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Preface

We all know only too well that our way of life, the food we eat, smoking, stress or
environmental toxins influence our health. But we have just started to learn how
these environmental factors cooperate with our hereditary genetic dispositions to
determine health or the development of diseases.

Moreover, we did not know until recently that all these factors may also influ-
ence the health of our children and grandchildren to whom we may transmit
functional changes of our genes. Are we really responsible for the well-being of
our unborn descendants?

Does nutrition or stress in our early childhood and in our daily life determine
functions of genes and tissues by epigenetic mechanisms? And how does this
influence change during life affecting ageing and longevity? To what extent is
there an inheritance of environmentally acquired characteristics? These are
main questions in epigenetics, a new and exciting hot topic in natural sciences
linking multiple hereditary and environmental impacts on our health (http://www.
integratedhealthcare.eu).

It has been noted in an article “Epigenetics: The Science of Change” of the
Environmental Health Perspectives, that interest in epigenetics is increasing “as it
has become clear that understanding epigenetics and epigenomics — the genome-
wide distribution of epigenetic changes — will be essential in work related to
many other topics requiring a thorough understanding of all aspects of genetics,
such as stem cells, cloning, aging, synthetic biology, species conservation, evolu-
tion, and agriculture” (http://www.ehponline.org/members/2006/114-3/focus.
html). Because of this interaction of epigenetics with so many scientific and
technological fields, epigenetics will be at the center of public, governmental and
scientific interest.

There are now great books available which thoroughly describe mechanisms of
epigenetics. The idea for this book was born at a meeting at the University of
Vienna where participants from different areas of nutrition, environmental and
molecular biology stressed the need of more discussion on concepts towards
environmental health interactions between scientists of these disciplines.

Clearly the more optimistic aspect of the possibility to prevent, interfere or even
correct epigenetic marks which could result in hazards for diseases, e.g. by dietary
concepts or changes of our personal environment and lifestyle, encourages the

Epigenetics and Human Health

Edited by Alexander G. Haslberger, Co-edited by Sabine Gressler
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32427-9

XV



XVI

Preface

work in epigenetics. In contrast many results from the analysis of hereditary
genetic dispositions can only be respected.

This book picks a transdisciplinary approach focusing on the new understand-
ing of epigenetic and gene-environment interactions for scientific, biomedical,
toxicological, environmental, nutritional, evolutionary and regulatory aspects. It
focuses on the views of the many exceptional scientists working in these different
areas towards epigenetics and health environmental interactions.

The articles in Part I of the book emphasize the interactions between concepts
of genetic diversity, epigenetics, environmental health, molecular epidemiology,
nutrition and evolution theory. Part II focuses on hereditary aspects, Part III on
environmental and toxicological aspects. Part IV extends on nutritional aspects.
In Part V the new understanding of epigenetics and environmental health inter-
actions is detailed in case studies of fields such as gynecology, oncology, infectious
diseases, asthma, or neurodegenerative diseases. The last Part VI explores con-
cepts to translate the new understanding into public health policies and strategies
including principal ethical aspects.

The book is targeted at scientists, environmental, nutritional and health experts,
geneticists, experts in science communication, policy makers, experts from stan-
dard setting authorities, teachers as well as scientifically experienced consumers
interested in interdisciplinary aspects in this area.

The major objective of the book is to strengthen the understanding of interac-
tions between hereditary, genetic and environmental interactions and to bridge
gaps which often have evolved between scientific disciplines of molecular, genetic
and biotechnological areas on one side and environmental oriented sciences,
conservation biology and environmental health on the other.

We thank all the brilliant authors who have contributed, as the summary of their
distinguished views on this complex area is the essence of this book.

We do hope that you all enjoy the rather rough ride through the newly emerging
and exciting fields of epigenetics!

Vienna, September 2009 Alexander G. Haslberger
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1
The Research Program in Epigenetics:
The Birth of a New Paradigm

Paolo Vineis

Abstract

This introductory chapter sketches a short history of the concept of epigenetics,
from Waddington to today. The chapter outlines the promises associated with the
development of epigenetic research, particularly in the field of cancer, and the still
unmet challenges, with several examples.

The recent discovery that humans and chimpanzees have essentially the same
DNA sequence is simply revolutionary. The obvious question is “why then do they
differ so widely”? Obviously, there is something else other than the DNA sequence
that explains differences among species. An even more revolutionary advancement
could then be the discovery that what makes the difference is a certain pattern of
methylation of CpG islands in key genes, for example for the olfactory receptors
in chimpanzees (unmethylated) and for brain development in humans. Though
this is still speculation, there are great expectations from epigenetics/omics to fill
the gaps left by genetics/omics.

If we consider Thomas Kuhn’s description of the advancement of science
through a sequence of revolutions (leading to paradigmatic leaps), we can probably
conclude that epigenetics is definitely a new paradigm. According to Kuhn there
are several ways in which a new paradigm arises. Usually this implies a more or
less profound crisis of the existing theory, the development of alternative theo-
ries—without sound observations yet—and possibly a technological leap forward.
These three conditions hold for the shift from genetics to epigenetics, though not
necessarily in the order I have suggested.

In a way, a theoretical model for epigenetics (the one by Waddington, who
coined the term) came first historically, when genetics was still flourishing. Then
several signs of crisis emerged, and now the technological developments allow one
to study epigenetic changes properly. To be clear, when I say that the genetic para-
digm is in a crisis, this may seem at odds with the successes of genome-wide
association studies (GWAS) in 2007-2008. In fact, by crisis I mean (i) the obvious
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1 The Research Program in Epigenetics: The Birth of a New Paradigm

gap—referred to above—between DNA sequencing and the ability to explain, for
example, differences between species; and (ii) the emerging failures of the para-
digm that until very recently strictly separated genes from the environment,
according to the neo-Darwinian view. On the one hand we had the environmental
exposures, that could cause somatic mutations, or cause chronic diseases by
several mechanisms not involving DNA. On the other hand, we had inherited
variation, but the link between the two was not straightforward. Recently, to fill
the gap the theory of gene—environment interactions (GEI) was coined, with not
much success, or at least not the kind of success that was expected. Not many
good examples of bona fide GEI are available today. Ten years ago, for example,
people expected that variants in DNA repair could explain much of cancer varia-
tion, in particular in relation to exposure to carcinogens, but a recent synopsis on
DNA repair variants in cancer done by us [1] showed surprisingly few associations.
Also GWAS led to the discovery of not many variants strongly associated with
cancer (with relative risks usually lower than 1.5). In addition, the patterns of
association were rather unusual with some regions or SNP associated with several
cancers or several diseases, like in the case of 5p15 [2]. Ironically, for 824 not only
have multiple associations been found, but also the implicated regions are non-
coding regions, shedding light probably on some regulatory mechanisms involved,
that is, exactly epigenetics.

Well before the gene-environment divide fell into a crisis, Waddington coined
his theory of phenotypic plasticity and epigenetics. Waddington referred to epi-
genetics as an amalgam between genetics and epigenesis, where the latter is the
progressive development of new structures. Waddington related epigenetics very
much to embryonic development, and put forward the idea that the latter is not
entirely due to the “program” encoded in DNA, but depends on environmental
influences [3]. His definition of epigenetics is extremely modern: “the causal
interactions between genes and their products, which bring the phenotype into
being”, that echoes a contemporary definition: “the inheritance of DNA activity
that does not depend on the naked DNA sequence” [4].

Coming to the present time, the study of epigenetics has definitely been enabled
by recent technological advancements, that allow us to investigate DNA methyla-
tion, histone acetylation, RNA interference, chromatine formation and other signs
of epigenetic events.

What is new in this paradigm? First, it refers not to structural but to functional
changes in DNA (gene regulation). Second, we are observing continuous quantita-
tive changes, that is, nature seems to work in degrees, not according to leaps like
mutations: the ratio between hypo- and hyper-methylation, for example, seems to
be very relevant to cancer. Third, epigenetic changes are reversible: as some chap-
ters in this book show, nice animal experiments have been conducted with dietary
supplements that were able to reverse methylation patterns. Fourth, epigenetic
patterns seem to be heritable (though this may be the weakest part, since the
evidence is not entirely persuasive). Fifth, epigenetic changes fill the gap between
genes and the environment: the mysterious relationships between (spontaneous)
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heritable mutations and selection in neo-Darwinian theory may be overcome by a
more sophisticated paradigm that resembles Lamarck’s research program-but of
course we have to be cautious. Sixth, a successful new theory according to Popper,
Lakatos and Kuhn is one that explains unexplained findings in the previous theory
and is able to predict new findings.

Are we already in the position to say that the epigenetic theory is able to over-
come the old divide between genetics and the environment? I am not aware of any
prediction made by epigenetics on theoretical grounds that was subsequently veri-
fied, but we can wait. One good candidate is what I said at the start about humans
and chimpanzees.

To be sure, some recent research involving epigenetics is extremely promising
[5]- In addition to the studies mentioned above, it is worth mentioning the fact
that Inuit populations exposed to persistent organic pollutants (POPs) also had
detectable hypomethylation of their DNA [6]; this kind of investigation can prove
very effective in finding a link between low-level environmental exposures and the
risk of disease, through the investigation of sensitive intermediate markers. Expo-
sures that have been found to interact with “metastable epialleles” are, for example,
genistein, a component of diet that seems to protect from epigenetic damage, the
drug valproic acid, arsenic, and of course vinclozoline (see the current book). But
the research is just in its infancy, and many more examples are likely to follow.

In addition to clarifying the relationships between genes and the environment,
there is a further dimension in epigenetics, that is the fact that it may explain a
feature of evolution that has been slightly neglected, except in developmental
studies: self-organization of the living being. In fact a modern theory of evolution
should encompass two big chapters, both the selection—adaptation component,
and the self-organization component (the latter very often overlooked). This is in
fact a promising component of the new revolutionary paradigm of epigenetics; for
example, one might speculate that cancer is explained by a Darwinian paradigm
(since it is due to selective advantage of mutated/epimutated cells) [7] but without
the self-organization element that has characterized the evolution of organisms
and species.

The next years will probably show the ability of the new paradigm to explain
unexplained findings, and to make correct predictions.
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2
Interactions Between Nutrition and Health
Ibrahim Elmadfa

Abstract

Nutrition is a major contributor to health providing the organism with the energy,
essential nutrients and biologically active plant cell components necessary for its
maintenance and proper functioning. More recently, food components have also
been discovered as regulators of a number of physiological pathways often involv-
ing their own metabolism. This regulation is to a large extent mediated via gene
expression in which epigenetic effects play an important part. Methylation of DNA
is a major regulatory mechanism in the transcription of genes and is influenced
by food components providing methyl groups. Due to the universality of this
mechanism and depending on the genes and tissues involved, alterations of DNA
methylation can have a number of consequences. There is evidence that they play
a role in the development of certain cancer types that are related to exposure to
carcinogens. Epigenetic alterations of gene expression were also shown to be
involved in some animal models of obesity. As many of these changes are inherit-
able, the diet of the parents could have a far-reaching influence on their offspring
and possibly contribute to the recent rise in the prevalence of overweight and
related metabolic diseases.

