
DNA and the amount of mRNA produced (Han et al. 2004). Other biological
consequences of L1 integration include insertional inactivation (Kazazian et al.
1988), deletions, gene rearrangements, nonallelic homologous recombination
(Casavant et al. 1988), introduction of alternative splicing sites causing exon
skipping, or activation of cryptic splice sites (Takahara et al. 1996; Musova et al.
2006). As such, retrotransposable elements likely represent the most important
determinant of global genome evolution (Lander et al. 2001).

6.3 Transcriptional Regulation of LINE-1

The initial step in human L1 retrotransposition requires transcription from the internal
5" UTR. Although the mechanisms of transcriptional control are not clear, the YY1
binding site is important for L1 transcription (Becker et al. 1993; Athanikar et al.
2004), and runt-domain transcription factors 1 and 2 (RUNX1 and RUNX?2) increase
L1 transcription and retrotransposition frequency in cell culture assays (Yang et al.
2003). In studies to characterize L1Md-AS, we characterized two ARE/EpRE (anti-
oxidant/electrophile response elements)-like sequences within the mouse L1 pro-
moter that are activated by oxidative stress under homologous (Lu and Ramos 2003)
and heterologous conditions (Teneng et al. 2007). Proteins shown to be present in the
macromolecular complex assembled on ARE/EpREs include Nrf-2, junD, Hsp90,
and phiAP3 (Holderman et al. 2002; Miller and Ramos 2005). In addition, the aryl
hydrocarbon receptor (AHR) and CCAAT/enhancer-binding protein (C/EBP) were
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Fig. 6.3 Life cycle of L1 retrotransposon. L1 in the chromosome (white band) is transcribed, and
the resulting RNA exported to the cytoplasm. Following protein synthesis, the proteins (ORF1 and -2
protein) preferentially bind to the parent RNA to form a ribonucleoprotein complex (RNP). Upon
activation, the RNP gets imported into the nucleus where the associated RNA is reverse transcribed
at the target site via target-primed reverse transcription (TPRT). If this new insertion is full length, it
retains the potential to serve as a start site for subsequent generations of retrotransposition events. If
it is truncated, it can either negatively or positively fine-tune the genome transcriptome

identified in the stress-activated multimeric complex (Chen and Ramos 2000; Kerzee
and Ramos 2000). The similarities in response between mouse and human cell lines
indicate that key elements of the L1 response are conserved across evolutionary lines.
However, by virtue of differences in their genetic and epigenetic programs, and
structural differences between the mouse and human L1 5" UTR regions, the cellular
response to stress is regulated in a context-specific manner.

After transcription, the L1 RNA transcript is exported to the cytoplasm where
translation occurs and the RNA forms a ribonucleoprotein complex with its cognate
ORF1 and ORF2 proteins (Feng et al. 1996). L1 reinsertion involves target-primed
reverse transcription in which ORF2 nicks DNA at the target site, and uses the 3’ -
OH to prime reverse transcription of L1 RNA (Morrish et al. 2002). Due to the non-
processive nature of ORF2, and the presence of premature cryptic polyadenylation
sites on the L1 RNA, reverse transcriptase often fails to reach the 5 prime (5) end
during first-strand synthesis resulting in 5’-truncated L1s (Han and Boeke 2004;
Goodier et al. 2001). These complex relationships are depicted in Fig. 6.3.

6.4 Benzo(a)pyrene (BaP), the Aryl Hydrocarbon Receptor
(AHR), and LINE-1

BaP is a ubiquitously distributed polycyclic aromatic hydrocarbon (PAH) and
environmental pollutant generated by the incomplete combustion of fossil fuels,
cigarettes, and cooking oil (Davis 1968; Lee et al. 1972; Kazerouni et al. 2001).
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A potent carcinogen found in several animal species, BaP is metabolized by
cytochrome P450 enzymes to mutagenic derivatives that form DNA adducts and
cause oxidative stress (Miller et al. 2000; Johnson et al. 2003). BaP metabolic
intermediates bind covalently to DNA, induce redox stress, inhibit DNA repair, and
alter networks of gene expression in mammalian cells (Lu et al. 2000; Stribinskis
and Ramos 2006; Ramos et al. 2007; Ramos and Nanez 2009). Humans are exposed
daily to BaP in the air, upon consumption of contaminated foods and directly or
indirectly from smoking. The average daily intake of BaP in the US population has
been estimated at 2.2 pg/day (Hattemer-Frey and Travis 1991). BaP and related
hydrocarbons bind to the aryl hydrocarbon receptor (AHR) to activate transcription
of genes involved in development, homeostasis, and cellular metabolism (Miller
and Ramos 2001; Falahatpisheh and Ramos 2003).

The AHR is a basic helix-loop-helix (bHLH) and PAS homology domain
transcription factor involved in developmental control and cellular homeo-
stasis (Vogel et al. 2004). AHR binds with high affinity to PAHs, most notably
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and regulates expression of several
genes including those encoding for phases 1 and 2 drug-metabolizing enzymes (Xu
et al. 2005). The relative expression of AHR is cell context specific and regulated by
ligand binding to the PAS domain (Brauze et al. 2006) and redox stress (Teneng
et al. 2007; Ramos and Nanez 2009). Most of the effects of exposure to PAHs are
mediated by the AHR (Machala et al. 2001; Falahatpisheh and Ramos 2003;
Ramos et al. 2006; Pollenz and Buggy 2006; Ramos 2006).

In the absence of ligand, AHR exists in a cytosolic complex with two 90 kDa
heat shock protein (HSP90) (Ramadoss and Perdew 2005; Beischlag et al. 2008).
This association is required for AHR to assume a conformation conducive to ligand
binding. When bound to a ligand, AHR dissociates from this heteromeric complex,
translocates into the nucleus where it dimerizes with the AHR nuclear translocator
(ARNT) (Whitelaw et al. 1993; Rowlands and Gustafsson 1997). The ligand-bound
AHR/ARNT complex acts as a transcription factor and binds to specific xenobiotic
response elements (TNGCGTG) located within the promoters of several genes
(Reisz-Porszasz et al. 1994; Fukunaga et al. 1995). Xenobiotic metabolizing
enzyme products are highly carcinogenic and can cause DNA damage and oxida-
tive stress (Miller et al. 2000; Johnson et al. 2003).

After ligand-dependent gene activation and nuclear export, the AHR is targeted
for degradation via the 26S proteasome pathway (Pollenz 2002; Pollenz and Buggy
2006). Blocking AHR degradation in cell culture increases both the magnitude and
duration of gene regulation by the AHR (Pollenz 2002). Ligand-dependent degra-
dation of the receptor is important for signaling and has been conserved from fish to
humans (Song and Pollenz 2002; Pollenz and Buggy 2006). Interestingly, it has
been reported that AHR acts as a ligand-dependent E3 ubiquitin ligase in estrogen
receptor o (ERa) and androgen receptor (AR) signaling (Ohtake et al. 2009). Other
proteins targeted by the AHR for degradation remain to be identified, with
emerging evidence from this laboratory implicating DNA methyltransferases
(DNMTs) as putative targets for AHR regulation (Teneng et al. 2011).
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AHR-null mice die prematurely, while AHR-deficient transgenic animals have
kidney and reproductive system defects and are protected against BaP/PAH-induced
skin tumors (Shimizu et al. 2000; Falahatpisheh and Ramos 2003). Transgenic mice
expressing constitutively active AHR have higher incidence of glandular stomach
tumors (Andersson et al. 2002) and exhibit increased susceptibility to carcinogens
(Moennikes et al. 2004). Previous studies showed that BaP reactivates L1 transcrip-
tion and retrotransposition rates in mammalian cells via mechanisms involving AHR
(Lu and Ramos 2003; Stribinskis and Ramos 2006).

Significant species-specific differences have been noted in the reactivation of L1
by DNA damage. Induction of endogenous L1 by UV irradiation is often limited to
transformed cells, as documented for human embryonic carcinoma NTera2D1 cells
(Deragon et al. 1990), human keratinocyte HaCaT cells (Banerjee et al. 2005),
human cervical cancer HeLa cells (Teneng et al. 2007), and L1 of Rattus norvegicus
(L1Rn) chloroleukemia cells (Servomaa and Rytomaa 1990). In contrast, human
mammary epithelial (HMEC) cells, murine vascular smooth muscle cells, or
embryonic kidney cells are refractory to L1 induction by UV irradiation (Teneng
et al. 2007). UV irradiation is associated with DNA single- and double-strand
breaks and double-helix distortions (Squires et al. 2004) and, therefore, may facili-
tate L1 propagation by providing pre-nicked sites for reverse transcription and
reinsertion. This interpretation is consistent with the dependence of propagation
on endonuclease activity at initiation and insertion sites (Feng et al. 1996). Farkash
et al. (2006) have shown that L1 retrotransposition by gamma irradiation causes
genomic instability by induction of phosphorylated H2AX foci. Cells respond to
DNA damage by triggering DNA repair mechanisms involving recruitment and
phosphorylation of H2AX and ATM to lesion sites (Suzuki et al. 2006). These
proteins play important roles in DNA damage sensing and repair response (Skalka
and Katz 2005). Differences in H2AX foci and sensitivity to irradiation between
different cells and species may in fact be accounted for by differences in cellular
ATM levels (Kato et al. 2006). ATM has been implicated in L1 retrotransposition
and gamma irradiation-induced H2AX foci in HeLa cells (Gasior et al. 2000).
Additional work is needed to elucidate the role of DNA repair mechanisms in
control of L1.

In studies of L1, a focus on the AHR is warranted based on its role as a sensitive
molecular sensor of environmental stress in response to PAHs (Pollenz 2002; Song
and Pollenz 2002). In previous studies to compare the ability of different AHR
ligands to activate L1, we found that BaP was the only stressor that uniformly
activates L1 irrespective of cell type. TCDD or indole-3-pyruvate, non-genotoxic
AHR ligands did not induce L1 across cell lines, suggesting that contextual
specificity and DNA damage are critical regulators of L1 reactivation (Teneng
et al. 2007). Using the competitive AHR inhibitor a-naphthoflavone, AHR-null
cells, or siRNA targeting the AHR, we showed that activation of L1 by BaP requires
the AHR. Interestingly, induction of L1 by UV could be inhibited by pretreatment
with NAC, linking L1 activation to redox-dependent mechanisms (Lu and Ramos
2003). On the basis of these and other findings, we concluded that reactivation of L1
in mammalian cells involves AHR and redox-dependent pathways.
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Fig. 6.4 Classification of mammalian DNMTs. DNMT1 is a maintenance methyltransferase,
while DNMT 3A and 3B are “de novo” methyltransferases. Other less characterized transferases
include DNMT2 and DNMT3L. The functional classification of the DNMTs is correlated to the
structural organization of the DNMT's

6.5 Epigenetic Regulation of LINE-1

Epigenetics is the transmission of heritable states of gene expression through cell
division in the absence of changes in DNA sequence. To date, multiple mechanisms
including DNA methylation (Esteller 2000; Reik et al. 2001), histone acetylation
(Roth et al. 2001), histone methylation (Ben-Porath and Cedar 2001), histone
citrullination (Mastronardi et al. 2006; Thompson and Fast 2006), histone phos-
phorylation (Kim et al. 2008), and ADP ribosylation (Realini and Althaus 1992)
have been recognized as critical regulators of epigenetic inheritance. Although
cross talk among these mechanism has been described (Ben-Porath and Cedar
2001), relatively little is understood about the complexity of these interactions.
By far the best characterized epigenetic modification is the methylation of DNA
at 5’ cytosines by DNMTs. Three major DNMTs are known to catalyze this
reaction, namely, DNMT1, DNMT3A, and DNMT3B (Fig. 6.4) (Siedlecki and
Zielenkiewicz 2006; Cheng and Blumenthal 2008). DNMT1 is a maintenance
methyltransferase that ensures that patterns of DNA methylation are transferred
from parent to daughter cells during mitotic cell division. DNMT3A and 3B are
referred to as “de novo” methyltransferases and, as such, help to establish new
patterns of DNA methylation in response to appropriate signals. DNMT2 and
DNMT3L are two additional DNA methyltransferases without methyltransferase
enzymatic activity towards DNA as the primary substrate. DNMT?2 has little DNA
methylation activity (Okano et al. 1998) and functions to methylate tRNA outside
the nucleus (Goll et al. 2006), while DNMT3L is a homolog of DNMTS3 that lacks
the catalytic domain common to other members and functions to stimulate the
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enzymatic activities of the other DNMTs (Chen et al. 2005a; Bourc’his et al. 2001).
Importantly, loss of DNMT3L leads to loss of de novo methylation of both LTR and
non-LTR retrotransposons (LTR region of intracisternal A-particle (IAP) and 5’
UTR region of L1MdA, respectively) in mouse testis which is followed by
retrotransposon reactivation and formation of abnormal meiotic structures
(Bourc’his and Bestor 2004). Factors that affect DNA methylation status include
the activity of DNMT itself (Majumder et al. 2006), the pattern of histone-tail
modifications (Ben-Porath and Cedar 2001), diet, and environmental insults (Friso
and Choi 2002; Maier et al. 2002; Wichmann et al. 2003; Zhou et al. 2008). The
latter may be mediated by loss or excess of DNA methyltransferase activity
(Rountree et al. 2001; Damiani et al. 2008; Leng et al. 2008).

Studies by Feinberg and others established a link between cancer and DNA
hypomethylation (Feinberg and Vogelstein 1983), and this area of investigation has
guided much of the tumor biology research carried out during the past 28 years. The
impact of DNA hypomethylation includes aberrant gene expression (Clark and
Melki 2002), loss of imprinting (Rugg-Gunn et al. 2005; Chen et al. 2006; Byun
et al. 2007; Linhart et al. 2007), microsatellite instability (Tanaka et al. 2006),
chromosomal instability (Ehrlich 2002), and reactivation of retrotransposons
(Bourc’his and Bestor 2004; Roman-Gomez et al. 2005). The finding that
hypermethylation at promoter sites in tumor suppressor genes is prevalent in
several cancer-associated genes has also received increasing attention
(Kleymenova et al. 1998; Mirmohammadsadegh et al. 2006) due to their relevance
in the diagnosis and prognosis of clinical outcomes in disease as well as for the
treatment of human malignancies through the so-called epigenetic drug therapy
(Claus and Lubbert 2003; Lubbert 2000). Thus, neoplasia is now recognized as a
pathological process characterized by global variations in DNA methylation that
correlate with altered patterns of gene expression and acquisition of tumorigenic
and metastatic phenotypes (Baylin et al. 2001).

As noted earlier, the covalent methylation and acetylation of histone tails have
been identified as critical mechanisms of epigenetic control. This is because most
eukaryotic DNA is extensively folded and compacted with histone and non-histone
proteins into a heteromeric polymer called chromatin, and this process is regulated
by histone modifications (Fig. 6.5). The basic unit of chromatin is called the
nucleosome which is made of highly basic histone (H) proteins, with each nucleo-
some containing two copies each of H2A, H2B, H3, and H4. Covalent
modifications of histones have distinct roles in gene expression, and hence, a
“histone code” has been proposed (Guil and Esteller 2009). Of note are the
modifications that involve different degrees of methylation or acetylation on his-
tone H3 lysine residues (H3K) and histone H2B acetylation (H2BK). They involve
H3K20Me3, K3K4Me, H3K9Me, H3K27Me, H3K79Me, H3K79Me2,
H3K79Me3, H2BK5Me, and H3K14Ac (Barski et al. 2007; Jones et al. 2008;
Lindroth et al. 2008; Lu et al. 2008; Riclet et al. 2009). H3K4 trimethylation
(H3K4Me3) and H3K9 acetylation (H3K9Ac) are both characteristic of transcrip-
tionally active chromatin (Nightingale et al. 2007; Ruthenburg et al. 2007), while
H3K9 trimethylation (H3K9Me3) and H3K27 trimethylation (H3K27Me3) are
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Fig. 6.5 Examples of histone modifications and typical consequences in mammalian cells.
Histones H3 and H4 elicit important modifications which affect chromatin structure and gene
expression including methylation (Me), acetylation (Ac), and phosphorylation (P). Combinatorial
effects of different modifications could have different outcomes from cell to cell, hence a “histone
code.” Depicted in Fig. 6.5 is cross talk between epigenetic marks on H3 and H4. Cross talk
between H3K4me, H3K36Me and H3K79Me, H3K9Ac, H3K14Ac, H3K14P, and H4R3Me and
H4K5Ac leads to the formation of open chromatin. On the other hand, H3K9Me, H3K20Me,
H3K27Me, H3K14Ac, H3S5P, H3S10P and H4K12Ac, and H4K20Me marks lead to the forma-
tion of compact chromatin

mainly found in regions of transcriptionally silent chromatin (Pan et al. 2007,
Kondo et al. 2008).

The cross talk between DNA methylation and chromatin modifications is
evidenced by the finding that methylation of cytosine, if transferred along the gene
axis, stimulates recruitment of methyl-binding proteins (MBDs), which in turn recruit
other proteins responsible for chromatin remodeling. MBDs represent a family of five
well-characterized proteins (MeCP2, MBD1, MBD2, MBD3, and MBD4) whose
primary function is the recruitment of histone deacetylases (HDACs) and histone
methyltransferases (HMTs), leading to transcriptional inactivation (Ben-Porath and
Cedar 2001). HMTs methylate histones, a mark that is recognized and bound by
chromatin silencers such as heterochromatin protein-1 (HP1).

During embryonic development, the genome undergoes reprogramming events
that involve global cytosine demethylation, later followed by a specific pattern of
DNA methylation established de novo after implantation (Santos et al. 2002). The
maintenance of DNA methylation in somatic cells is critical as aberrant changes in
methylation status have been linked to tumorigenesis and genomic instability
(Roman-Gomez et al. 2005). A significant part of this methylation is targeted to
repetitive sequences. Given that L1 is a genetic element that can move throughout
the genome, mammalian cells have evolved sophisticated silencing systems to
regulate L1 retroelement expression. These silencing systems include the following:
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(1) DNA hypermethylation of the L1 promoter to maintain chromatin in a
compacted state (Woodcock et al. 1997), (2) bidirectional processing of small
L1 transcripts to siRNAs that suppress L1 (Yang and Kazazian 2006), (3) transcrip-
tional elongation deficiencies caused by premature polyadenylation sites
(Perepelitsa-Belancio and Deininger 2003; Han and Boeke 2004), (4) truncation
of 5'-UTR sequences that inhibit reverse transcription during retrotransposition
(Myers et al. 2002), and (5) recruitment of repressor proteins that interact with
the L1 promoter or internal ribosome entry sites (Li et al. 2006; Montoya-Durango
et al. 2009; Muotri et al. 2010).

To date, DNA methylation is the best characterized mechanism for silencing of
retroelements in mammalian cells (Hata and Sakaki 1997; Steinhoff and Schulz
2003; Harony et al. 2006). L1 promoter hypomethylation has been described in
several cancers, including testicular tumors (Bratthauer and Fanning 1992),
urothelial bladder carcinoma (Florl et al. 1999), prostate carcinoma (Santourlidis
et al. 1999), hepatocellular carcinoma (Lin et al. 2001), chronic lymphocytic
leukemia (Dante et al. 1992), and chronic myeloid leukemia (Roman-Gomez
et al. 2005). Previous studies in our laboratory have shown that chemical stressors
such as BaP, dioxin, ultraviolet exposure, and gamma irradiation reactivate L1
transcription (Lu and Ramos 1998; Lu et al. 2000; Lu and Ramos 2003; Farkash
et al. 2006; Stribinskis and Ramos 2006; Teneng et al. 2007), and this response is
partly mediated via epigenetic mechanisms. The modulation of L1 by environmen-
tal stressors is biologically relevant since both BaP (Stribinskis and Ramos 2006)
and gamma irradiation (Farkash et al. 2006) increase retrotransposition rates in
mammalian cells.

Of note, within the realm of L1 epigenetics is the involvement of E2F/RB family
complexes in the recruitment of transcriptional regulatory complexes to the L1
promoter (Montoya-Durango et al. 2009). The RB family of tumor suppressors
(p107, pRB, and p130) plays a critical role in cellular senescence by forming
transcriptional inhibitory complexes with E2F transcription factors that repress
S-phase gene expression (Narita et al. 2003; Sebastian et al. 2005). The characteri-
zation of RB as a tumor suppressor was achieved through genetic studies of children
affected by retinoblastoma (for review, see DeCaprio (2009)). pRb mutations lead
to development of different tumors including osteosarcoma (Goodrich and Lee
1993), soft-tissue sarcomas (Moll et al. 2001), and DNA virus-induced cancers. Rb
is a paramount regulator of cell cycle progression, and its mutation is required for
cellular transformation (Wikenheiser-Brokamp 2006; Macpherson 2008). We have
shown that removal of Rb protein family members is associated with both increased
acetylation of nucleosomal histones at the L1 retroelement promoter and decreased
histone epigenetic silencing marks, which together lead to endogenous L1 reacti-
vation (Montoya-Durango et al. 2009). Using a tamoxifen-inducible system to
remove E2F proteins from E2F targets on DNA, we have shown that E2F regulation
of L1 is exerted primarily through epigenetic silencing rather than transcriptional
activation, suggesting that E2F/Rb complexes have adapted to evolutionarily
silence L1 sequences along with other repetitive elements. Thus, another
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Fig. 6.6 Proposed model for epigenetic cross talk in the regulation of L1. Early events in L1
activation involve chromatin modifications with enrichment for H3K4Me3 and H3K9Ac which
are hallmarks of active gene expression. During this phase we observe reduced DNMT RNA and
protein levels probably due to degradation. As cells divide with reduced levels of DNA
methyltransferase, L1 promoter becomes hypomethylated. Transcription factors then bind to the
hypomethylated promoter, leading to transcriptional activation of L1 followed by retrotran-
sposition. The plus sign depicts cross talk between the epigenetic marks on the histones

mechanism for Rb-induced tumorigenesis might involve L1 epigenetic reactivation
and concomitant increased genomic instability (Montoya-Durango et al. 2009).