In light of the impact of nutrition on gene regulation, molecular approaches will
contribute to our understanding of the relationship between nutrition and health.

2.1
Introduction

The close relationship between nutrition and health is not a recent discovery. In
fact, the deep impact of food on health has been known for centuries and even
millennia. However, knowledge about the effects of health status on the metabo-
lism of food is more recent. Insights in genetic make-up and regulations show
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that alterations in nutrient processing are not necessarily restricted to certain
diseases but can also occur in healthy subjects. Epigenetic modifications are
important determinants of such variances and can be influenced by food and
nutrient intake beside other environmental factors.

2.2
Epigenetic Effects of the Diet

The pathways of nutrient metabolism are encoded in the genes. Hence, mutations
can lead to disturbances in the breakdown of a certain compound, as is the case
in galactose or fructose intolerance. However, the regulation of gene expression
is as important and is directly influenced by dietary components. A well-known
example for the epigenetic effects of a nutrient is the methylation of DNA, a major
regulatory mechanism, by methyl group donors like folic acid, vitamin B,, betain
and choline. It was shown that, in mice, supplementation of these nutrients to
pregnant dams had an influence on the offspring, manifesting in alterations of
the coat color [1].

2.3
Current Nutrition Related Health Problems

In wealthy societies, the major health problems arising from nutrition are over-
weight and obesity. Both have been increasing at an alarming rate for the past 50
years. While unlimited access to food provides the residents of industrialized
nations with the necessary energy sources, this wide choice is not the only cause
of increased body weight. Lack of physical activity is another important contribu-
tor. However, although both account for the majority of cases of overweight,
additional factors play a role. As the increase in obesity has occurred very rapidly,
changes in the genome itself are unlikely. Therefore, epigenetic modifications
might be involved. Maternal obesity and nutrition may lead to epigenetic modifica-
tions that establish overweight in the infant as well [2]. For example, hypomethyl-
ation of the agouti gene in mice causes an over-expression of the agouti protein
that, by binding antagonistically to the melanocortin receptor (MCR) 4, induces
hyperphagia [3]. Differences in gene expression were also observed between low
and high weight gainers in a diet-induced obesity study in mice [4, 5].

There is evidence that diseases associated with obesity, like cardiovascular dis-
eases and diabetes mellitus type II, also have epigenetic backgrounds [6, 7]. Thus,
a subject’s exposure to food scarcity correlated with a lower risk for cardiovascular
death and diabetes mellitus in his grandchildren. Interestingly, this legacy was
transmitted through the male line [8].

The role of epigenetic modifications in cancer development is well established.
Altered methylation patterns are observed in many tumors with hypo- and hyper-
methylation occurring at the same time. This methylation is partly influenced by
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nutritional factors. Notably, hypermethylation is particularly frequent in gastroin-
testinal tumors and this may be related to exposure to carcinogens [9, 10].

Nutrition has an important influence on health and disease. While this knowl-
edge is not new, novel technologies allow insights into the mechanisms behind
this relationship revealing nutrients not only as building material for body tissues
and co-factors of enzymes but as modulators of gene expression. The involvement
of epigenetic events is supported by the apparent heredity of certain diet-related
diseases.

Understanding the influence of an individual’s genetic make-up on the metabo-
lism of nutrients and of nutrients on gene regulation presents a great challenge
to modern nutritional scienctists. Molecular genetic approaches have found their
way into research in nutritional sciences adding to its interdisciplinarity. Applied
nutrition and dietetics will be increasingly shaped by the emerging field of nutri-
genetics and nutrigenomics. In this sense, the following chapters are meant to
give an overview of the plethora of health conditions that are influenced by the
interplay of nutrition and the genome.
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3
Epigenetics: Comments from an Ecologist

Fritz Schiemer

Abstract

The “Comments from an Ecologist” are based on the results of a workshop
initiated by the “Forum of Austrian Scientists for Environmental Protection”. It
emphasizes epigenetics as a main research priority for an improved understanding
of the interactions between human societies and their environment.

In 2004 Leslie Pray summarized new scientific findings in the area of epigenetics
[1] saying that the environmental lability of epigenetic inheritance may not neces-
sarily bring to mind Lamarckian ideas but it does give researchers reason to
reconsider long-refuted notions about the inheritance of acquired characteristics.

Recently the US Office of Environmental Health Hazard Assessment strength-
ened scientific evidence that “Certain environmental factors have been linked to
abnormal changes in epigenetic pathways in experimental and epidemiological
studies. However, because these epigenetic changes are subtle and cumulative and
they manifest over time, it is often difficult to establish clear-cut causal relation-
ships between an environmental factor, the epigenetic change and the disease”.

These findings enforce the need for scientists in many ecological areas, such as
evolutionary biology, environmental protection and environmental health to follow
and consider developments in the area of epigenetics.

Austria has along history in research on ecology and evolutionary theory. Already
in the 1990s Rupert Riedl, founder of the Society of Austrian Scientists for Environ-
mental Protection and an active member of the Club of Rome, addressed epigenetic
concepts in his work on system biology (discussed in this book).

The ecophysiologist Wolfgang Wieser, proposed a parallel concept in evolution
with importance to epigenetics: He argued, in 1997, [2] that “the focus of evolution-
ary biology shifts from explaining the origin of species to the modelling of pro-
cesses by which autonomous entities cooperate to form systems of greater
complexity. Whereas the evolutionary theory is still dominated by the ideas of
competition, the concept of transitions is dominated by the ideas of cooperation,
control and conflicts on a different level of organization”. Transitions include the
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replication of molecules forming populations of molecules in compartments and
the transition of solitary individuals forming integrated societies. “The common
feature of these transitions is that entities capable of independent replication
before the transition can replicate only as a part of a larger whole after it. Each of
the major transitions represents an organizational level occupied by a certain type
of biological system that evolved and created phylogenetic relationships”. Conflicts
between entities and systems are inevitable, constituting just as constructive an
element of the evolutionary process as competition between entities. The quality
that increases with each transition involves specialization and differentiation,
allowing the exploitation of new sources of energy and materials. “On the concept
of genes as selfish particles rests the study of populations and genetics, on the
concept of genes as systemic components rests the science of developmental and
other branches of organismic biology. Organismic function is the result of the
extreme interdependence of its parts, and the dominant strategy in this game is
the near absolute epigenetic control of gene activity”. In the multicellular organism
the dominant mechanism behind “division of labor” is the epigenetic control of
gene activity by molecular inhibition. The major engineering feat behind this
selective process is the shutdown of genes by means of molecular inhibitors.
However, the act of gene inhibition is only the final step in chains of reactions
that tie each gene into an information network of great complexity [3]. “Epigenetic
modifications construct those cellular and physiological niches, in which genes
are selected” [4]. Considering this view on evolution “Nothing in evolutionary
biology makes sense except in the light of conflicts between parts and systems.”

These concepts of my colleagues and friends, Wolfgang Wieser and Rupert
Riedl, have demonstrated the importance of physiological and evolutionary control
mechanisms for an understanding of physiological adaptations to our natural
environment and environmental changes. This understanding should guide our
research priorities in the understanding of interactions between human societies
and their environment.

I hope that this book will contribute to encouraging and strengthening further
research on links between hereditary, environmental and nutritional aspects as
such interdisciplinary aspects will not only stimulate progress in the understand-
ing of mechanisms of evolution but also establish ways to protect environmental
safety and human health. As the present president of the Forum of Austrian Sci-
entists for Environmental Protection I am glad that our society started to consider
the consequences and interactions between epigenetic research and ecology and
initiated conferences as a starting point for the present book.
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4
Interaction of Hereditary and Epigenetic Mechanisms
in the Regulation of Gene Expression

Thaler Roman, Eva Aumiiller, Carolin Berner, and Alexander G. Haslberger

Abstract

Hereditary dispositions and environmental factors such as nutrition and the
natural and societal environment interact with human health. Diet compounds
raise increasing interest due to their influence in epigenetic gene expression.
Nutrition and specific food ingredients have been shown to alter epigenetic marks
such as DNA methylation or histone acetylation involving regulation of genes with
relevance for fundamental mechanisms such as antioxidative control, cell cycle
regulation or expression of immune mediators.

4.1
Hereditary Dispositions

Interactions between genes and environment are not linear and often include
direct and indirect cause of events. Many complex diseases are linked to various
heritable dispositions like single nucleotide polymorphisms (SNP) or allelic trans-
locations. Consequently they have become a main focus in modern biomedical
research and have also started to raise public interest. Single nucleotide polymor-
phisms are common rather than exceptions. SNPs may determine the efficiency
of gene transcription, gene translation or protein structure, leading to an altered
amount of enzyme and/or enzyme activity, thus influencing further metabolic
pathways. SNPs can occur within coding sequences of genes, non-coding
regions of genes or in intergenic regions. SNPs within a coding sequence do
not necessarily change the functional efficiency of the protein (silent mutations)
1, 2].

SNPs occur on average somewhere between every 1 and 100 in 1,000 base pairs
in the euchromatic human genome. SNPs and copy number variations determine
human genetic variation and are assumed to influence peoples’ variable responses
to toxins or pharmaceuticals and to contribute to different penetrance of diseases.
The International HapMap (haplotype map) Project aimed to study the scope of
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SNP variations in different population groups. Clusters of SNPs located on the
same chromosome tend to be inherited in blocks. It is expected that the outcomes
of this project will provide crucial tools that will allow researchers to detect genetic
variations with effects on health and disease. In so-called genome-wide association
studies, researchers compare genomes of individuals with known diseases to a
control group in order to detect suspicious tag SNPs which might play a role in
development, genesis or course of disease (HapMap project, snp.cshl.org/).

A broad variety of functional SNPs on several genes, covering almost all aspects
for cell viability, is well described in the literature. In superoxide metabolism, for
example, an increase in superoxide radicals is given by the SNP (rs4880) regarding
the mitochondrial superoxide dismutase (MnSOD) gene [3]. Several kinds of
cancer [4], Alzheimer’s disease [5], and an accelerated aging process are suggested
to be related to this SNP. In contrast, three SNPs in the human forkhead box O3A
gene (FOXO3A) were statistically significantly associated with longevity. Polymor-
phisms in this gene were indeed associated with the ability to attain exceptional
old age. In nutritional sciences, the methylenetetrahydrofolatereductase (MTHFR)
gene is well known as it is essential for folic acid metabolism [6]. The polymor-
phism C677T in the MTHFR gene is suggested to have an influence in several
methylation pathways as for example in the DNA-methylation [7, 8].

So far, a multitude of ailments have been correlated with respective SNPs. Yet,
for individuals the predictability of the development of diseases from the analysis
of SNPs is still difficult because often the functional relevance of SNPs is missing.
The mostly small and variable penetrance of single SNPs leads to statistical limita-
tions and many clinical studies associating SNPs and diseases show poor repro-
ducibility [9].

The individual combination of relevant SNPs in addition to environmental influ-
ences may define risks for developing diseases. Experiences with sets of candidate
SNPs and the work of biobanks still need to be evaluated to understand gene-
environment interactions [10].

4.2
The Epigenome

Additional to the genetic code, mammalian cells contain an additional regulatory
level which predominates over the DNA code: modification of gene expression by
altering chromatin without changing the DNA sequence. Thus, due to different
chromatin status, the same genetic variants might be, for example, associated with
different phenotypes, depending on environmental influences. New insights in
research clarify the molecular pathways by which, among others, nutrition and
lifestyle factors influence chromatin packaging, where here these epigenetic
changes then strongly correlate with the development of multifactorial chronic
diseases like cancer, diabetes or obesity [11-14].

A rapidly growing number of genes with epigenetic regulation altering their
expression by remodeling chromatin have been identified. Methylation of cyto-
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sines in DNA, histone modifications as well as alterations in the expression level
of micro RNA (miRNA) and short interference RNA (siRNA) are the mechanisms
involved in chromatin remodelling. The term “epigenome” is used to define a
cell’s overall epigenetic state. Epigenetic modifications can be stably passed over
numerous cycles of cell division. Some epigenetic alterations can even be inherited
from one generation to the next [15, 16]. Studies conducted by the Department of
Community Medicine and Rehabilitation of the Umed University in Sweden
showed transgenerational effects due to nutritional habits during a child’s slow
growth period (SGP). Evident correlations with descendants’ risk of death from
cardiovascular disease and diabetes were also seen [17]. The finding that monozy-
gotic twins are epigenetically indistinguishable early in life but, with age, exhibit
substantial differences in the epigenome, indicates that environmentally deter-
mined alterations in a cell’s epigenetic marks are responsible [18].

During the development of germ cells and during early embryogenesis DNA is
specifically methylated and these marks confer genome stability, imprinting of
genes, totipotency, correct initiation of embryonic gene expression and early
lineage development of the embryo [19]. According to experiments in the Agouti
mouse model, early epigenetic programming is alterable through the mother’s
diet during pregnancy, leading to lifelong modification of selected genes in the
offspring [20].

4.3
Epigenetic Mechanisms

Epigenetic regulation includes DNA methylation, histone modifications and post-
transcriptional alteration of gene expression based on microRNA interference.

431
Methylation

Basic biological properties of DNA-segments such as gene density, replication
timing and recombination are tightly linked to their guanine—cytosine (CG)
content. Therefore, isochors (DNA fractions >300kb on average) of the genome
can be classified accordingly [21]. CpG islands are defined as genomic regions with
a GC percentage greater than 50% and with an observed CpG (cytosine base fol-
lowed by a guanine base) ratio greater than 60%. In mammals, CpG islands typi-
cally are 200-3000 base pairs long. CpGs are rare in vertebrate DNA due to the
tendency of such arrangements to be methylated to 5-methylcytosines then con-
verted into thymines by spontaneous deamination.

The consequences are large DNA-regions low in GC and gene density, clearly
visible on isochor maps as “genome deserts”. However, some regions escaped
large scale methylation during evolution and, therefore, show a high amount of
GCs, which is generally parallel to a high CpG island and gene density [16]. CpG
islands mostly occur in these isochors, at or near the gene’s transcriptional start
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site. Promoters of tissue-specific genes that are situated within CpG islands are,
normally, largely unmethylated in expressing as well as non-expressing tissues
[22]. There are three known ways by which cytosine methylation can regulate gene
expression: (i) 5-methylcytosine can inhibit or hinder the association of some
transcriptional factors with their cognate DNA recognition sequences, (ii) methyl-
CpG-binding proteins (MBPs) can bind to methylated cytosines mediating a
repressive signal and (iii) MBPs can interact with chromatin forming proteins
modifying the surrounding chromatin, linking DNA methylation with chromatin
modification [23]. Mostly, DNA methylation causes a repression of mRNA gene
expression, however, when CpG methylation blocks a repressor binding site
within a gene promoter, this may induce a transcriptional activation, as shown for
Interleukin-8 in breast cancer [24].

DNA-methylation at position five of CpG-cytosines is conducted by DNA meth-
yltransferases (DNMTSs), which are expressed in most dividing cells [25]. DNMT1
enzyme is responsible for the maintenance of global methylation patterns on
DNA. It preferentially methylates CpGs on hemimethylated DNA (CpG methyla-
tion on one site of both DNA strands), therefore guaranteeing transfer of methyla-
tion marks through the cell cycle in eukaryotic cells. The DNMT1 enzyme is
directly incorporated in the DNA replication complex. The de novo methyltrans-
ferases DNMT3a and DNMT3b establish methylation patterns at previously
unmethylated CpGs. DNMT3L is a DNMT-related enzyme which associates with
DNMT3a/3b. It influences its enzymatic activity while lacking one of its own.
Finally, for the DNMT2 enzyme, in mammals a biological function remains to be
demonstrated [22, 25].

Most DNMTs contain a sex-specific germline promoter which is activated at
specific stages during gametogenesis. Genomic methylation patterns are largely
erased during proliferation and migration of primordial germ cells and re-estab-
lished in a sex-specific manner during gametogenesis, resulting in a high meth-
ylation of the genome. Close regulation of the DNMT genes during these stages
and during early embryogenesis is needed [25]. After fertilization, a second
phase of large epigenetic reprogramming takes place. Upon fertilization, a
strong, presumably active DNA demethylation can be observed in the male pro-
nucleus while the maternal genome is slowly and passively demethylated.
Imprinting by methylation is maintained for both the paternal and the maternal
genome. DNA-demethylation occurs until the morula stage, followed by de novo
methylation [26]. See Figure 4.1, adapted from Morgan et al. 2005 and Dean
et al. 2003 [19, 26].

For targeting DNA de novo methylation, three mechanisms are described. (i)
DNMT3 enzymes themselves might recognize DNA or chromatin via their con-
served PWWP (relatively well-conserved Pro-Trp-Trp-Pro residues, present in all
eukaryotes) domain. (ii) By interaction of DNMTs with site-specific transcriptional
repressor proteins DNMTs can be targeted to gene promoter regions. (iii) In vitro
studies have shown that the introduction of double-stranded RNA corresponding
to the promoter region of the target gene leads to its de novo DNA methylation
and decreased gene expression, suggesting the existence of an RNAi-mediated
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Figure 4.1 DNA methylation pathway.

DNA methylation mechanism. However, further efforts are needed to clarify these
pathways [23].

DNMTs also seem to mediate gene silencing by modifying chromatin via pro-
tein—protein interactions. They biochemically interact with histone methyltrans-
ferases (HAT) and histone deacetylases (HDACs). As mentioned above, binding
of MBPs to methylated CpGs mediates silencing of gene expression by the asso-
ciaton with chromatin remodeling co-repressor complexes. Thus, under certain
circumstances, gene silencing by DNA methylation may be attributed directly to
chromatin modifications. So far, six different methyl-CpG-binding domains
(MBD) are known for the MBPs: MBD1 to 4, MeCP2 and Kaiso. All of them
mediate silencing of gene expression by chromatin remodeling [27]. For example,
the MBD1 and a histone H3 methyltransferase enzyme (SetDB1) interact during
the cell cycle, linking DNA methylation to rearrangement of chromatin by histone
methylation [23]. Even if mechanisms for an active demethylation for DNA are not
well understood [28], gene silencing by DNA methylation is reversible. For
example, Il-4 expression in undifferentiated T cells is silenced via binding of
MBD2 on the methylated promoter of the gene [29]. After differentiation, TH2
cells express the transcription factor GATA-3 which competes with MBD2 for
binding to the IL-4 promoter. In this case epigenetic factors impose a threshold
to be overcome in order to achieve efficient gene expression. The binding of MBDs
to DNA seems to be sequence specific for most domains.

In order to achieve DNA methylation, often alterations at the chromatin level
must first occur. As previously discussed, DNMTs interact with HATs and HDACs.
Small modifications of histones by acetylation, methylation, phosphorylation and
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Table 4.1 Consequence of histone modifications on chromatin.

Histone  Modification Effect
H1 Phosphorylation Chromatin condensation, gene specific
condensation and repression.

Ubiquitination Transcriptional activation

H2A Acetylation Transcriptional activation
Ubiquitination Elusive

H2B Ubiquitination Prerequisite of H3 methylation
Phosphorylation Chromatin condensation
Acetylation Chromatin remodeling
Methylation Chromatin stabilization

H3 Methylation (H3-K4, R17)  Transcriptional activation
Methylation (H3-K9, K79)  Transcriptional repression
Acetylation Transcriptional activation
Phosphorylation Chromatin condensation; transcriptional activation
Ubiquitination Nucleosome loosening

H4 Acetylation Transcriptional activation

Methylation (H4-K20)

Methylation (H4-R3)

Transcriptional repression

Transcriptional activation

ubiquitation on certain amino acids can alter gene expression by chromatin
remodeling. The effect of these small modifications on chromatin remodeling
depends on the type, amount and site of modification as well as the interactions,
as shown in Table 4.1 (adapted from He and Lehming 2003 [30]).

432

Histone Modifications

Some modifications, including acetylation and phosphorylation, are reversible and
dynamic, others, such as methylation, are found to be more stable and involved
in long-term alterations [31, 32].
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As an attempt to organize the complexity of the different possible modifications,
the establishment of a “histone code” is a major focus of epigenetic research. We
know 24 methylation sites on a histone where the possibility of mono-, di-, or
trimethylated lysine residues and mono- or dimethylated arginine side chains lead
to 3 x 10" different histone methylation states. The need to distinguish between
short-term changes in histone modification associated with ongoing processes and
changes that have long-term effects still poses a problem to be solved [33, 34]. The
significance of some histone modifications for gene expression has been identi-
fied, especially regarding acetylation and deacetylation of histones [31]. Histone
acetylation is the major factor regulating the degree of chromatin folding. Loss of
acetylation at Lys16 and trimethylation at Lys20 of histone H4 are commonly seen
in human tumor cells [35].

Several factors are involved in the process of gene silencing by DNA-methyla-
tion. One prerequisite is attributed to the recruitment of HDACs through the
methyl-DNA binding motifs, while methylation at Lys9 on H3 is another prereq-
uisite. Methylation of both DNA and histones seems to have a reciprocative rein-
forcing effect in gene silencing. Histone variants like macro H2A, accumulated
on the inactive X chromosome, have been reported to play a role in gene expres-
sion regulation. Their presence in the IL-8 promoter-region. for example, is con-
nected to tissue-related gene silencing of the IL-8 gene [30]. The comprehension
of a histone code will be an important step toward understanding further mecha-
nisms for epigenetic gene expression. Over time, the relationship between DNA-
methylation and histone modifications will become clearer [23, 32].