The human L1 promoter contains 34 CpGs spread over a 371bp CpG island
within the promoter region (Fig. 6.6). As noted, methylated cytosines on CpG
repeats are bound by methyl CpG-binding domain proteins (MBDs) to suppress
gene expression by recruiting corepressor complexes (Brown et al. 2008). As such,
these proteins act as scaffolds for recruitment of other chromatin-modifying
proteins that promote further epigenetic silencing of target genomic regions
(Hargreaves and Crabtree 2011) and serve as methylation-specific binding elements
that promote epigenetic silencing of methylated DNA. Interestingly, we have
shown that MBD?2 is recruited to the human L1 promoter in human cervical cancer
cells, and this recruitment is not significantly altered by short-term BaP treatment
(Teneng et al. 2011). This is in agreement with our observation that CpG sites
within the L1 promoter are subject to changes in methylation only following
prolonged exposures to carcinogen treatment (Teneng et al. 2011). Our findings
are consistent with previous work showing that BaP inhibits assembly of the DNA
methylation machinery (Weisenberger and Romano 1999; Zhang et al. 2005) and
deregulates DNA methylation in breast cancer cells (Sadikovic and Rodenhiser
2006). The modulation of L1 retrotransposon by BaP involves modulation of
DNMT1 and DNMT3A protein levels via a proteasome-dependent pathway that
may involve AHR (Teneng et al. 2011).

Of interest is the finding that BaP induces hypomethylation of cytosines across
several transcriptionally active binding sites and has no effect on sites where
putative transcription factor binding sites are absent. Further evidence has shown
that genetic disruption of DNMT]1 results in hypomethylation of several CpGs and
increased steady-state levels of L1 transcripts. One issue that has not been
addressed is whether the E3 ligase activity of AHR is required for DNMT1
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A cellular signal (Transcription Factor) recruits
HMT and HDACs to a target gene. HMTs
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Fig. 6.7 Suggested mechanism for induction of DNA methylation by chromatin signals. Cellular
signals cause recruitment of histone deacetylases (HDAC) and histone methylases (HMT). These
modify histones in the vicinity, causing them to be recognized by factors including HP1 that in turn
recruits DNMTs to methylate DNA. MBDs bind to methylated DNA and recruit HDAC and HMTs
to modify surrounding histones, thus restarting the cycle

degradation (Ohtake et al. 2009). Given that there exists considerable cross talk
between DNA methylation and chromatin covalent modifications on histones
(Ben-Porath and Cedar 2001; Vaissiere et al. 2008), we have also analyzed chro-
matin isolated from HeLa cells and demonstrated that BaP enriched the L1 pro-
moter for H3K4Me3 and H3K9Ac, hallmarks of transcriptionally active chromatin
(Robertson et al. 2008). Time-course analyses indicated that while histone
modifications were early events (12 h), DNA demethylation occurred late (after
96 h). These kinetic profiles indicate that reactivation likely involves early chroma-
tin remodeling followed by decrease DNA methylation. A schematic representation
of these relationships is depicted in Fig. 6.7. Thus, L1 elements, once thought to be
silenced primarily by DNA methylation, are subject to complex regulatory
mechanisms involving histone acetylation and methylation, and transcription factor
recruitment for silencing and/or activation. This novel mechanism for
retrotransposon activation by environmental stress and the role of changes in
nucleosomal histone codes, DNMT availability, and CpG hypomethylation need
to be further explored.
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6.6 LINE-1, Differentiation, and Transformation

The most straightforward detrimental effect of L1 on the genome is believed to be
insertion into functional sequences like exons, promoters, and enhancers, leading to
severe compromise of gene function (Feng et al. 1996; Cost et al. 2002; Szak et al.
2002). Furthermore, L1 insertion into introns of genes can cause exon skipping or
introduce alternate splicing sites (Narita et al. 1993; Mulhardt et al. 1994; Takahara
et al. 1996). Recently, it was demonstrated that L1 sequences within transcriptional
units affect both the structure of the target DNA and the amount of mRNA
transcribed (Han and Boeke 2005). Of interest is the realization that over 75 % of
human genes contain at least one L1 insertion, most of which are part of introns or
5" and 3’ untranslated regions (Han et al. 2004).

In efforts to evaluate the impact of L1 ORF2 sequences within a transcription
unit, L1 sequences have been fused to a LacZ construct downstream of a green
fluorescent protein (GFP) reading frame to show that the presence of L1 ORF2
sequence reduced steady-state protein levels and led to a 70-fold decrease in RNA
levels relative to LacZ upstream (Han et al. 2004). After introduction of frameshift
mutations, this reduction was not affected, meaning that the RNA deficit results
from the presence of ORF2 nucleotide sequence, and not the protein itself (Han
et al. 2004; Belancio et al. 2006). Additionally, highly expressed genes contain
small amounts of L1 sequences, while poorly expressed genes contained large
amounts of L1 sequence (Belancio et al. 2006). The underrepresentation of L1
sequences in highly expressed genes suggests that L1 might “fine-tune” the
genome, a hypothesis that we are pursuing in the laboratory at this time. Interest-
ingly, L1 “carries” chunks of flanking DNA on retrotransposition (Cordaux and
Batzer 2009) and, hence, is believed to provide promoter sequences to normally
silenced genes, or repressor binding sites to new targets, which would in turn affect
genes proximal to insertion sites. We have proposed that L1 is a center for
formation of heterochromatin in regions outside of pericentromeric regions,
hence making these elements an evolutionarily conserved mechanism for global
regulation of chromatin status during development and disease.

Changes in L1 activity may be causative in some form or merely the result of
generalized dysregulation of genetic programming. In keeping with this concepts,
retroelements are transcriptionally repressed in terminally differentiated cells and
being highly active in embryonic (undifferentiated) and transformed (dediffer-
entiated) cells (Poznanski and Calarco 1991; Packer et al. 1993). Additionally,
RT activity is high in embryonic and transformed cells and low or undetectable in
terminally differentiated cells (Deragon et al. 1990; Medstrand and Blomberg
1993). This inverse correlation between L1 expression and differentiation pheno-
type indicates that expression of retroelements may influence differentiation
programming.

Using computational biology methodology, we identified genes predictive of L1
expression that may help to define L1 regulatory dynamic networks (Ramos et al.
2007). Genes within the network included sphingosine phosphate lyase 1 (SGPL1),
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syndecan binding protein (SynBP), and microsomal glutathione S-transferase 1
(Mgst 1). Interestingly, members of the AHR superfamily were identified as a
critical node, and siRNA targeting AHR established the biological connectivity of
several genes within the network. Evidence for an AHR-LI axis includes the
inhibition of BaP inducibility by a-NP, the refractoriness of AHR-null mouse
vascular smooth muscle cells to BaP challenge, the inhibition of both endogenous
L1 and LIMd-AS5 promoter activity by genetic knockdown of AHR in HeLa cells,
and the restoration of promoter responsiveness following ectopic re-expression of
the receptor.

L1 expression causes genomic instability, a hallmark of neoplasia (Gilbert et al.
2004). As noted earlier, increased L1 has been reported in urothelial bladder
carcinoma, testicular tumors, hepatocellular carcinoma, chronic lymphocytic leu-
kemia, prostate carcinoma, and chronic myeloid leukemia (Bratthauer and Fanning
1992; Dante et al. 1992; Florl et al. 1999; Santourlidis et al. 1999; Lin et al. 2001;
Roman-Gomez et al. 2005). Full-length L1 mRNAs have been identified in human
teratocarcinoma cells, but not in differentiated cell line counterparts (Skowronski
and Singer 1985).

Of interest, within the context of L1 carcinogenesis is the reverse transcriptase
(RT) encoded by L1 ORF2. Expression of RT coding genes is active in early
embryos, germ cells, and tumor tissues, all characterized by high proliferative
activity (Pittoggi et al. 2003). Generally, terminally differentiated cells do not
express RT (Spadafora 2004), with inhibition of L1-encoded RT causing reduced
tumor sizes in nude mice (Landriscina et al. 2005; Oricchio et al. 2007). Further,
siRNA or pharmacological inhibition targeting RT reduces proliferation rates and
reprograms gene expression in human tumorigenic cell lines (Mangiacasale et al.
2003; Oricchio et al. 2007). Together, these findings suggest that expression of L1
may inhibit or reverse differentiation programming in mammalian cells. In keeping
with this hypothesis, we recently showed that kidney embryonic cells undergo L1
reactivation followed by changes in genetic programming of differentiation
networks, suggesting that L1 is a master regulator of nephrogenesis by regulation
of WT1 and AHR signaling networks (Ramos et al. 2011). Interestingly, L1 re-
expression induced changes of genetic networks of differentiation that resemble the
gene expression patterns induced by PAH treatment, suggesting that (i) L1 and
PAHs target similar sets of genes and/or signaling pathways and (ii) L1-induced
genetic network disruption mimics the effects of environmental carcinogens
(Ramos et al. 2011). It is possible that ectopic expression of L1® in mK4 cells
causes reintegration of L1 proximal to differentiation marker genes which in turn
silences the target gene by methylation. Although it is unknown how or why L1
would target these promoters, L1 retrotransposon insertions are “target-primed”
events mostly targeting intron and noncoding genomic locations.

It has been reported that the human telomerase reverse transcriptase (TERT)
activity is silent in terminally differentiated cells but reactivated in the majority of
cancer cells (Liu et al. 2004). In fact, 90 % of tumors and cancers display high
telomerase activity and readily detectable TERT expression (Meyerson 2000;
Granger et al. 2002). Retrotransposons and viruses share the requirement of RT
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for propagation. Interestingly, it has been reported that measles virus selectively
induces apoptosis in terminally differentiated thymus epithelial cells while
allowing nonterminally differentiated cells a survival advantage (Valentin et al.
1999). The mechanism by which selection for nonterminally differentiated cells is
achieved remains unsolved, but it is possible that similar mechanisms are involved
in the L1 RT model.

Interestingly, the effects of L expression on renal cell differentiation
did not require functional RT, leading to the conclusion that modulation of
cellular phenotypes by L1 involves retrotransposition-dependent, as well as
retrotransposition-independent, events. The ability of L1 to influence differentia-
tion markers via retrotransposition-independent mechanisms suggests that the
presence of L1 transcripts in cells may in of itself be sufficient to mediate effects
on cellular phenotype. Detailed understanding of how L1-encoded proteins drive
the loss of differentiation could identify L1-encoded proteins as therapeutic
targets for inducing differentiation control. Lastly, it is important to acknowledge
that L1 may influence cellular differentiation at the noncoding level, with the
presence of fragments of L1 promoter sequences within intergenic regions trig-
gering DNA methylation that spreads to neighboring genes.