Through alteration of gene expression and destabilization of chromatin, histone
modifications can have an impact on the risk of cancer. In higher eukaryotes,
HDAC:S are grouped into four classes (I-IV). Class I HDACs are found exclusively
in the nucleus, whereas class [ HDACs shuttle between the nucleus and the cyto-
plasm. Modified cancer pathogenesis is linked to varying activities of both HATs
and HDAGCs. This mechanism is best described for acute promyelocytic leukemias,
where a chromosomal translocation leads to inappropriate HDACs activity. In
gastric cancer, esophageal squamous cell carcinoma, and prostate cancer, an
increased HADC1 expression is related to pathogenesis. In contrast, in colon
cancer an overexpression of HDAC2 causes a decreased expression of the APC
(adenomatous polyposis coli) tumor suppressor gene. Another way of influencing
the expression of tumor suppressor genes is abnormal functions of HDACs, for
instance by atypical targeting. These observations led to the current exploration of
HDAC inhibitors as anticancer therapeutics. The examined substances aim to shift
several cell functions which are known to be down regulated in cancer cells. Among
other presumed advantages of the approach cancer cells show an increased sensitiv-
ity for HDAC inhibitors compared to normal cells. Thus there may be a possibility
to prevent or to decelerate the development of tumors by such substances.

Not only HDACs but also HATSs influence the risk of developing cancer. Espe-
cially in cancer of epithelial origin an overexpression or mutation of HAT genes
has been detected. Some lines of lung, breast, and colorectal cancer have in
common a mutation which inactivates a specific HAT.
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Changes of the methylation status of histones have also been observed in some
types of cancer. The loss of the trimethylated form of the lysine 20 residue of the
H4 histone is characteristic for many cancer cells. The demethylation of lysine 9
on H3 histones also increases significantly the formation of B-cell lymphoma in
mice because of its link to chromatin silencing [36].

433
Micro RNAs

In addition to DNA and histone modifications, micro RNAs are part of the epi-
genetic gene expression regulatory complex. Micro RNAs are small non-coding
RNAs that posttranscriptionally regulate the expression of complementary mes-
senger RNAs and function as key controllers in a countless number of cellular
processes, including proliferation, differentiation and apoptosis. Over the last few
years, increasing evidence has indicated that a substantial number of micro RNA
genes have been subjected to epigenetic alterations, resulting in aberrant patterns
of expression upon the occurrence of cancer [37].

4.4
Environmental Influences

Influences from the environment on human health do not only include direct
effects from the natural or the social environment but also involve indirect
effects such as changes in ecosystems induced by developments in societies.
The reports of the United Nations- Millennium Ecosystem Assessment (Www.
millenniumassessment.org/) demonstrate the complexity of influences as well
as concepts for analysis of their effects on human health. Many of these factors
may be of relevance for an analysis of possible epigenetic consequences.

4.41
Nutritional and Environmental Effects in Early Life Conditions

Environmental factors with importance in early life include not only food com-
pounds, such as vitamin B, or genistein, but also toxins, such as endogene disrup-
tors. A transgenerational effect by an environmental toxin has been described for
the endocrine disruptor vinclozolin, a common fungicide. Transient embryonic
exposure to the endocrine disruptor vinclozolin in rats resulted in a number of
disease states or tissue abnormalities, including prostate disease, kidney disease,
immune system abnormalities, testis abnormalities, and tumor development in
adult animals from the F1 generation and all subsequent generations examined
(F1-F4). The incidence or prevalence of these transgenerational disease states was
high and consistent across all generations. The effects were transferred through
the male germ line. The described symptoms appear to be attributable to a heri-
table alteration of epigenetic programming of DNA-methylation in the germ line,
which alters the transcriptomes of developing organs [38].
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Early mammalian development is a crucial period for establishing and maintain-
ing epigenetic marks. Modifications of the epigenome are not limited to the fetal
period but extended to the plastic phase of early life. Broad epigenetic reprogram-
ming can be seen after fertilization achieving totipotency of developing embryo
cells, while methylation patterns associated with imprinting are sustained. Epigen-
etic modifications settled during fetal development are generally stable and passed
through cell division processes throughout the lifetime.

Prenatal exposure to famine for instance is also likely to change the epigenetic
status. Observed individuals showed less DNA methylation of imprinted IGF-2
gene than their unexposed same sex siblings [39]. A further, nutrition-related
epigenetic alteration has been demonstrated in the viable yellow Agouti (= Avy)
mouse model [16]. Maternal diet containing bisphenol A (BPA), an estrogenic
monomer used in polycarbonate plastic production, significantly decreases the
offspring’s methylation of the Avy gene promoter which induces a different phe-
notype. Maternal nutritional supplementation with methyl-donors counteracts the
effects from BPA, showing that simple dietary changes may protect against
harmful epigenetical effects caused by environmental toxins.

Modified promoter methylation and, accordingly, modified gene expression of
the hepatic glucocorticoid receptor and the peroxisome proliferator-activated
receptor alpha (PPAR alpha), both important elements in carbohydrate and lipid
metabolism regulation, can be seen in the offspring of rats fed a protein
restricted diet. The selective methylation of PPAR alpha in the liver without con-
sequences for the related transcription factor PPAR gamma demonstrates that
maternal nutrition and behavior can also influence specific promoter regions
rather than being associated with global DNA-methylation alteration. Such
changes in gene expression and promoter methylation were also seen to be
transmitted to the next generation without further nutritional challenge for the
first generation [40].

Finally, the elucidation of the impact of epigenetic modifications on behavior
and psychic health presents an intriguing challenge. Rodent experiments show
that some epigenetic changes can be induced promptly after birth through the
mother’s physical behavior toward her newborn [41-43]. Licked and groomed
newborns appear to grow up to be relatively brave and calm. In contrast, neglected
newborns grow up to be nervous and hyperactive. The difference in their behavior
can be explained by analyzing specific regions in the brain. The hippocampus of
both groups reveals different DNA-methylation patterns for specific genes, agree-
ing with the difference in behavior. This entails a better development of the hip-
pocampus in the licked newborns, possibly by releasing less of the stress hormone
cortisol. Furthermore, recent research results have demonstrated that complex
epigenetic mechanisms have long-lasting effects in mature neurons and that they
possibly play a vital role in the etiology of major psychoses, such as schizophrenia
or bipolar disorder.

Paternal age at conception is a strong risk factor for schizophrenia, explaining
about a quarter of all cases. The possible mechanisms for the elevated risk may
be de novo point mutations or defective epigenetic regulation of paternal genes.
The risk might also be related to paternal toxic exposures, nutritional deficiencies,
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suboptimal DNA repair enzymes or other factors that influence the reliability of
the transfer of genetic information in the constantly replicating male germ line
[44, 45].

4.4.2
Environmental Pollution and Toxins

Air pollution, for instance, particular matters/small particles in the air and ciga-
rette smoke, appear to have omnipresent toxicological influences on humans.
Promoter hypermethylation in early tumorgenesis is likely to have a clinical impor-
tance, because dissentient promoter methylation in tumor suppressor genes has
been detected in a large percentage of human lung cancers. Noticeably the p16
gene, which expresses an inhibitor of cyclin-dependent kinase 4 and 6, conse-
quently interrupting the cell cycle progression, is methylated at its promoter region
in 20-65% of lung tumors [46]. Smoking habits alter the extent of promoter meth-
ylation patterns. Increasing methylation of p16 could be seen with increasing
smoking duration, packets per year and smoking when juvenile, whereas methyla-
tion decreases gradually over time when a person quits smoking.

Similar effects could be seen in rodent lung cancer, induced by the particulate
carcinogens carbon black and diesel exhaust, where the tumor cells showed an
overmethylation in the p16 promoter region. Similar observations could be found
in murine lung tumors, caused by cigarette smoke. Remarkable improvements
could be achieved by treating rodents with histone deacetylation inhibitors in a
lung cancer mouse model. A greater than 50% reduction of tumor growth was
seen in treated mice.

In addition to well-known carcinogens, air pollution components and particulate
matter (PM10), nickel and beryllium compounds have also been shown to have
an impact on histone acetylation and/or altered DNA methylation patterns [47].
These examples already show that epigenetic mechanisms will help and strongly
develop toxicogenomic approaches [48].

4.5
Dietary Effects

Dietary habits as well as a sedentary lifestyle clearly contribute to today’s increasing
number of chronic diseases. The influence played by numerous food compounds
on the epigenetic machinery is of growing interest. The large number of
established and probable epigenetic active compounds found in food will challenge
the understanding of how diet may influence epigenetic gene expression.
Studies of dietary effects on epigenetic gene regulation are still in their infancy,
but first results have been reported [49]. Food contains compounds influencing
both DNA methylation and histone modifications. However, the consumption
of some of these compounds can vary by season, dietary habits, age and
environment.
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Dietary compounds like vitamin B, or folic acid are implicated in the regulation
of the cytosine methylation pathway [S0-52]. Vitamin By, plays a central role as it
acts as a co-factor of the methionine synthetase, remethylating homocysteine to
methionine. Methionine is further activated to S-adenosylmethionine (SAM), the
methyl donor for DNA methylation. SAM converts to S-adenosylhomocysteine
(SAH) after DNA-methylation. Reversible hydrolysis of SAH to homocysteine
completes the cycle (Figure 4.2, adapted from Kim [50]). Folate, cholin or betaine
are potent methyl-donors directly implicated in the DNA-methylation pathway.
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However, under conditions of vitamin B;, depletion, cellular folate accumulates
in the methylfolate form due to the activity of methionine synthetase being
blocked, thereby creating a conditional form of folate deficiency. Deficiency in
vitamin B, leads also to an accumulation of serum homocysteine. Under condi-
tions of elevated homocysteine concentrations, levels of the potent SAM—inhibitor
SAH repress DNA methylation. The role of folate in DNA-methylation seems to
be rather complex. Evidence from animal, human, and in vitro studies suggest that
folate-dependent DNA methylation is highly complex, gene and site specific [50,
53-55]. These studies have shown that the extent and direction of changes in SAM
and SAH in cell lines in response to folate deficiency are cell specific and that
genomic-site and gene-specific DNA demethylation are not affected by the changes
in SAM and SAH induced by folate depletion.

Furthermore, transgenerational studies on a rat model demonstrated that folate
deficiency during pregnancy impacts on methyl metabolism, but does not affect
global DNA methylation in rat foeti [56]. A study analyzing the expression of the
antioxidative enzyme mitochondrial superoxide dismutase (MnSOD) showed that
this gene is expressed differently in vegetarians and omnivores due to different
DNA-methylation patterns in the MnSOD promoter region: vegetarians expressed
a significantly higher amount of MnSOD, showing a low promoter methylation
for this gene. Inversely, a lower MnSOD expression by a higher MnSOD promoter
methylation was seen in omnivores [49]. Several factors which may reduce DNA-
methylation machinery in vegetarians are discussed. Studies analyzing the B-vita-
min status of vegans and vegetarians compared with omnivores, showed generally
a higher dietary supply of folate and a lower dietary supply of vitamin B, (since
vitamin B, intake comes predominantly from animal food products) and methio-
nine for vegetarians and vegans [57, 58]. Correlations between plasma folate and
vitamin B,, values were found and study findings showed that vegetarians and
vegans show higher plasma homocysteine concentrations [57]. Furthermore, DNA
hypomethylation due to high homocysteine levels has been reported in vitro and
in vivo [59, 60]. Inhibition of DNA methyltransferase 1 activity by 30% and reduced
binding of methyl CpG binding protein 2 have also been seen in this context. A
further study [61] comparing vegetarians and omnivores observed a reverse cor-
relation between SAH concentrations and DNA global methylation levels in blood.
However, this study was unable to correlate homocysteine concentrations with the
degree of DNA global methylation and found no correlation between the degree
of CpG methylation of the promoter of the p66Shc gene (involved in oxidative
stress) and homocysteine, or SAM or SAH levels.

Other diet-derived factors such as diallyl sulfide [62], an organosulfur compound
found in garlic, genisteine, the main flavanoid in soy [16], vitamin D; or all-trans-
retinoic acids [63] have been shown to influence DNA methylation by altering
histones and chromatin structure. On the histone level, many more food com-
pounds show effects on epigenetic gene regulation. Food compounds acting as
histone modifiers are generally weak enzyme ligands and thus are needed in high
concentrations to generate a consistent effect and, therefore, might subtly regulate
gene expression [64]. A number of dietary agents are considered to have a role in
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epigenetics as HDAC inhibitors. In the literature, well described agents in this
context are butyrate, diallyl disulfide or sulforaphane. Intriguing examples of an
HDAC inhibitor are conjugated linoleic acids (CLAs), which have anticancerogenic
and antiatherogenic properties. Interestingly, CLAs decrease Bcl-2 and induce p21,
a known HDAC target. The effects of CLAs on HDACs are discussed. Regarding
the short-chain fatty acids (SCFs) resulting from the microbial fermentation of
dietary fibers, acetate, propionate and butyrate are taken up by the colonic mucosa.
Butyrate is the smallest known HDAC inhibitor, and supresses histone acetylation
at high micromolar or low millimolar concentrations in vitro, levels nonetheless
considered to be achievable in the gastro intestinal tract by bacterial metabolism
[64]. Butyrate is the preferred energy source for colonocytes and is transported
across the epithelium. Butyrate, and to a lesser extent other SCFs, influence gene
expression and inflammation. . Therefore, diet compounds, toxins or medications
interfering with the colonic fermentation may also modulate potential epigenetic
effects generated by the microbial flora. There is now much work to be done to
clarify the influence on histone modifications of a great number of dietary factors,
alone or in combination, and their tissue specific characteristics. A list of discussed
dietary HDAC activity modulators is shown in Table 4.2.

Evidence shows that a diet rich in vegetables and fruits may prevent some kinds
of cancers [65]. In this context, the role of flavonoids is often discussed. Flavonoids
can act either in a pro- or antioxidative manner depending on their structure and
characters. Because of the antioxidative properties of some flavonoids, oxidative

Table 4.2 Effect of different dietary compounds on HDAC.

Dietary agent

To be found in

Effect

Butyrate
Diallyl disulfide

Sulforaphane

CLA

Isothiocyanates

All-trans retinoic acid
(derived from vitamin A)

Theophylline

Resveratrol

GI, generated by microbiom
Garlic

Cruciferous vegetables such as
brussel sprouts, broccoli,

cabbage, cauliflower

Especially in meat and dairy
products derived from ruminants

Mustard oil, rocket plant

Meat, liver, butter
(sources of vitamin A)

Tea

Red grapes, peanuts, raspberries

Attenuation of HDACs
Attenuation of HDACs

Attenuation of HDACs

Attenuation of HDACs

Attenuation of HDACs

Attenuation of HDACs

Enhance HDAC activity

Enhance HDAC activity
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damage of DNA can be prevented and cancerogenesis altered. Guarrera et al.
postulated recently that flavonoids might influence the gene expression of DNA
repair genes, which could be a possible explanation for the decrease in tumor
development [66].

In many animal models caloric restriction has been shown to prevent the devel-
opment of cancer, thereby sirtuins become of increasing interest. Resveratrol
activates the HDAC sirtuin 1 (SIRT1), an HDAC belonging to class III [36]. SIRT
is an abbreviation for silent mating type information regulation two and there are
seven groups in humans [36]. Sirtuins are nicotineamide adenine dinucleotide
(NAD(+))-dependent deacetylases which exhibit a well-defined regression during
aging that is dramatically reverted in transformed cells.

4.5.1
Nutrition and the Immune System

Expression of Interleukin 8 and the IL23/IL17 pathway is pivotal in the develop-
ment of chronic inflammation such as Crohn’s disease (CD) or Inflammatory
Bowel disease [67, 68].

IL-8, a member of the CXC chemokine family, is an important activator and
chemoattractant for neutrophils and is primarily regulated at the transcriptional
level. IL-8 was shown to be affected by methylation of two CpGs as well as by
histone acetylation. Compounds taking part in DNA methylation and histone
acetylation pathways such as folic acid, vitamin B,,, genistein, zebularine and
valproate may influence epigenetic modification and gene expression of the IL-8
gene in human colon cancer cells.

By contrast to leukemic blasts, where IL-8 is activated by differentiation [69],
immune-activated transcription of IL-8 gene may be silenced after differentiation
of cells from solid tumors such as breast cancer [70]. Mechanisms may involve
histone deacetylation by elements located outside the immediate 5’flanking region.

The commensal microflora regulates the local expansion of CD4 T cells produc-
ing proinflammatory cytokines including IL-17 (Th17 cells) in the colonic lamina
propria [71].TH cells, which produce IL-17 and IL-17F, two highly homologous
cytokines whose genes are located in the same chromosomal region have been
recently identified to promote tissue inflammation. In these cells Histone H3
acetylation and Lysine 4 tri-methylation were specifically associated with the activ-
ity of the IL-17 and IL-17F gene promoters [72].

As natural food compounds and diets have been shown to modify the epigenetic
regulation of the expression of the discussed mediators [73, 74] dietary strategies
might be a possibility in modulating inflammatory diseases.

4.5.2
Nutrition and Aging

Hereditary disposition, environmental elements, individual lifestyle and nutri-
tional factors are known to interact with the aging process.
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The balance between genetic and epigenetic impacts in the development of
malignancy seems to change from childhood to later age. Whereas, for example,
the majority of childhood tumors are associated with an inherited genetic or epi-
genetic (e.g., imprinted) burden, this balance shifts in favor of acquired epigenetic
and genetic hits in tumors of adults and the elderly [75] (Figure 4.3).

The impacts on the aging-process can be divided into intrinsic and extrinsic
factors. Intrinsic aging (cellular aging) mainly depends on the individual heredi-
tary background. Extrinsic aging is generated by external factors like smoking,
excessive alcohol consumption and poor nutrition. During aging, epigenetic
changes occur, for instance global DNA methylation decreases in contrast to a

| Childhood |

Acquired epigenetic burden

Inherited genetic burden

Adults & Elderly

Inherited genetic burden

Acquired epigenetic burden

Figure 4.3 The balance between genetic and  genetic or epigenetic (e.g., imprinted) burden,
epigenetic impacts in development of this balance shifts in favor of acquired
malignancy is changing from childhood to epigenetic and genetic hits in tumors of

later age. Whereas the majority of childhood  adults and elderly.

tumors are associated with an inherited
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CpG island hypermethylation. Progressive loss of global methylation during aging
caused by passive demethylation is probably due to increasing DNMT1 enzyme
inefficiency. Epigenetic changes can be seen as important determinants of cellular
senescence and organism aging. Sirtuins take part in various cellular develop-
ments like chromatin remodelling, mitosis, and life-span duration and are, fur-
thermore, involved in the regulation of gene expression, insulin secretion, and
DNA repair. Since sirtuins control the activity of many proteins involved in cell
growth, it was suggested that sirtuins are involved in the elongation of life-span
mediated by caloric restriction. Indeed, in mammals, caloric restriction decreases
the incidence or delays the onset of age-associated diseases including cardiovas-
cular diseases, cancer, and osteoporosis, as well as neurodegenerative diseases.
SIRT1 is known to be down regulated in senescent cells and during aging. Tran-
scription factors like p53, p73, NFxB, E2F1, p300 and others are also shown to be
SIRT1 substrates, suggesting an oncogenetic potential for SIRT 1. In an ongoing
process more and more sirtuin inhibitors are being discovered. Recent detections
are sirtinol, cambinol, dihydrocoumarin and indole, coumarin and indoles being
natural food compounds. Coumarin can be found in dates, dihydrocoumarin natu-
rally in sweet clover and synthetically manufactured in foods and cosmetics. Indole
is produced by intestinal bacteria as a product of tryptophan degradation [76, 77].
Early findings about this novel class of HDACs are encouraging. Even more inten-
sive research will be necessary to clarify the connections between sirtuins, nutri-
tion, aging and cancer genesis.

4.6
Inheritance and Evolutionary Aspects

Epigenetic mechanisms contribute to the control of gene expression as a result of
environmental signals due to their inherent malleability. Considerable evidence
suggests that nutritional imbalance and metabolic disturbances during critical
time windows of development may have a persistent effect on the health and may
even be transmitted to the next generation. For example, in addition to a “thrifty
genotype” inheritance, individuals with obesity, type 2 diabetes, and metabolic
syndrome may have suffered improper “epigenetic programming” during their
fetal/postnatal development due to maternal inadequate nutrition and metabolic
disturbances and also during their lifetime. This epigenetic misprogramming can
even be transmitted to the next generation(s), (Asim K Duttaroy, Evolution, Epi-
genetics, and Maternal Nutrition, Darwins Day Celebration, 2006).

A model for transgenerational epigenetic inheritance explains that epigenetic
marks at alleles seem to be resistant to demethylation during gametogenesis, and
therefore the epigenetic state of the allele in the gamete correlates, to a consider-
able extent, with the phenotype of the individual. Then, after fertilization, the
marks are not cleared completely, and after stochastic reestablishment there would
be some memory of the epigenetic state that existed in the gametes of the parent
[78-80).



4.7 Conclusion

Presently more than 100 examples with transgenerational inheritance are
known, where these examples may presently just represent the tip of an iceberg
(Jablonka, Vienna, Darwin lecture, 2009 and in print).