1RP

6.7 Personalized Medicine

Personalized medicine is an emerging field that utilizes information about a
person’s genetic makeup to prevent, diagnose, and treat disease. Its application is
touted by some as a means to establish earlier intervention and improve medical
outcomes and more efficient drug development. As L1s continue to be active within
the human genome, as evidenced by novel L1 insertion polymorphisms in human
populations (Wang et al. 2006; Rouchka et al. 2010), mobile elements provide a
likely mechanism of structural variation through de novo insertions and post-
insertional rearrangements. Comparative analyses of the human and chimpanzee
genomes indicate that recombination-associated genomic deletions represent a
significant source of structural variation occurring since divergence of these two
lineages around 6 million years ago (Han et al. 2008; Sen et al. 2006). L1 has
produced approximately 8,000 human processed pseudogenes and one million
human Alu, which are primate specific and created after the divergence between
rodents and primates approximately 75 million years ago (Zhang et al. 2003).
Although most new L1 insertions are found within introns and intergenic regions
(Szak et al. 2002), some of these elements are located within genes. The activation
and reintegration of retrotransposons into the genome has been linked to several
diseases in human and rodents.

Greater than 50 retrotransposon or retrotransposon-mediated insertions have
been linked to human disease (for review, see Belancio et al. 2008; Chen et al.
2005b). Many of the active L1 retrotransposons are polymorphic with respect
to insertion presence or absence and have been used to study human evolution
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(Sheen et al. 2000; Myers et al. 2002). Individual variation in retrotransposition
capability may be an important contributor to human genetic diversity through
processes such as recombination, insertional mutagenesis, gene conversion, and
sequence transduction (Hedges and Deininger 2007; Seleme et al. 2006).

Variations in genotype and environment constitute the basis for the phenotypic
differences that define individuals. In some instances, genotypic variation is
directly responsible for disease phenotypes, while in others, variants coupled with
environmental insult produce a disease phenotype. Research in the area of
“personalized medicine” has been focused on understanding an individual’s disease
phenotype in terms of their genetic and epigenetic profile. Specifically, how these
profiles relate to the etiology of their specific diseases and how this knowledge may
be used to guide treatment are regarded as paramount.

This chapter, along with other contributions in the primary literature, has
demonstrated that L1 insertions can have a profound impact on primary genetic
structure and that coupled with epigenetic status, can dramatically affect the
transcription of gene loci within or adjacent to sites of L1 insertion. The insertion
of LINE-1s within the intronic regions of specific gene loci can result in function-
ally altered splice isoforms (Han et al. 2004; Han and Boeke 2005) for the
corresponding transcript. Similarly, L1 insertions upstream of a gene, especially
within the promoter region of the gene, may result, depending upon the epigenetic
status of the L1, in either increased or decreased expression of that gene relative to
normal levels (Han and Boeke 2005; Montoya-Durango et al. 2009). Also, anti-
sense insertion of full-length L1 within a promoter relative to the orientation of that
locus could drive ectopic expression of that locus off of the antisense promoter
within the L1 element (Speek 2001).

It has been estimated that a new L1 insertion within the human genome occurs at
between 1/95 and 1/270 live births (Ewing and Kazazian 2010). This activity has
resulted in considerable variation between individuals and occurs on average, at
287 sites within the genome. Such heterogeneity, coupled with the impact of L1 on
gene function and regulation, makes L1 an obvious and essential target of study for
personalized medicine. Technological advances, most notably next-generation
sequencing, have made it possible to assess an individual’s L1 insertion profile.
Within this context, work has been done on two fronts. First, the development of
techniques that selectively amplify and sequence genomic regions that contain L1
elements (Beck et al. 2010; Ewing and Kazazian 2010, 2011; Huang et al. 2010)
and, second, the characterization of L1 insertion profiles from whole-genome
sequencing data (Ewing and Kazazian 2010, 2011; Rouchka et al. 2010). The latter
approach is the one likely to be most viable on a long-term basis given that whole-
genome sequencing will almost certainly become a clinical tool, and an individual’s
genome will likely be analyzed for any number of genetic variants, L1 included.
Initial analysis of the newly released data from the 1,000 Genomes Project
identified 22 previously unreported L1 insertion within the sequence data reported
for a mother/father/daughter trio, suggesting that polymorphic expression of L1 in
human populations may account for individual differences in disease susceptibility
(Rouchka et al. 2010).
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Therapeutic manipulation of L1 may prove particularly valuable, as successfully
shown in the medical management of the AIDS epidemic using nucleoside reverse
transcriptase inhibitors (nRTIs) and non-nucleoside reverse transcriptase inhibitors
(nnRTIs). The human immunodeficiency virus (HIV), like L1, encodes reverse
transcriptase. Nevirapine, an nnRTI, has been shown to inhibit embryonic endoge-
nous reverse transcriptase in a murine model (Pittoggi et al. 2003), while other
reverse transcriptase inhibitors have been shown to induce cell death and senes-
cence in prostatic (Chen et al. 2005b), cervical (Bourc’his et al. 2001), and renal
(Okano et al. 1998) tumor cell lines in vitro. Nude mice inoculated with melanoma,
prostate, small cell, and colon carcinoma cells all exhibit tumor growth arrest or
significant arrest (Moran et al. 1996). The antitumor effects of nRTIs may extend
beyond just L1 inhibition as one group theorized that AZT’s (an nRTI) ability to
radiosensitize human malignant glioma cells was attributable to its effect on
telomerase activity, another enzyme with reverse transcriptase activity.

Epigenomic therapy has a great deal of potential for a new wave of cancer
treatments. Of particular interest is the emergence of histone deacetylase inhibitors
(HDACi) and histone acetylase inhibitors (HATi) as drugs to regulate tumor
biology. HDAC: are being used for the treatment of leukemias caused by aberrant
expression of chimeric proteins that repress differentiation genes. For instance, in
acute promyelocytic leukemia (APL), a fusion between retinoic acid receptor alpha
(RAR) and promyelocytic leukemia (PML) or promyelocytic leukemia zinc finger
protein (PLZF) produces a chimeric form of RAR that abnormally recruits HDACs
and represses transcription of myeloid lineage genes. As such, combined treatment
with retinoic acid (RA) and HDAC inhibitors (HDACi) can lead to clinical
remission. Likewise, the formation of a chimeric protein from AML and eight-
twenty-one (AML-ETO) has been associated with recruitment of the N-CoR-
mSin3-HDAC corepressor complex (Amann et al. 2001) and disruption of
hematopoietic differentiation programs. Of relevance within the context of L1
biology is that overexpression of AML-ETO markedly decreases L1 transcriptional
activity and retrotransposition in human cancer cell lines (Yang et al. 2003). Since
gene expression requires changes in chromatin structure, namely, histone acetyla-
tion, and L1 is extensively regulated at the epigenetic level, treatment with HDACi
may lead to global L1 reactivation and reopening of long stretches of chromatin that
alter genes involved in regulation of differentiation. In principle, HATi should
inhibit the uncontrolled reactivation of L1. The utility of these agents in the
treatment of cancer has been examined in studies testing the effects of curcumin,
a naturally occurring HATI, in the prevention and treatment of colorectal, prostate,
kidney, lung, ovarian, breast, cervical, and liver cancers (Balasubramanyam et al.
2004). A major challenge that remains for many of these agents is their low
permeability to the intracellular compartment. Likewise, isothiazolone has been
shown to inhibit the enzymatic activity of both pCAF and p300 and to reduce cell
proliferation of human ovarian and colon cancer cell lines (Stimson et al. 2005).

Continued elucidation of both upstream controls and downstream consequences
of L1 and further research into the effects of reverse transcriptase inhibitors,
HDACH, and HATi should soon open the door to clinical trials exploring the utility
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of epigenetic therapies in disorders mediated by L1. These efforts in turn should
promote awareness and interest among researchers, clinicians, and patients.

Clearly, the increase in L1 expression seen in diseased and undifferentiated cells
represents a logical target for exploration both diagnostically and therapeutically.
Precedence exists for measurement of embryonic markers in the serum, most
notably in alpha-fetoprotein for hepatocellular carcinoma and yolk sac tumors as
well as beta-HCG for some testicular carcinomas. Both these proteins are expressed
in early development stages and are subsequently switched off in differentiated cell
lines only to be reexpressed in the event of neoplasia. LINE-1’s control over the
expression of many elements of the genome may, in theory, suggest that increased
retrotransposition may precede elevations in the aforementioned established
biomarkers. The clear implication here is that L1 may hold potential as a biomarker
whose elevation predates current markers, thus allowing for earlier diagnosis,
treatment, and the potential for better outcomes. The contributions of personalized
medicine may extend beyond individualized care, to improve population-wide
disease outcomes by improving diagnostic prevention strategies.

6.8 Closing Remarks

One could conceive that retroelements are critically involved in a “survival-for-the-
fittest” battle within the mammalian genome. Under healthy conditions, the mam-
malian genome has the upper hand due to silencing of L1 expression in terminally
differentiated, somatic cells. Conversely, under stressful conditions the uncon-
trolled reactivation of L1 elements can wreak havoc in the genome. Continued
progress in understanding L1 biology will allow for better understanding of L1-
mediated effects on gene expression, gene disruption, genome evolution, differen-
tiation, and disease.
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Chapter 7
Environmental Impact on Epigenetic Histone
Language

John M. Denu

Abstract The epigenome of a cell or organism consists of chemical instructions
acting with and upon genetic information to dictate gene expression. Such informa-
tion exists in the form of noncoding RNAs, 5’ modifications at the DNA base
cytosine, and combinatorial posttranslational modifications (PTMs) on histones. In
this chapter, we explore the idea of a histone language written within the combina-
torial complexity of PTMs. Examples of cross talk between DNA methylation and
histone PTMs are presented. Environmental factors such as drugs and diet have
profound impact on epigenetic information. Enzyme-catalyzed chromatin modifi-
cation requires co-substrates that are key intermediates from major metabolic
pathways. Links between metabolism and epigenetic mechanisms are discussed.
Lastly, we discuss targeting the epigenome as a new paradigm for drug
development.

Keywords Histone code * Histone language ¢ Metabolism ¢ Posttranslational
modification ¢ Methyltransferase * Acetyltransferase ¢ Deacetylase ¢ Drugs -«
Epigenetic « Epigenome
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BET Bromodomain and extra-terminal
BHCS80 BRAF-histone deacetylase complex 80
ChIP Chromatin immunoprecipitation
DNMT DNA methyltransferase
HAT/KAT Histone/lysine acetyltransferase
HDAC Histone deacetylase

HP1 Heterochromatin protein 1

ING2 Inhibitor of growth 2

LSD1 Lysine-specific demethylase 1
NTDs Neural tube closure defects
NUP98 Nucleoporin 98

PHD Plant homeodomain

PRC Polycomb repressive complex
PTM Posttranslational modification
RAG2 Recombination activating gene 2
SAHA Suberoylanilide hydroxamic acid
SAM S-Adenosyl-L-methionine
SILAC Stable isotope labeling with amino acids in cell culture
TAF3 TBP-associated factor 3

THF Tetrahydrofolate

TSA Trichostatin A

UHRF1 Ubiquitin-like containing PHD and RING finger domains 1

7.1 Introduction

Epigenetics is a rapidly growing field of study that refers to chemical instructions
acting with and upon genetic information to dictate gene expression. The field of
epigenetics is expanding at an exponential rate, owing in large part to the comple-
tion of the human genome-sequencing project (Lander et al. 2001; Venter et al.
2001). After this monumental task was accomplished, researchers soon realized that
the strict DNA sequence was of limited use to explain the diversity of species,
programs of development, cellular identity, and control of gene expression patterns.
Epigenetic research aims to uncover how differences in cellular or organismal
phenotypes are manifested through mechanisms other than differences in DNA
sequences (Bernstein et al. 2007). Although the full extent and complexity of this
epigenetic information remains to be discovered, it is generally agreed that this
information exists in the form of noncoding RNAs, 5’ modifications at the DNA
base cytosine, and a vast array of posttranslational modifications (PTMs) on
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histones (Bonasio et al. 2010). In eukaryotic organisms, histones function as DNA
spools, permitting the amazing compaction of DNA.