Increased knowledge of these epigenetic mechanisms will also improve our
understanding of the mechanisms of evolution. As predicted by Rupert Riedl
working with the so-called “General Systems Theory” the evolution of complex
adaptation requires a match between the functional relationships of the pheno-
typic characters and their genetic representation [61]. According to Riedl “evolv-
ability” results from such a match. If the epigenetic regulation of gene expression
“imitates” the functional organization of the traits then the improvement by muta-
tion and selection is facilitated. Riedl predicts that the evolution of the genetic
representation of phenotypic characters tends to favor those representations which
imitate the functional organization of the characters. Imitation means that com-
plexes of functionally related characters shall be “coded” as developmentally inte-
grated characters but coded independently of functionally distinct character
complexes [81]. Epigenetic mechanisms thus appear as a machinery of recursive
feedback which determines the average rate of change of characters at all levels
from molecules to cells, organisms and their environment [75]. The newly estab-
lished existence of inherited epigenetic variation may alter our thinking about soft
inheritance and evolutionary change [82]. In synergy with other elements of
modern synthetic theory of evolution such as EvoDevo, epigenetic inheritance
might further help to explain environmental influences, speed and discontinuity
in evolution.

4.7
Conclusion

The WHO report “Genomics and World Health (WHO, Geneva, 2002) underlined
that “Except for genetic diseases that result from a single defective gene, most
common diseases result from environmental factors, together with variations in
individual susceptibility, which reflect the action of several genes. Further research
should lead to the discovery of specific molecular targets for therapy, provide
information that will allow treatment to be tailored to individual needs, and, in
the longer-term, generate a new approach to preventive medicine based on genetic
susceptibility to environmental hazards.” The translation of public health
genomics and genetic testing into individualized preventive health care will be an
extraordinarily important aspect of modern developments in biomedicine.
However, these developments will need to include epigenetic aspects in tests and
concepts.

Because of the increasing evidence for epigenetic consequences of many pollut-
ants and toxins, epigenetic evaluations will also need to be taken seriously in toxi-
cology and environmental health. In contrast, diets and food ingredients with
better defined consequences on epigenetic mechanisms will become an attractive
strategy for chemoprevention, or even therapy, in many fields.
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Methylenetetrahydrofolate Reductase C677T and A1298C
Polymorphisms and Cancer Risk: A Review of the Published
Meta-Analyses

Stefania Boccia

Abstract

The present chapter aims to illustrate some key concepts of genetic association
studies, with an emphasis on meta-analysis as a powerful study design to sum-
marize quantitatively the results of the scientific literature. Additionally, a system-
atic review of the published meta-analyses of the effect of methylenetetrahydrofolate
reductase (MTHFR) gene polymorphisms on cancer risk is reported. MTHFR
plays a central role in folate metabolism by irreversibly catalyzing the conversion
of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the primary circu-
lating form of folate and a cosubstrate for homocysteine methylation to methio-
nine. The C677T polymorphism has been investigated in relation to cancer, as the
MTHFR TT genotype is related to DNA hypomethylation, particularly in individu-
als with reduced plasma folate concentrations. The results of the present review
of the published meta-analyses support a protective effect of the 677 TT genotype
on colorectal cancer and adult lymphoblastic leukemia, while an increased risk for
gastric cancer, with the former probably resulting from the increased levels of the
MTHEFR substrate (which is essential for DNA synthesis) due to the variant allele,
and the latter from impaired folate levels (acid folic protects from cancer by limit-
ing aberrant DNA methylation). Additional large studies collecting data on folate
serum levels might help to clarify the result of the complex interaction of dietary
folate intake and MTHFR genotype on cancer risk.

5.1
Key Concepts of Population-Based Genetic Association Studies

5.1.1
Definition and Goals of Genetic Epidemiology

Genetic epidemiology faces the challenge of understanding and compiling evi-
dence for the contribution of genetic risk in common human diseases. It is a

Epigenetics and Human Health

Edited by Alexander G. Haslberger, Co-edited by Sabine Gressler
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32427-9

37



38| 5 MTHFR and Cancer: a Review of Meta-Analyses

discipline closely related to traditional epidemiology, however, it focuses on the
genetic determinants of diseases and the joint effects of genes and non-genetic
determinants [1]. As Shpilberg and colleagues optimistically stated, “The sequenc-
ing of the human genome offers the greatest opportunity for epidemiology since
John Snow discovered the Broad Street pump” [2]. Although in the past great suc-
cesses have been obtained for monogenic disorders following the laws of Mende-
lian inheritance by classic linkage studies, genetic epidemiology today focuses
increasingly on complex disorders such as cancer, ischemic heart disease, asthma
and diabetes mellitus [3-9]. In this context, population-based genetic association
studies aim to quantify the magnitude of the association between one or more
genetic polymorphisms and a disease trait in an identified population. Currently,
it is believed that an individual genetic susceptibility to common complex disor-
ders probably involves many genes, although their effects may only be small. Thus,
in order to detect these small effects large sample sizes are required. However,
the combination of even a few small effects [Odds Ratio (OR) <2.0] could account
for a sizeable population attributable fraction of common diseases, shedding new
light on disease etiology and environmental determinants. This aspect, together
with the identification of large numbers of single nucleotide polymorphisms
(SNPs) throughout the genome, have led to acknowledgment of the importance
of association studies in genetic epidemiology [10].

5.1.2
Study Designs in Genetic Epidemiology

Study designs adopted for population-based genetic association research are iden-
tical to those used in traditional epidemiology [11]. The most commonly used study
design is the case-control. One of the main reasons for the general use of the
case-control study design in genetic association studies is that “recall bias”, which
usually afflicts poorly designed case-control studies, does not affect the main vari-
able of interest (the genotype) in genetic studies. In fact, the genotype is not sup-
posed to change over time, therefore, unlike observational studies, genetic studies
are not affected by “reverse causation”. The primary aim of many genetic associa-
tion studies, however, is to evaluate the interaction between a gene and an envi-
ronmental exposure, which means that cohort studies usually have the advantage
in that they are less likely to misclassify environmental exposure. Lastly, popula-
tion stratification, which results from the mixing of different ethnic groups (with
different allele frequencies), usually represents the main source of bias in genetic
association studies. In fact, in this situation confounding arises since the ethnicity
itself might be related to a specific disease as well as the allele frequencies,
however, it is easily controlled by stratification for ethnicity [10].

51.3
The Human Genome

The haploid genome is about 3.3 billion bp, with just 30000-40 000 protein-coding
genes [12]. Unrelated individuals share about 99.99% of their genome, however
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the DNA sequence may vary between two versions of the same chromosome in
many ways. Among the most important are the SNPs, which represent a variation
in a single nucleotide with a frequency in the population higher than 1% [13]. With
several million SNPs present in the human genome, the number of possible
genetic associations that can be tested is almost unlimited [8]. Considering the
possible combinations of SNPs, disease and outcomes, it has been estimated that
there are around a trillion association analyses that could be performed [14]. In
this scenario, it is clear that the high chance of an initial “statistically significant”
finding turns out to be a false-positive finding, even for a large and well-designed
study, so that replication in this context is demanded. Finally, emerging technolo-
gies with high-throughput genotyping allow researchers to study hundreds of
thousands of SNPs simultaneously, so that the task of understanding the role
played by human genetic variation in complex diseases is becoming daunting [15].

5.1.4
Meta-Analysis in Genetic Epidemiology

The current scenario of published studies in genetic epidemiology, however, is
characterized by the prevalence of underpowered studies with limited sample
sizes, often with flawed study design and biased analyses; the selective reporting
of “positive” findings (publication bias); the lack of standardization among studies
and difficulties in assessing interactions with environmental risk factors [16]. In
this context, the creation of networks of researchers studying the same disease, in
which they share both their knowledge and their genetic data as well as use the
same methodology, is warranted [16]. In the meantime, the use of meta-analyses
might help in clarifying the weight of a specific polymorphism on a certain disease.
Currently, meta-analyses are the most cited study design in health sciences [17]
and are widely accepted as the highest level of evidence in medicine. They can be
defined as the systematic and rigorous quantitative integration of information on
the same research question [18]. A meta-analysis goes beyond a literature review,
by synthesizing the results of the individual studies into a new result [19]. It also
differs from a “pooled analysis” because in the analysis they summarize the results
of the previous studies, not the results from individual subjects. Initially adopted
for summarizing results from clinical trials, meta-analyses were then widely
applied to observational studies including, more recently, their utilization in the
field of genetic epidemiology. Since the first publication appeared in 1990 [20],
more than 400 meta-analyses of genetic epidemiology have been published, par-
ticularly in the last few years, as reported in Figure 5.1.

However, the growth of meta-analysis has not gone unchallenged, even in the
field of genetic medicine. Combining data could improve statistical power when
several small studies on the same question are present, but simply putting prob-
lematic data together will not overcome their problems [22]. Studies might reach
different conclusions depending on their quality, and “negative” studies might
remain unpublished, so that the result of a meta-analysis might be as strongly
biased as a single study. In this context, as loannidis states “beside getting
summary estimates, meta-analysis is probably more useful for listing and dissect-
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Figure 5.1 Trend of published meta-analysis in genetic
epidemiology since the first, published in 1990, until
2007 [21].

ing sources of bias, quantifying heterogeneity, and proposing some potential
explanations for dissecting genuine heterogeneity from bias” [22]. The reliability
of the results from meta-analysis, however, depends also on rigorous methodology.
Published meta-analyses should: clearly define the research question; state the
sources and literature search strategy; state the studies inclusion/exclusion criteria
adopted; assess and explain any heterogeneity among the studies; pool the data
according to appropriate statistical methods; perform subgroup analysis (mainly
by ethnicity and quality); and investigate publication bias. A recently published
paper reviews all the published meta-analyses in the genetic epidemiology field,
and highlights their poor methodological quality [23]. The authors conclude the
paper by encouraging adherence to traditional meta-analyses guidelines for the
meta-analyst of population-based genetic association studies and show that,
besides the clear problem of publication bias, population stratification and the
need to pool results in a way that reflects the underlying biology of the genetic
effects deserve special attention [24].

5.1.5
Human Genome Epidemiology Network

From this introduction, it should be clear that genetic epidemiology benefits from
a large-scale population based approach to identify genes underlying common
diseases, to assess associations between genetic variants and disease susceptibility
and to examine potential gene—environment interactions [25]. In this context,
networks can support studies with sample sizes large enough to achieve “defini-
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tive” results and yield results that can be translated into public health application
[26]. The Human Genome Epidemiology Network (HuGENet), established in 1998
as an open and global collaboration of organizations from different field of science
[27], recently launched a global network of consortia working on human genome
epidemiology [28]. This Network of Investigator Networks aims to create resources
for sharing information, offering methodological support and facilitating rapid
confirmation of findings.