The definition of epigenetics has evolved since its original use by Waddington to
refer aspects of differentiation and canalization of cells and tissues in a developing
organism. Waddington refined his definition of epigenetics as ... the branch of
biology which studies the causal interactions between genes and their products
which bring the phenotype into being” (Waddington 1968). In 1990, Holliday wrote
“Epigenetics can be defined as the study of the mechanisms of temporal and spatial
control of gene activity during development of complex organisms. Mechanisms of
epigenetic control must include the inheritance of particular spectrum of gene
activities in each specialized cell. In addition to the classical DNA code, it is
necessary to envisage the superimposition of an additional layer of information
which comprises part of the hereditary material, and in many cases this is very
stable. The term epigenetic inheritance has been introduced to describe this situa-
tion” (Holliday 1990).

A number of recent publications have attempted to define a more contemporary
meaning (Berger et al. 2009; Bonasio et al. 2010; Riddihough and Zahn 2010). An
encompassing definition comes from Jablonka and Lamb: “Epigenetics: The study,
in both prokaryotes and eukaryotes, of the stochastic and inducible developmental
processes that lead to long-term, persistent changes in gene activities and organis-
mal states. Epigenetic inheritance is a component of epigenetics. It occurs when
phenotypic variations (e.g., in gene expression or in the architecture of cellular
complexes) that do not stem from variations in DNA base sequence are transmitted
to subsequent generations of cells or organisms” (Jablonka and Lamb 2010). No
doubt there has been considerable print devoted to defining the term “epigenetics,”
but as the field continues to grow and mature, narrow usage of the term will
inevitably decline. To a great extent, epigenetics is “mechanistic biology.” There-
fore, it is most instructive to define epigenetics by simply describing the specific
process under study.

In this chapter, we will focus on how histone modifications are dynamically
controlled to elicit changes in gene expression. The discussions will explore histone
PTMs as a coded language, the intimate connection between histone PTMs and
DNA methylation, the influence of diet/metabolism on histone PTMs, and the
therapeutic potential of targeting epigenetic mechanisms as drug development
platforms.

7.2 Histone Modifications: A PTM Language

Epigenetic mechanisms involve chemical-based information that controls the
expression of genes. In addition to 5" modifications on the DNA base cytosine,
histone proteins harbor an extensive set of dynamically controlled PTMs, which
include acetylation, methylation, phosphorylation, and ubiquitylation (Kouzarides
2007) (Fig. 7.1). Chromatin consists of histone proteins (core histones H2A, H2B,
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Fig. 7.1 Epigenetic information stored in DNA and histone modifications. DNA is wrapped
around core histone proteins (H2A, H2B, H3, and H4), permitting compacting within the eukary-
otic cell nucleus. The ability to access DNA for gene expression depends on the modification state
of DNA and histones. The cytosine base of DNA can be modified by methylation and
hydroxymethylation. Among the known posttranslational modifications, phosphorylation, methyl-
ation, and acetylation are shown on the first 18 amino acids of the H3 tail domain

H3, H4, and linker histones) that spool DNA and restrict the access of protein
machines, which transcribe the DNA sequence into functional gene products
(Luger 2003; Luger et al. 1997). The addition and removal of histone PTMs are
catalyzed by enzymes such as histone/lysine acetyltransferases (HATs or KATs),
histone deacetylases (HDACs), lysine/arginine methyltransferases and lysine
demethylases, and protein kinases and phosphatases. The extensive modifications
have suggested that histone PTMs may represent a code or a language that can be
interpreted by the cell to elicit proper transcriptional responses (Jenuwein and Allis
2001; Strahl and Allis 2000; Turner 2000). The N-terminal tail domain of histone
H3 is a prime example of the potential complexity of PTM combinations (Fig. 7.1).
Seven of the first 10 amino acids of H3 can be modified by phosphorylation,
acetylation, or methylation, yielding a possible 5,000 unique PTM states (Garske
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et al. 2010). If one considers the remaining modifiable residues on the H3 tail
domain, the number of permutations exceeds millions. Add to this number the
occurrence of PTMs on other core histones H4, H2A, and H2B, as well as the
existence of histone variants, and the number of possibilities becomes almost
astronomical. Does nature functionally utilize this level of complexity? Is there
built-in redundancy? These questions remain unanswered.

Over the last several years, a number of histone PTMs have been tied to specific
molecular processes of gene expression or repression. The majority of these
insights were distilled from genome-wide and locus-specific analyses employing
ChIP (chromatin immunoprecipitation). Antibodies raised against a peptide that
includes the modified form of the amino acid in question are used to enrich
chromatin that harbors the specific PTM of interest. The associated DNA is
determined by quantitative PCR, DNA arrays, or DNA sequencing. A number of
interesting trends emerged from genome-wide studies (Barski et al. 2007; Wang
et al. 2008). Acetylated lysine 9 and lysine 14 of H3 and acetylated lysine 8 and 16
on H4 are associated with “active” chromatin. Methylated lysine 4, 36, and 79 of
H3 are associated with “active” chromatin. Lysine 9 and lysine 27 on histone H3 are
associated with repressed genes. Lysine residues can be mono-, di-, or
trimethylated, and the degree of methylation can signal different states. For
instance, H3K4mel marks enhancers of active genes, while H3K4me2/3 is
associated with promoters and is important for transcriptional initiation. Although
our understanding of the combinatorial complexity of the histone language is in its
infancy, there are examples of connections between different PTMs (Table 7.1).
This so-called cross talk has been noted between H2B ubiquitination at K120,
which requires H3K79 methylation. Phosphorylation of H3T3 prevents the binding
and recognition of H3K4me3 by chromatin-binding proteins. Similarly antagonism
was observed with phosphorylation of serine 10 of histone H3 (H3S10ph), which is
critical for the dissociation of HP1 (heterochromatin protein 1) from trimethylated
lysine 9 of H3 (H3K9me3).

How do histone PTMs control chromatin function? The mapping of various
histone PTMs within chromatin-enshrouded genes has provided important
associations with gene expression, but the mechanisms by which PTMs control
these functions are still poorly understood. Currently two general models can be
proposed to help explain the functional outcomes of histone PTMs. The first is that
histone PTMs directly affect the intrinsic dynamics of chromatin, allowing either
less or greater access to the underlying DNA. Repressive chromatin (often referred
to as heterochromatin) is characterized by chromatin structures that restrict DNA
access, while open chromatin (euchromatin) is more permissive for gene expres-
sion. An example of this model comes from the acetylation of lysine 16 of histone
H4 that completely abolishes the ability of the tail domains to mediate nucleosome-
nucleosome interactions, which are required for chromatin condensation (Shogren-
Knaak et al. 2006). Other support for altered intrinsic nucleosome dynamics comes
from H3K56 acetylation, which is linked to replication-coupled nucleosome assem-
bly, DNA damage repair, and stem cell regulatory genes. K56 sits at the end of helix
1 within the histone core domain and participates in electrostatic interactions with
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Table 7.1 Abbreviated list of histone modifications, purported functional role(s), and their
interconnection with other modifications

Histone
modification Functional role Cross talk
Histone H3
H3R2me2a Transcriptional repression (Guccione Antagonizes H3K4 methylation
et al. 2007) (Guccione et al. 2007)
H3T3ph Positioning of kinetochore during Antagonizes PHD finger binding of
mitosis (Wang et al. 2010) H3K4me3 (Garske et al. 2010)vp
H3K4mel Marks enhancers of active genes
(Heintzman et al. 2007)
H3K4me2/3 Transcriptional activation (initiation) ~Antagonizes methylation of H3K9
(Heintzman et al. 2007) (Binda et al. 2010)
H3K9me2/3 Transcriptional repression (Nakayama
et al. 2001)
H3K9ac Transcriptional activation (Agalioti Promotes BRD4 bromodomain
et al. 2002) binding in concert with S10ph
(Zippo et al. 2009)
H3S10ph Chromosomal condensation and Antagonizes HP1 binding at
segregation during mitosis and H3K9me3 (Fischle et al. 2005).
meiosis (Wei et al. 1999); Promotes H3K 14 and H4K 16
transcriptional activation (Ivaldi acetylation (Zippo et al. 2009; Lo
et al. 2007) et al. 2000)
H3K14ac Transcriptional activation (Agalioti ~ Required for 14-3-3 binding of
et al. 2002; Kuo et al. 1996) H3S10ph (Walter et al. 2008)
H3K27me?2/3 Transcriptional repression (Cao et al. Forms bivalent domains with
2002) H3K4me3 (Bernstein et al. 2006)
H3K36me?2 Transcriptional activation Coupled to deacetylation of
(elongation) (Kizer et al. 2005) transcribed genes (Keogh et al.
2005); antagonizes H3K27
methylation (Yuan et al. 2011)
H3K56ac Replication-coupled nucleosome

H3K79 mel/2/3

Histone H4
H4K5ac
H4K8ac

H4K12ac
H4K16ac

assembly (Han et al. 2007), DNA
damage repair (Li et al. 2008),
hESC core transcriptional network
regulation (Xie et al. 2009)
Transcriptional activation
(elongation), where increasing
methylation correlates to greater
transcriptional activity (Steger
et al. 2008), DNA damage (Huyen
et al. 2004)

DNA damage repair (Ikura et al. 2000)

Transcriptional activation (Agalioti
et al. 2002)

Telomere plasticity (Zhou et al. 2011)

Transcriptional activation (Kapoor-
Vazirani et al. 2011), chromatin
structure (Shogren-Knaak et al.
2006), dosage compensation
(Lavender et al. 1994)

(continued)
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Table 7.1 (continued)

Histone

modification Functional role Cross talk

H4K20me3 Transcriptional repression (Congdon  Antagonizes deposition of H4K16
et al. 2010), genome stability acetylation during transcription3
(Tardat et al. 2007) (Kapoor-Vazirani et al. 2011)

H2A

H2AKSac Stimulates H2A to H2A.Z exchange
(Altaf et al. 2010)

H2B

H2BK120 Transcriptional activation Required for methylation of H3K79

ubiquitination (elongation) (Kim et al. 2009) (Ng et al. 2002); stimulates H3K4

methylation (Kim et al. 2009)

nucleosomal DNA. A biophysical investigation of nucleosomes containing H3K56
acetylation reported that acetylation increased DNA “breathing” near the H3K56
contact area (Neumann et al. 2009). An alternative conclusion was reached when
Watanabe et al. characterized nucleosomes and nucleosomal arrays containing the
H3K56Q substitution (Watanabe et al. 2010). Watanabe et al. observed no signifi-
cant structural effects on nucleosomes but did report defects in interactions between
nucleosome arrays.