5.1.6
“Mendelian Randomization”

One of the most important contributions of genetic epidemiology could be the
ability to overcome limitations of classical epidemiological techniques, through
the “Mendelian randomization” approach. The basic principle is that if a genetic
variant alters the level of, or mirrors the biological effects of, a modifiable envi-
ronmental exposure that itself alters disease risk, then this genetic variant should
be related to disease risk to the extent predicted by its effect on exposure to the
risk factor [29, 30]. In fact, since alleles are allocated essentially at random, such
an association would not be subject either to confounding or reverse causation.
Thus, common genetic polymorphisms that have a well characterized biological
function, for example, by influencing exposure propensities or by modifying the
biological effect of an environmental exposure, can be used as a surrogate to
measure the effect of a suspected environmental exposure on disease risk. For
instance, as later detailed in this chapter, the homozygosity for the C677T variant
of the MTHFR gene is associated with reduced folate-dependent enzyme activity
that can be partly reversed by folate supplementation. A case-control study of the
relation between the TT genotype (associated with decreased folate blood levels)
and risk of neural tube defects [31], can be interpreted as equivalent to a random-
ized trial of the effect on disease risk of alteration of the availability of folate.
Despite this approach having some theoretical drawbacks, “Mendelian randomiza-
tion” provides a promising means of examining the effects of modifiable expo-
sures on disease risk.

5.2
Methylenetetrahydrofolate Reductase Gene Polymorphisms (C677T and A1298C)
and lts Association with Cancer Risk

5.2.1
Gene and Function

The 5,10-methylenetetrahydrofolate reductase gene maps to chromosome 1p36.3
[32]. The complementary DNA sequence is 2.2kb long, containing 11 exons, and
the gene product is a 77-kD protein [32]. MTHFR plays a central role in folate
metabolism by irreversibly catalyzing the conversion of 5,10-methylenetetrahydro-
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Figure 5.2 Folate pathway [33]. dUMP, deoxyuridine
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folate to 5-methyltetrahydrofolate, the primary circulating form of folate and a
cosubstrate for homocysteine methylation to methionine (Figure 5.2). In humans,
folate plays the fundamental role of providing methyl groups for de novo deoxy-
nucleotide synthesis and for intracellular methylation reactions [34].

MTHFR enzyme function might influence cancer risk in two ways. The sub-
strate of the MTHFR enzyme, 5,10-methylenetetrahydrofolate, is involved in the
conversion of deoxyuridylate monophosphate (dUMP) to deoxythymidylate mono-
phosphate (dTMP), and low levels of 5,10-methylenetetrahydrofolate would lead
to an increased dUMP/dTMP ratio. In this situation an increased incorporation
of uracil into DNA in place of thymine may follow, resulting in an increased
chance of point mutations and DNA/chromosome breakage [34]. A less active
form of MTHFR would lead, all other factors being equal, to an accumulation of
5,10-methylenetetrahydrofolate, thus a lower dUMP/dTMP ratio, and a presum-
ably lower cancer risk [34]. The second way in which an impaired MTHFR activity
might influence cancer risk is determined by the level of s-adenosylmethionine
(SAM), the common donor of methyl that is necessary for the maintenance of the
methylation patterns in DNA. Changes in methylation modify DNA conformation
and gene expression. A less active form of MTHFR leads to lower SAM and con-
sequently to hypomethylation; this phenomenon would be expected to increase
the risk of some cancers [35] (Figure 5.1). Similarly, low folate intake may modify
cancer risk by inducing uracil misincorporation during DNA synthesis, leading to
chromosomal damage, DNA strand breaks and impaired DNA repair, and DNA
hypomethylation [36].
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5.2.2
C677T and A1298C Gene Variants

Twenty-nine rare mutations of MTHFR have been described in homocystinuric
patients resulting in very low enzymatic activity [37], while two common poly-
morphisms are present in healthy individuals with reduced enzyme activity:
C—T in exon 4 at nucleotide 677, leading to Ala222Val [38]; and A—C in exon 7
at nucleotide 1298, leading to Glu429Ala [39]. These polymorphisms are located
2.1kb apart, and have been investigated in association with the risk of gastric
and other cancers [40]. The T allele frequency of MTHFR 677 polymorphism is
reported to be 0.36-0.44 in Europeans, 0.35-0.53 in Asians, 0.33-0.35 in US,
and 0.10-0.24 in African Americans [41]. For A1298C, the variant allele fre-
quency is reported to be 0.14-0.35 in Europeans and 0.11-0.17 in Asians. Indi-
viduals who are homozygous for the MTHFR 677 less frequent variant (TT)
have 30% of the expected enzyme activity in vitro, compared with those who are
homozygous for the common variant (CC), while heterozygous carriers have
65% activity. It has been reported that subjects who are TT homozygous for the
MTHFR 677 exhibit reduced folate status and higher serum homocysteine levels
compared to those who carry at least one 677C allele [42]. The evidence on the
association of the 1298 variant allele with increased folate levels is less consis-
tent [42]. Recent studies reported that the MTHFR TT genotype is related to
DNA hypomethylation [43], particularly in individuals with reduced plasma
folate concentrations [44]. Inconsistent results derive from studies on A1298C
polymorphism, plasma folate and homocysteine levels. Both MTHFR C677T
and A1298C can be detected by means of polymerase chain reaction (PCR) fol-
lowed by restriction fragment-length polymorphism (RFLP) analysis with HinfI
and Mboll for C677T and A1298C, respectively [38]. Other methods include
direct DNA sequencing or TagMan assays.

523
Gene-Environment Interaction

Some nutrients involved in the folate metabolic pathway (e.g., vitamin B and By,
and methionine), alcohol (a folate antagonist) and smoking (which impairs the
folate level) may interact with plasma folate levels and the MTHER polymorphisms
in determining cancer risk [45]. It has been reported that alcohol perturbs folate
metabolism by reducing folate absorption, increasing folate excretion, or by inhib-
iting methionine synthase [46]. The inverse association between folate intake and
plasma homocysteine levels can be modified by alcohol intake and by the MTHFR
677, but not the 1298 polymorphism [47]. The inverse effect of smoking on folate
status might be confounded by alcohol intake or dietary habits [48], even though
the association persists after adjusting for dietary folate intake and alcohol [48].
Additional studies reported that elevated folate turnover in response to rapid tissue
proliferation or DNA repair in aerodigestive tissues among people exposed to
tobacco smoke might partially explain this phenomenon.
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Meta-Analyses of Methylenetetrahydrofolate Reductase C677T and A1298C
Polymorphisms and Cancer

Identification of the meta-analyses of genetic association studies on MTHFR and
cancer was carried out through a search of Medline and Embase, up to March
2008. The following terms were used: ((“Methylenetetrahydrofolate Reductase
(NADPH2)” [Mesh] OR MTHFR OR Methylenetetrahydrofolate Reductase)) AND
((“Neoplasms” [Mesh]) OR cancer OR carcinoma)) AND ((“Meta-Analysis as
Topic” [Mesh] OR meta-analyses OR meta-analysis)), without any restriction on
language. All studies included in the meta-analysis and their results are summa-
rized in Figures 5.3 and 5.4.

Fourteen studies were identified, of which four were on breast cancer [52-55]
four on colorectal cancer [49, 50, 56, 57, three on gastric cancer [58—60], and others
concerned different tumor sites [51, 61, 62]. One paper included also a pooled
analysis on MTHFR and gastric cancer (data not shown) [58]. All the published
studies reported meta-ORs of MTHFR C677T and cancer, while only seven
reported them on A1298C (Figures 5.1 and 5.2). As shown in Figure 5.3, the vast
majority of the studies reported the absence of a significant association with the
C677T variant genotype and cancer, with the exception of those on gastric and
colorectal cancer (Figure 5.3). Here, a significant increased risk of gastric cancer

First author, year Tumor Site No. cases No. controls p heterogeneity Meta-OR (95% CI)
2001 Colorectum — 1813 3099 —— 0.56 0.77 (0.64-0.93)
, 2005 Colorectum - 1949 3099 —F— 0.40 0.83 (0.68-1.01)
2006 Breast - 5476 7336 —- 0.07 1.07 (0.9-1.27)
2006 Stomach — 1584 2785 —H— 0.23 1.59 (1.28-1.98)
2006 ALL - 1576 1958 —8&— 0.27 0.79 (0.6-1.03)
2006 Stomach - 1117 1940 —0— 0.12 1.68 (1.29-2.19)
2006 Breast - 6373 8434 ES — 1.04 (0.94-1.16)
2006 ALL — 2333 3622 —{ 0.49 0.84 (0.71-0.99)
2007 Colorectum — 20262 30724 — 0.14 0.83 (0.74-0.93)
, 2007 Colorectum - 12243 17688 4 — 0.83 (0.75-0.93)
2007 Breast - 6344 8581 -+ — 1.01 (0.87-1.18)
2007 Breast - 8330 10825 - 0.023 0.99 (0.86-1.15)
2008 Stomach - 2727 4640 = 0.37 1.52 (1.31-1.77)
2008 Lung - s111 6415 ——5— 0.0009 1.22 (0.92-1.61)
I I I
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Figure 5.3 Forest plot depicting the results of [50] and Pereira et al. [51] where the fixed

meta-analyses of methylenetetrahydrofolate effect model was used. The comparison is

reductase (MTHFR) C677T polymorphism MTHFR 677TT versus CC except Macis et al.

and cancer. OR, odds ratio; Cl, confidence [52] and Pereira et al. [S1] who compared TT

interval. The OR is from the random effect versus C carriers. ALL, acute lymphoblastic

model except Houlston et al. [49], Chen et al.  leukemia.
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associated with the C677T homozygous variant has been reported from three
meta-analyses, of which the one published in 2008 considered more than 6000
individuals (Figure 5.3, [58]). Absence of statistical heterogeneity and publication
bias strengthens these results. For breast and lung cancer, none of the published
meta-analyses reported a significantly increased risk related to the MTHFR C677T
variant (Figure 5.3). Among them, however, Macis et al. [52] reported that stratify-
ing meta-analysis results according to the age at breast cancer, the C677T homo-
zygous variant increased the risk of breast cancer in premenopausal woman
(OR = 1.42 for TT versus TC + CC; 95% CI: 1.02-1.98). On the other hand, the
homozygous variant of C677T was found, from all the four published meta-
analyses, to confer a significant protective effect on colorectal cancer (Figure 5.3),
among these four was one including more than 50000 individuals [57]. Lastly, a
borderline significant protective effect of the homozygous variant of C677T was
reported from the 2 meta-analyses on acute lymphoblastic leukemia, especially
among adults (OR = 0.45 for TT versus TC + CC; 95% CI: 0.26-0.77) [51].

For MTHFR A1298C, the results show the absence of significant association
with cancer (Figure 5.4), however a borderline protective effect for colorectal
cancer was noted by Huang et al. [57].

MTHFR plays a central role in balancing DNA synthesis (which involves
5,10-methylenetetrahydrofolate), and DNA methylation (which involves 5,10-
methyltetrahydrofolate). Specifically, the 677T allele contributes to DNA hypo-
methylation, which in turn may lead to altered gene expression; at the same time
this polymorphism might exert a protective effect, as observed for colorectal cancer

45
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Figure 5.4 Forest plot depicting the results of model except for Pereira et al. [51] who used
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reductase (MTHFR) A1298C polymorphism MTHFR 677TT versus CC except for Pereira
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interval. The OR is from the random effect ALL, acute lymphoblastic leukemia.
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and adult lymphoblastic leukemia, by increasing the levels of the MTHFR sub-
strate, essential for DNA synthesis. Therefore, the exact interpretation of MTHFR-
cancer association is not straightforward; although the observed increased risk for
gastric cancer associated with the MTHFR 677 homozygous variant suggests that
dietary folate might be protective in gastric carcinogenesis, mainly by limiting
aberrant DNA methylation in the situation of impaired folate status.