A second model to explain the functional role of histone PTMs implicates
“reader” proteins. Here, the model proposes that histone PTMs, in their proper
context and with combinatorial complexity, direct the binding and action of
enzyme/protein complexes that subsequently alter chromatin structure. There is
now considerable evidence for the existence of a diverse set of “reader” proteins
that recognize and bind to specific PTMs in a contextual manner (Garske et al.
2010; Taverna et al. 2007). These specialized histone-binding modules include
bromodomains, chromodomains, and PHD (plant homeodomain) fingers, which
recognize histones in a modification-dependent manner. There have been a number
of excellent reviews on this topic, and the reader is directed to these papers for a
detailed discussion (Lee et al. 2010; Oliver and Denu 2011; Taverna et al. 2007,
Winter and Fischle 2010). Briefly, a few examples will be given. Chromatin-
modifying enzymes are usually found in large multi-subunit complexes, and
many of the individual proteins contain multi-domains. These modular domains,
which are distinct for the catalytic domains, mediate additional interactions with
chromatin, largely in a PTM-specific manner. One of the most prevalent modules
are the PHD fingers, which are zinc-fingerlike domains containing ~60 amino acids
and a Cys4-His-Cys3 motif that binds two zinc atoms (Musselman and Kutateladze
2009). There are ~100 PHD fingers predicted in the human genome and ~20 have
been characterized with respect to their preferred binding specificity (Chi et al.
2010; Musselman and Kutateladze 2009). The tail domain of H3 is a preferred
interaction site among analyzed PHD fingers. Generally, the characterized PHD
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fingers read the methylation state of H3K4, with some preferring the unmodified
state, while others prefer the hypermethylated form. In support for critical roles in
transcriptional regulation, mutants in the PHD domain cause loss of function in a
number of genes associated with cancer, immunodeficiency syndromes, and neuro-
logical disorders (Baker et al. 2008). A W453R mutation of the recombination
activating gene 2 (RAG2)-PHD finger (found in patients with Omenn syndrome)
impairs recognition of trimethylated H3K4 and proper antigen-receptor gene
assembly during V(D)J recombination (Matthews et al. 2007). The TBP-associated
factor 3 (TAF3), a component of RNA polymerase II (Vermeulen et al. 2007), and
inhibitor of growth 2 (ING2) (Shi et al. 2006) contain PHD fingers that recognize
the hypermethylated state of H3K4. In contrast, the PHD finger 1 of the autoim-
mune regulator binds unmethylated H3K4 and might function in targeting weakly
expressed genes (Org et al. 2008). Interestingly, binding of the BRAF-histone
deacetylase complex 80 (BHC80)-PHD finger to unmethylated H3K4 results in
lysine-specific demethylase 1 (LSD1)-mediated gene repression (Lan et al. 2007).
In a genetically well-defined acute myeloid leukemia, the PHD finger from the
JARIDI1A lysine demethylase is fused to nucleoporin 98 (NUP98). This chromo-
somal translocation creates a NUP98-JARID1A fusion that inappropriately binds to
genes harboring H3K4me3, preventing their demethylation and impairing proper
differentiation of hematopoietic and progenitor cells (Wang et al. 2009a).

Several members of the jumonji family of lysine demethylases (namely, PHFS
and KIAA1718) contain an N-terminal PHD finger domain that directs substrate
selection on the H3 tail domain (Horton et al. 2010). Both PHD fingers display
strong preference for H3K4me3; however, PHF8 demethylates H3K9me2 and
KIAA1718 demethylates H3K27me?2. The distinct specificity stems from the struc-
tural differences with the linker region between the catalytic jumonji domain and
the PHD finger. Engagement of the PHD finger at H3K4me3 places the catalytic
domain of PHF8 at H3K9me2, whereas the engagement of the PHD finger from
KIAA1718 places the catalytic domain at H3K27me?2.

Chromodomains (chromatin organization modifiers) are another large group of
chromatin-binding modules and are members of the so-called “Royal” family
which include double chromodomain, chromo barrel, tudor, double/tandem tudor,
and MBT (Taverna et al. 2007). The chromodomain was originally described as a
sequence motif common to Drosophila proteins, polycomb (Pc), and heterochro-
matin protein 1 (HP1). It is now established that HP1 and Pc recognize the
repressive H3 marks H3K9me3 and H3K27me3, respectively. HP1 mediates het-
erochromatin formation through the specific binding at H3K9me3. The ability to
self-associate and bridge unique internucleosome contacts is important to induce
repressive chromatin (Canzio et al. 2011). Methylation at H3K27 has been
implicated in X-chromosome inactivation, stem cell pluripotency, and germ line
development (Casanova et al. 2011). The polycomb repressive complex (PRC2)
methylates H3K27 and, in cooperation with PRC1, binds to H3K27me3, inducing a
heterochromatin-like state in repressed loci.

Bromodomains represent a chromatin-binding module that preferentially binds
acetylated lysine residues within certain histone sequences. Accordingly,
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bromodomains are generally associated with active chromatin. The human genome
encodes 42 bromodomain-containing proteins (Sanchez and Zhou 2009). A number
of HATs, ATP-remodeling complexes, and the transcriptional protein TAF1 (tran-
scription initiation factor TFIID subunit 1) contain bromodomains. Generally,
bromodomain-containing proteins are proposed to recruit transcriptional co-
activators, ATP-remodeling complexes, and transcription initiation factors to
activated genes (Taverna et al. 2007).

7.3 Cross Talk Between DNA Methylation and Histone PTMs

There is substantial evidence that certain DNA methylation patterns can be stably
inherited through the germ line (transgenerational inheritance) (Lange and
Schneider 2010; Skinner et al. 2010). Although the direct evidence for
transgenerational inheritance of histone PTMs (marks) remains scarce, there is
strong evidence for mitotic inheritance in which specific histone marks are
maintained during replication of somatic cells (Probst et al. 2009; Xu and Zhu
2010). What is undeniable is the profound interconnectedness of DNA methylation,
specific histone PTMs, and histone-modifying enzymes. Trimethylation of H3K4
inversely correlates with the occurrence of methyl-CpG. Functional studies of two
H3K4 demethylases, LSD1 and LSD2, revealed an essential role in global DNA
methylation and establishment of maternal DNA genomic imprints (Ciccone et al.
2009; Wang et al. 2009b). In plants, the histone H2A variant H2A.Z and DNA
methylation do not coexist (Zilberman et al. 2008). In mammals, H2A.Z plays an
essential role during development, but the mechanisms and the role of DNA
methylases are unknown. In ES cells deficient in two H3K9 methyltransferases
(Suv39h1 and Suv39h2), disruption of methylation in mouse major satellite tandem
repeat DNA sequences was noted, suggesting a link between H3K9me and DNA
methylation (Lehnertz et al. 2003). Alterations in methylation status of several
imprinted genes were observed in mouse embryos deficient in EED (embryonic
ectoderm development), a member of the PRC2 family that mediates
H3K27methylation (Mager et al. 2003).

Recent studies have begun to provide a molecular understanding of the links
between methyl DNA and histone PTM. Using nucleosomes methylated on DNA
and/or on histone H3, Bartke et al. performed a detailed SILAC-based proteome
analysis to interrogate the cross talk between DNA methylation and methylation at
H3K4, H3K9, and H3K27 (Bartke et al. 2010). Most significantly, the quantitative
proteomic analysis revealed that the binding of several chromatin complexes to
nucleosomes are affected by the methylation status of both DNA and H3, while the
binding of some complexes are affected by only one type of modification. Thus,
chromatin-binding complexes can read the modification state of DNA and histones
in the context of the nucleosome. The PRC2 complex was enriched on H3K27me3
nucleosomes, but the presence of methyl-CpG DNA antagonized binding. For
UHRF]1 (ubiquitin-like, containing PHD and RING finger domains 1), stronger
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Fig. 7.2 Interconnections between DNA methylation and histone methylation. The upper panel
shows the dual recognition of DNA methylation and histone methylation during replication-
coupled DNA methylation from hemimethylated DNA. The lower panel shows histone PTM
status directs DNA methylation to form repressive chromatin

cooperative binding was observed when H3K9me3 and methylated DNA were
present in the nucleosome. Mice lacking the UHRF1 gene phenocopy those defi-
cient in the DNA methyltransferase DNMT1 (Bostick et al. 2007; Sharif et al.
2007). UHRF1 is required for targeting DNMT1 to hemimethylated DNA and
provides a mechanism for the accurate transmission of methylated DNA patterns
during replication. At the molecular level, the tandem tudor domain of UHRF1
binds H3K9me3, while the SRA domain binds methylated CpG (Nady et al. 2011)
(Fig. 7.2). The ability of UHRF1 complexes to recognized both H3K9me3 and
methylated DNA might ensure faithful transmission of actively repressed genes
during mitotic inheritance.

The DNMt3 family of DNA methyltransferases comprise DNMT3a and
DNMT3b, as well as the DNMT3L (DNMT3-like), protein that lacks the catalytic
domain and instead functions as an activator of DNMT3a and DNMT3b (Chedin
2011). These proteins contain a PHD-like ADD domain that specifically interacts
with the unmodified state of H3K4, preferentially methylating linker DNA within
nucleosomal substrates (Zhang et al. 2010) (Fig. 7.2). These mechanistic studies
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corroborate genome-wide investigations that indicate DNA methylation inversely
correlates with H3K4me3 (Meissner et al. 2008) as well as the observation that
H3K4me demethylases (LSD1-2) are required for maintaining global DNA meth-
ylation patterns (Ciccone et al. 2009; Wang et al. 2009b). In the latter case,
unmethylated H3K4 is critical for the ADD domain of DNMTS3 proteins to access
imprinted loci. Interestingly, the ATRX (alpha-thalassemia X-linked mental retar-
dation) protein shares a similar ADD domain, in addition to its C-terminal ATPase/
helicase domain. Nearly half of the mutations in the ATRX gene occur with the
ADD domain, leading to mental retardation, facial dysmorphia, urogenital
abnormalities, and alpha-thalassemia (Gibbons et al. 2008). Together, these
observations suggest that ATRX function relies on the ability to recognize the
PTM state of the H3 tail. Recently, Dhayalan et al. demonstrated that the ADD
domain of ATRX displays preferential binding to H3 tail peptides that lack meth-
ylation on H3K4 but contain methylation of H3K9 (Dhayalan et al. 2011). The
combination of H3K4/H3K9me3 modifications is characteristic of heterochroma-
tin. Known disease-causing mutations in the ADD domain were shown to disrupt
interactions with H3 (Dhayalan et al. 2011).

7.4 Chromatin Modification Requires Key Metabolites

The enzymes responsible for modifying histones and chromatin rely on co-
substrates and coenzymes that are derived from central metabolism (Denu 2003;
Smith and Denu 2009) (Table 7.2). Histone acetyltransferases use acetyl-CoA as
the acyl donor, lysine and arginine methyltransferases use SAM (S-adenosyl-L-
methionine) as the methyl donor, protein kinases transfer the terminal phosphate of
ATP, and non-covalent nucleosome remodeling enzymes employ the energy from
ATP hydrolysis to alter nucleosome structure or position. Enzymes that remove
PTMs are also dependent on central metabolites (Table 7.2). For example, sirtuin
deacetylases are completely dependent on NAD*. Lysine demethylases LSD1/
KDM1 use molecular oxygen and oxidized FAD to perform removal of lysine
methyl groups, producing formaldehyde and H,O,. The lysine demethylase reac-
tion catalyzed by the JHDM enzymes requires alpha-ketoglutarate and produces
succinate and formaldehyde. Although there have been few studies that link histone
PTMs with the levels of relevant metabolites, this will be an essential future area of
investigation if we are to understand the full extent of these epigenetic
modifications and how they are influence by diet, lifestyle, and environmental
exposures. A few examples underscore the potentially profound impact on epige-
netic mechanisms.
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Table 7.2 Reactants and products of chromatin- and histone-modifying enzymes

Modification Chromatin modifier =~ Reactants Products
Acetylation Acetyltransferases
GNAT family Lysine, acetyl-CoA  Acetyl-lysine, CoA-SH
MYST family
p300/CBP family
Deacetylation ~ Histone deacetylases
Class I, II, IV HDACs  Acetyl-lysine Lysine, acetate
Class III HDAC:s: Acetyl-lysine, NAD* Lysine, O-acetyl-ADP ribose,
sirtuins nicotinamide
Lysine Lysine methyltransferases
methylation SET domain Lysine, S-adenosyl-  mono/di/trimethylated lysine,
methyltransferase L-methionine S-adenosyl-L-homocysteine
Dot1/KMT4 (SAM) (SAH)
methyltransferase
Lysine demethylation Demethylases
LSD1/KDMI family Methyl-lysine, FAD Lysine, FADH2, formaldehyde
JHDM family Methyl-lysine, Lysine, succinate, formaldehyde
2-oxoglutarate
Arginine Arginine methyltransferases
methylation PRMTs Arginine, Methyl-arginine, S-adenosyl-L-
S-adenosyl- homocysteine (SAH)
L-methionine
(SAM)
Arginine Protein arginine deiminases
deimination PADs Arginine Citrulline, ammonia
Phosphorylation Kinases
Haspin, Mstl, MSK1, Serine/threonine/ Phospho-serine/threonine/
CKII tyrosine, ATP tyrosine, ADP
Ubiquitination
Bmi/ringlA Lysine, ubiquitin Mono-ubiquitylated lysine
RNF20/RNF40
ADP-ribosylation
ADP- Glutamate/arginine, = ADP-ribosyl-glutamine/
ribosyltransferases NAD* arginine, nicotinamide
Chromatin remodeling
SWI/SNF ATP ADP, remodeled chromatin

7.5 Acetyl-CoA and Histone Acetyltransferases

Histone acetyltransferases use acetyl-CoA as the acetyl donor during the transfer
reaction. As with any enzymatic reaction, the rate of product formation depends on
the concentration (or availability) of substrates, in this case, acetyl-CoA and
histones. Acetyl-CoA is an essential intermediate in many catabolic and anabolic
pathways. The acetyl-CoA pool in mitochondria functions mainly in energy-
generating pathways and is generated primarily from pyruvate dehydrogenases,
which provides 2-carbon fuels for the TCA cycle. In mammalian cytoplasm and
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nuclei, ACL (ATP citrate lyase) and AceCS1 (acetyl-CoA synthetase) catalyze
distinct reactions that generate acetyl-CoA (Wellen et al. 2009). ACL converts ATP
and citrate to acetyl-CoA and oxaloacetate. AceCS1 produces acetyl-CoA from
ATP, CoA, and acetate. The production of acetyl-CoA in the cytoplasm is utilized
for lipid biosynthesis, but, more recently reported, this pool of acetyl-CoA appears
to supply nuclear HATs with substrates for histone acetylation. SIRNA knockdown
of ACL or AceCS1 reduced the global levels of histone acetylation, and the effect
was additive when both enzymes were reduced in cells grown in glucose-rich
media. When cells were treated with high levels of acetate, AceCS1 was able to
compensate for loss of ACL. These observations suggest that histone acetylation
depends not only to the levels of AceCS1 and ACL but on the levels of citrate,
acetate, ATP, and CoA, which are determined by the metabolic state of the cell.

7.6 Folate Metabolism and Histone Methylation

It is well established that methyl-group donor metabolism plays an essential role in
DNA methylation (Dolinoy et al. 2007; Stover 2009). However, the biochemical
understanding of these connections remains elusive, and the extent to which we
understand methyl-group donor metabolism and its regulation of histone methyla-
tion is even less. Treatment with methyl donors (e.g., folate) has the capacity to
modulate DNA methylation, correcting aberrant methylation patterns of imprinted
genes (Dolinoy et al. 2007; Dolinoy and Jirtle 2008) and affecting DNA methylation-
based mechanisms of central nervous system repair after injury (Iskandar et al.
2010). During early human embryonic development, neural tube closure defects
(NTDs) are some of the most common human birth defects, and clinical trials
indicate that 70 % of NTD might be preventable by maternal folate supplementa-
tion (Beaudin and Stover 2009). Given our recent understanding of the epigenetic
information contained within DNA methylation, these birth defects might be the
consequence of inappropriate gene expression during normal developmental
programs. Folate is a B vitamin that exists in cells as a group of enzyme cofactors
that mediate many different 1-carbons reactions (Fox and Stover 2008; Tibbetts and
Appling 2010). Folate cofactors are required for de novo synthesis of purines and
thymidylate as well as the remethylation of homocysteine to methionine. The
essential amino acid methionine is adenosylated to S-adenosylmethionine (SAM),
which serves as the methyl-group donor for histones and cytosine bases of DNA,
among other important reactions.

The inability to remethylate homocysteine elevates plasma homocysteine,
decreases SAM, and increases S-adenosylhomocysteine (SAH). This decrease in
SAM/SAH ratio is thought to be an indicator of methylation capacity, leading to
hypomethylation of DNA (Finkelstein 2000; Friso et al. 2002), and presumably
histones as well. Because of the tight connections among folate and methyl-donor
metabolic networks, it has been difficult to isolate the direct influence of individual
impairments on this complex pathway. Adding to the difficulty of resolving
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aberrant effects, several studies suggest that cellular levels of folate cofactors are
limiting, because the concentration of folate-dependent enzymes/proteins is greater
than the concentration of folate cofactors, and the nanomolar binding affinity would
predict that the available folate cofactors are protein bound (Herbig et al. 2002).
Thus, the general lack of free folate metabolites would suggest that there is a highly
complex competition among diverse pathways, creating a metabolic network that is
exquisitely sensitive to various folate deficiencies.

Surprisingly little is known concerning the connection between folate metabo-
lism and the control of histone methylation. However, a few recent studies suggest a
critical link. Piyathilake et al. report an association between folate fortification and
changes in histone methylation in cervical tissues (Piyathilake et al. 2010). The
levels of H3K9me were assessed from cervical specimens obtained before
(1990-1992) and after the mandatory folic acid fortification in the USA
(2000-2002). Higher H3K9me was associated with progression to higher-grade
cervical intraepithelial neoplasia (CIN). Among CIN grade 3 samples, higher levels
of H3K9me were observed from the post-fortification group compared to that of the
pre-fortification. However, among women free of CIN, the post-fortification group
displayed lower H3K9me levels compared to those from the pre-fortification. It
would appear that the effect of folate fortification yielded different effects
depending on the stage of carcinogenesis. The mechanism behind these
observations is unclear, but Piyathilake et al. suggest that DNMT1 may be involved
(Piyathilake et al. 2010). DNMT expression is higher in CIN 3 lesions and may
contribute to enhanced H3K9 methylation. The DNMT inhibitor 5-Aza-dC has
been shown to reduce the levels of H3K9me and stimulate the re-expression of
tumor-suppressor genes (Kondo et al. 2003). DNMT was shown to associate with
HP1 and the K9 methyltransferase SUV39H1 (Fuks et al. 2003), providing a
possible connection between DNA methylation, H3K9me, and carcinogenesis.

Using a genetic mouse model for neural tube development, Ichi et al. propose
that the ability of folate to rescue the neural tube defects of splotch ™'~ involves the
upregulation of a H3K27 demethylase (KDM6B), which lowers H3K27me?2 levels
at the promoters of two essential genes for neural tube development Hesl and
Neurog2 (Ichi et al. 2010). Neural tube defects of splotch/~ embryos can be
prevented with addition of either folate or thymidylate, suggesting that the defect
involves the arm of the folate pathway leading to nucleotide biosynthesis. These
observations implicate an important relationship between folate metabolism and a
role for H3K27 demethylation during neural tube development.

It is interesting to note that histone demethylase reactions produce formalde-
hyde. Formaldehyde is known to condense with tetrahydrofolate (THF) to yield
methylene-THF, a key intermediate in folate-mediated 1-carbon metabolism. This
suggests a possibility mechanism for replenishing one-carbon folate cofactors in the
nucleus. In support of this idea, Luka et al. recently demonstrated that lysine
demethylase LSD1 is capable of binding to folate metabolites, with the highest
affinity observed with the natural pentaglutamate form of THF (Luka et al. 2011).
The authors point out that demethylation reactions performed by dimethylglycine
dehydrogenase and sarcosine dehydrogenase involve the condensation of
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formaldehyde with protein-bound THF (Luka et al. 2011). Additional studies will
be needed to test whether LSD1 operates in a similar manner and more generally to
explore whether other histone demethylase reactions are coupled to methylene-
THF formation. This would be a highly appealing model that recycles 1-carbon
metabolites and provides yet another intricate link between (de)methylation and
folate metabolism.

7.7 HDAC Inhibition from Metabolism

Aberrant HDAC activity has been associated with cancer and a number of other
human pathologies. There is now considerable evidence that inhibition of the zinc-
dependent HDACSs has tremendous therapeutic potential against cancer (Kim and
Bae 2011; Ma et al. 2009), neurodegeneration (Li et al. 2011), inflammatory
diseases (Glauben and Siegmund 2011), autoimmune disorders (Faraco et al.
2011), memory loss (Guan et al. 2009; Dash et al. 2009), and anxiety disorders
(Kaplan and Moore 2011). With respect to cancer, the therapeutic benefits of
HDAC inhibition are proposed to operate through the derepression of tumor
suppression genes. HDACs generally function to mediate gene repression by
deacetylation histones and inducing chromatin structures that are repressive for
transcription. Inhibition of HDACS tips the balance towards histone acetylation and
promotes transcriptionally permission chromatin. HDAC inhibitors can trigger
growth arrest, differentiation, and apoptosis. A discussion of pharmacological
strategies is provided in the following section, but here, the role of diet and
metabolism as a means to affect HDAC activity will be presented. It is important
to note that HDACs have a number of nonhistone substrates, which does complicate
a clear interpretation of the phenotypes associated with cellular inhibition of
HDACS. There are newly emerging reports that the human diet offers a number
of potential HDAC inhibitors, either acting directly or indirectly through metabolic
conversion. Examples of these compounds include short-chain fatty acids, seleno-
alpha-keto acids, thiol-containing small molecules, mercapturic acid metabolites,
indoles, and polyphenols. For a detailed review, see (Rajendran et al. 2011). Three
decades ago, the short-chain fatty acid butyrate, which is produced in the gut via
fermentation of dietary fiber, was shown to promote cell differentiation and
increase histone acetylation (Leder and Leder 1975). Butyrate functions as a
competitive inhibitor of HDACs with a K; of 46 mM (Sekhavat et al. 2007).
Diets high in fiber have been linked to increased plasma butyrate levels, leading
the authors of the study to postulate that such short-chain fatty acids might afford
protection against cardiovascular disease and type 2 diabetes (Nilsson et al. 2010).
A structural analog of butyrate, keto-methylselenobutyrate, and methylseleno-
pyruvate was identified as competitive HDAC inhibitors (Lee et al. 2009;
Nian et al. 2009). These seleno-alpha-keto acids are generated from dietary
organoselenium compounds and might function in vivo as natural HDAC inhib-
itors. These observations suggested that other naturally occurring alpha-keto acids
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might act as HDAC inhibitors. Indeed, the glycolytic product pyruvate inhibited
HDAC activity, while lactate did not (Thangaraju et al. 2009). Interestingly,
sodium-coupled monocarboxylate transporters (SCMTs) exert a tumor-suppressor
function by controlling the intracellular concentrations of pyruvate, butyrate, and
propionate (Ganapathy et al. 2008). Silencing of SCMTs in cancer cells and
limiting pyruvate to lactate conversion led to increased HDAC activity and reduced
apoptosis. Ganapathy et al. hypothesized that cancer cells might actively silence
SCMTs and promote the reactions of pyruvate to lactate, thereby bypassing inhib-
iting of HDAC and induction apoptosis (Ganapathy et al. 2008).

Cruciferous vegetables are a rich source of glucosinolates. Broccoli is an
abundant source of glucoraphanin, which is the precursor of sulforaphane (SFN),
a well-established anticancer agent (Higdon et al. 2007). Metabolites of SFN inhibit
HDAC activity and derepress tumor-suppressor genes, leading to cell cycle arrest
and apoptosis. The active SFN metabolites are generated through the mercapturic
acid pathway, which generates SFN-glutathione, SFN-cysteine and SFN-N-
acetylcysteine (reviewed in Rajendran et al. 2011). Inhibition is most potent with
SFN-cysteine, followed by SFN-N-acetylcysteine and SFN-glutathione. Molecular
modeling suggests that SFN-cysteine binds to the active site of HDACsS in analo-
gous fashion to that of SAHA (suberoylanilide hydroxamic acid) and TSA
(trichostatin A). TSA is a natural product hydroxamic acid from Streptomyces
platensis and is a potent HDAC inhibitor (Yoshida et al. 1990). SAHA (vorinostat)
is an FDA-approved HDAC inhibitor used to treat cutaneous T cell lymphoma
(Duvic and Vu 2007; Marks and Breslow 2007).

7.8 Targeting the Epigenome as a New Paradigm for Drug
Development: Epi-drugs

Rapidly accelerating research in chromatin and epigenetics has provided new
opportunities for the development of novel therapeutics that target epigenetic
mechanisms. The tremendous potential in focusing on dysregulated epigenetic
pathways as a drug development strategy is supported by current FDA-approved
drugs, vorinostat (SAHA), azacitidine (5-azacytidine), and decitabine (2'-deoxy-5-
azacytidine) (Marks and Xu 2009; Scott and Deeg 2010). As noted above, SAHA is
an inhibitor of histone deacetylases (HDACsS) for the treatment of cutaneous T cell
lymphoma (Duvic and Vu 2007; Marks and Breslow 2007). Azacitidine and
decitabine are DNA methyltransferase inhibitors used as chemotherapeutics
towards myelodysplastic syndromes (Keating 2009; Scott and Deeg 2010). The
mechanism of action for such drugs is believed to involve the transcriptional
derepression of tumor-suppressor genes (Xu et al. 2007). SAHA effectively
increases histone acetylation and azacitidine induces hypomethylation, both
mechanisms promoting activation of critical gene required for cell cycle arrest
and/or apoptosis. The success of such compounds provides a compelling argument
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for a new paradigm in developing other “epi-drugs” that take advantage of the
specificity of the histone language written within the epigenome. As discussed
earlier, the combination of PTMs in the proper context provides a “histone code” or
“histone language” that is read and interpreted by an array of protein “readers”
(Gardner et al. 2011; Oliver and Denu 2011). Among the protein “readers” are the
bromodomain family that function as acetyl-lysine recognition motifs (Mujtaba
et al. 2007; Sanchez and Zhou 2009). The bromodomain and extra-terminal (BET)
subfamily are represented by BRD2, BRD3, BRD4, and BRDT (Zeng and Zhou
2002). Two recent investigations reported the development of small-molecule
compounds that specifically disrupt the interactions between these bromodomains
and acetylated histone tails (Filippakopoulos et al. 2010; Nicodeme et al. 2010).
These studies offer proof of concept that pharmacological disruption of histone
readers might be another strategy for the development of “epi-drugs.”

Filippakopoulos et al. reported a cell-permeable small molecule, (+)-JQ1, that
binds a subset of human bromodomains (e.g., BRD4) with nanomolar affinity and
competes with acetyl-lysine-modified histone peptides (Filippakopoulos et al.
2010). BRD4 is a component of a recurrent chromosomal translocation found in
aggressive human squamous carcinoma (Engleson et al. 2006; French et al. 2001,
2003). The translocations create an oncogenic fusion protein involving the tandem
N-terminal bromodomains of BRD4 and the nuclear protein in testis (NUT). This
genetically defined fatal malignancy offered a unique opportunity to investigate the
ability of (+)-JQI1 to block the action of this misregulated chromatin “reader.”
Using several patient-derived xenograft mouse models, (+)-JQ1 treatment showed
marked tumor regression and prolonged survival after 18 days of therapy. In a
separate study, Nicodeme et al. describe the identification of I-BET, an optimized
derivative of a benzodiazepine compound (Nicodeme et al. 2010) that targets
inflammatory gene expression by disrupting the interaction of acetylated histones
with the BET family of chromatin readers. The compound bound BRD2, BRD3,
and BRD4 with similar low nanomolar affinity. Using a mouse model, I-BET
treatment provided protection against lipopolysaccharide-induced endotoxic
shock and bacteria-induced sepsis (Nicodeme et al. 2010). Gene expression and
epigenetic analyses revealed I-BET-sensitive gene repression was characterized by
low basal levels of histone H3 and H4 acetylation, trimethylation of Lys4 on histone
H3 (H3K4me3), RNA Pol II, and low CpG content. The identification of new small
molecules, (+)-JQ1 and I-BET, is encouraging prospects for new therapeutic
approaches that directly target “readers” of chromatin PTMs.

Given our current understanding of epigenetic mechanisms, there is abundant
rationale for the development of new “epi-drugs” that block the action of other
dysregulated histone “readers” and modifying enzymes, particularly in cancer. For
example, if one assumes that re-expression of inappropriately silenced tumor-
suppressor genes is a major goal in antitumor therapies, then “epi-drugs” should
be designed to target the lysine methyltransferases of H3K9 and H3K27 or lysine
demethylases that target H3K4me3. Moreover, disrupting the “readers” of H3K9me3
and H3K27me3 offers another viable strategy to derepress tumor-suppressor
genes. In genetically defined cancers like acute myeloid leukemia caused by
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the NUP98-JARID1A fusion (Wang et al. 2009a), small-molecule disruptors that
specifically target the interaction between the PHD finger from NUP98-JARID1A
and H3K4me3 might provide a novel therapeutic for affected patients.
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Chapter 8
Chromatin Structure and Gene Expression:
Function Follows Form

Aleksandra B. Adomas and Paul A. Wade

Abstract Chromatin by its nature presents a major obstacle to all processes
occurring in the nucleus: transcription, DNA repair, and replication. At local
level, intimate interactions of DNA with the core histones render it less accessible
to proteins that read sequence. Higher levels of chromatin organization may act to
form a barrier hindering access of large macromolecular complexes to specific
sequences. In this way, the spatial organization of chromatin within the nucleus
constitutes the most basic level at which gene expression is regulated. These levels
of structure are impacted by multiple different systems. Histone modifications play
important roles in regulating transcription by affecting local and long-range chro-
matin structure. Accessibility of DNA binding sites to transcription factors is
modulated by ATP-dependent nucleosome remodeling complexes which can trans-
locate nucleosomes over considerable distances. Here, we discuss how histone and
DNA modifications affect chromatin conformation and ultimately gene expression,
and we provide examples where alterations in chromatin structure impact pheno-
type in development, disease, and adaptation to the environment.

Keywords Chromatin structure « DNA loop ¢ Environment « Gene expression ¢
Histone modification ¢ Nucleosome remodeling ¢ Stem cell ¢ Transcription
regulation

A.B. Adomas * P.A. Wade (<)

Laboratory of Molecular Carcinogenesis, National Institute of Environmental Health Sciences,
Research Triangle Park, NC 27709, USA

e-mail: wadep2@niehs.nih.gov

R.L. Jirtle and F.L. Tyson (eds.), Environmental Epigenomics in Health and Disease, 189
Epigenetics and Human Health, DOI 10.1007/978-3-642-23380-7_8,
© Springer-Verlag Berlin Heidelberg (outside the USA) 2013


mailto:wadep2@niehs.nih.gov

190 A.B. Adomas and P.A. Wade

Abbreviations

Ac Acetylation

ATP Adenosine triphosphate
AVP Arginine vasopressin

BPA Bisphenol A

CpG Dinucleotide 5’-cytosine phosphate guanine — 3’
CTCF  CCCTC-binding transcription factor

EDC Endocrine disrupting compound

ESC Embryonic stem cell

HAT Histone acetyltransferase

HCP CpG-rich promoter

HMGB High-mobility-group box

LAD Lamina associated domain
LCP CpG-poor promoter
Me Methylation

8.1 Introduction

Eukaryotic chromatin is a highly dynamic structure which compacts the genome
within the cell in a series of organizational layers. The DNA is wrapped around a
histone octamer, thus creating a fundamental unit of chromatin, a nucleosome. The
DNA sequence can be modified by inclusion of a direct chemical modification,
cytosine methylation. The nucleosomal histones H2A, H2B, H3, and H4 can be
chemically modified (Fig. 8.1) and canonical histones can be exchanged with
histone variants. A 10 nm chromatin fiber consists of arrays of regularly spaced
histone—DNA complexes with their m