As previously discussed, whether the C677T and A1298C variants act as benefi-
cial or deleterious might depend on the subjects’ folate status, alcohol consump-
tion and possibly smoking habits. In this sense, it would have been valuable to
explore the overall effect of MTHFR variants on cancer risk by stratifying meta-
ORs on folate status (dietary folate intake or serum folate levels), alcohol intake
and smoking habits. In order to do this, however, individual studies included in
each meta-analysis should have enough power to explore such interactions, while
in many instances the small sample sizes clearly prevent it. Additionally, even if
gene—environment interactions were explored from the individual studies, often
authors do not report genotype data stratified according to environmental covari-
ates, thus preventing the possibility of performing stratified meta-analyses. In this
sense, pooled analyses are preferable to meta-analyses because they are based on
individual-level data, which also allow one to adjust for potential confounders.

The meta-analyses on MTHFR C677T and A1298C included in this chapter did
not report subgroup meta-analyses according to the previously mentioned covari-
ates, however, most of them discussed the results of the individual paper exploring
gene—environment interactions in the discussion section. The pooled analysis of
four studies on C677T MTHFR and gastric cancer [58], however, stratified results
according to folate levels and showed an increased risk among individuals with
low levels (OR = 2.05; 95% CI: 1.13-3.72) compared to those with high folate levels
(OR = 0.95; 95% CI: 0.54-1.67). This result strengthens the previous observation
of a potential role of folate in gastric carcinogenesis, suggesting that concomitant
inadequate folate intake and impaired MTHFR activity might be important sus-
ceptibility factors for gastric cancer. In circumstances of folate deficiency, a decrease
in downstream MTHFR-products results in a lower global DNA methylation status.
Recently, aberrant methylation of proto-oncogenes has been explored as both a
mechanism and a marker of carcinoma progression [63], with some studies report-
ing an altered methylation pattern, particularly for diffuse gastric cancer. Addition-
ally, it has been recently reported that a significant global DNA hypomethylation
occurs in MTHFR 677 TT subjects when compared with those with the wild type
genotype [43], especially when plasma folate level is reduced. Taken together, these
results suggest that the increased risk for gastric cancer associated with the homo-
zygous MTHFR 677 variant might be linked to the subsequent impaired folate
levels affecting DNA methylation status. Therefore, the negative association
between the homozygous variant MTHFR genotype and gastric cancer might be
counterbalanced to some extent by an adequate folate intake.

In conclusion, results from the published meta-analyses on MTHFR C677T and
cancer support a protective effect of the 677 TT genotype on colorectal cancer and
adult lymphoblastic leukemia, while there is an increased risk for gastric cancer.
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This dual effect might be related to the mentioned dual activity of the MTHFR
enzyme, so that the protective effect for colorectal cancer might result from the
increased levels of the MTHFR substrate due the variant allele, which is essential
for DNA synthesis, while the increased risk for gastric cancer suggests that dietary
folate might be protective in gastric carcinogenesis mainly by limiting aberrant
DNA methylation. Other genes involved in folate metabolism, however, should be
considered for a more comprehensive understanding of the exact role of the folate
pathway in cancer susceptibility. Large prospective cohort studies based on sero-
logical dosage of folate levels and/or detailed and repeated nutritional data would
further clarify the role of folate in carcinogenesis.
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The Role of Biobanks for the Understanding

of Gene—Environment Interactions

Christian Viertler, Michaela Theresia Mayrhofer, and Kurt Zatloukal

Abstract

The identification of susceptibility genes and genetic modifiers is of great medical
relevance, not only because it provides insight into the complex network of biologi-
cal processes but also because it provides the basis for new diagnostic tests. More-
over, genetic variants which confer susceptibility or resistance also serve as
indicators of targets for therapeutic interventions. The bottleneck to finding
environmental and genetic associations that are robust enough to guide targeted
treatment and prevention strategies is access to both collections of large numbers
of high quality biological samples and associated medical data. Consequently,
networks of biorepositories for research are initiated to benefit from the added
value of a larger pool of sample and data sets which can provide the number of
samples required to achieve statistical significance. These networks promise to
greatly advance our understanding of disease development, prevention and
therapy. In this chapter, we take the complex disease NAFLD (non-alcoholic fatty
liver disease) as an example to discuss the challenges faced by (networks of) bio-
banks in biomedical research and for investigation of gene—environment
interactions.

6.1
Background

Over the last two decades, collections of biological samples such as blood, tissue,
cells, or DNA have gained a new significance for biomedical research. Today,
biological samples with associated medical and research data from large numbers
of patients and healthy persons, as well as biomolecular research tools, are recog-
nized as key resources to unravel genetic and environmental factors causing
diseases and influence their outcome. Furthermore, they are required for the
identification of new targets for therapy and may help to reduce attrition in drug
discovery and development [1-3].
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In order to understand the causal pathway of a chronic metabolic disease, it is
essential to acknowledge the role of gene—environment interactions as determi-
nants of disease risk and progression. Therefore, these studies should consider
the effects of expressed genes and intermediary phenotypes. This requires access
to longitudinal medical records, follow-up assessment and repeated sample collec-
tion from individuals [4]. Studying the etiology of complex diseases is a challenging
task because they are influenced by a large variety of additive effects. These effects
represent the sum of consequences of genetic predisposition, lifestyle and envi-
ronmental factors, including exposure to the pathogens. Consequently, revealing
these complex interactions depends critically on the study of large sets of well-
documented samples and data provided by biobanks [5]. Among a plethora of
biobank formats, population-based biobanks and disease-oriented biobanks can be
identified as the major formats.

6.1.1
What Purpose Do Different Biobank Formats Serve?

Population-based biobanks typically follow a longitudinal approach and are often
established in the context of national or regional medical research initiatives (e.g.,
UK, Estonia, Iceland). The specific strength of the population-based approach is
that it allows one to assess the natural frequency in occurrence and progression
of common diseases in an a priori healthy population. Here, the emphasis is laid
on the study of genetic variants and environmental risk factors. The study of
complex diseases requires comparison of large numbers of affected and unaffected
individuals (“cases” and “controls”). Population-based biobanks have thus become
indispensable to elucidate molecular processes and causal pathways, whether
genetic or environmental, and to translate biomedical research into improvements
in healthcare. A major drawback of the population-based approach is that for most
study designs a sufficient number of even the most common diseases in healthy
individuals can only be detected after a long period of time [3, 6]. For example, a
cohort of 500000 middle-aged participants may be expected to generate 10000
incident cases of wide spread diseases, such as diabetes or coronary artery disease,
within 7-8 years. This will take up to 20 years or more in the case of common
cancers and even longer for rare diseases [7].

In contrast, disease-oriented biobanks have usually emerged from routine
medical services. Both, the high number of represented diseases and the different
stages of diseases collected as a “by-product” of health care make them a valuable
resource for modern research. Over the last few years, these collections have been
subsequently adapted to emerging biomedical developments [8].

Disease-oriented biobanks are important for evaluation of the human disease
relevance of discoveries made in various model organisms, such as mice, Dro-
sophila or yeast [6]. Furthermore, for the discovery of disease triggering effects,
cancer research and drug development depend critically on the study of large
sample and data sets from both patients and healthy individuals. To understand
the link between molecular targets for drug intervention and the molecular pathol-
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Figure 6.1 Key components and applications of biobanks [10].

ogy of disease would help us translate the results of clinical trials into a molecular
understanding of desired responsiveness and adverse side-effects [9]. Key results
would be the identification of pathways involved in disease progression and the
development of more effective drugs (Figure 6.1). This, in combination with cor-
responding biomarkers—defined by the NIH as an objectively measured and evalu-
ated indicator of normal biological or pathogenic processes and pharmacological
response to a therapeutic intervention [11]-would accelerate the progress in
personalized medicine for specific patient groups [12]. Furthermore, these bio-
banks are valuable resources for biomedical research to explore the function and
medical relevance of human genes and their products. However, to be able to use
these resources accordingly, there is a need for transnational coordination and
collaboration.

6.1.2
Why Do We Need Networks of Biobanks?

Although currently established biobanks have their unique strengths, even large
biobanks are often unable to provide the quantity of samples that are required by
studies in order to achieve statistical significance. The exploration of genomic asso-
ciations typically requires several thousand cases to study main effects. For the
investigation of gene—environment interactions tens of thousands are needed [7]. So
it is not surprising that many biobanks initiate and/or join networks in order to
benefit from the added value of access to a larger pool of sample and data sets.
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Moreover, biobanks, especially those collaborating across national borders, are
facing the challenges of the heterogeneous ethical and legal frameworks in which
they are operating. Furthermore, biobanks typically suffer from fragmentation of
the biobanking-related research community, differently structured and organized
collections, variable access rules and a lack of commonly applied standards [2, 8].
Harmonized standard operating procedures (SOPs) are essential for the whole
process from sample collection, data acquisition and storage to technical issues of
different analyses.

Furthermore, a main factor limiting high-quality molecular genetic epidemiol-
ogy studies concerns the resources required to obtain detailed, accurately mea-
sured phenotypic data. The phenotypic data in existing biobanks is often
variable in content, format, depth and vocabulary. This shortcoming can be rem-
edied by collection of additional data, or by retrospective harmonization of pheno-
types that have already been collected in the various biobanks. Thus, there is an
urgent need for improved assessment and classification of multivariate pheno-
types associated with a complex disease. Indeed, the lack of a common language
and standardized vocabulary to describe phenotypic characteristics in sufficient
detail represents a major barrier to both national and trans-national research
collaboration.

In order to face these heterogeneous legal, ethical and scientific challenges,
concerted actions are necessary in order to devise procedures for collecting,
exchanging and linking samples and data [4]. At the trans-national level, many
efforts are currently under way to unite the fragmented biobanking community
and to work toward a set of homogenous rules through joint and networking
activities.

The Public Population Project in Genomics (P*G), for instance, promotes inter-
national collaboration between researchers in the field of population genomics and
biobanking to ensure public access to population genomics data according to
prevailing ethical and legal norms. This platform has been launched in order to
provide the international population genomics community with the resources,
tools and know-how to facilitate data management for improved methods of
knowledge transfer. One of its major goals is sharing research tools for effective
collaboration between biobanks. This will enable the international research com-
munity to share expertise and resources and facilitate knowledge transfer. Along
these lines, P’G fosters the harmonization of nomenclature of biological, medical,
demographic and social data collected from participants, mainly in the context of
population-based studies (e.g., the Swedish Twin Study of Adults: Genes and
Environments (STAGE), for further details see http://www.p3gobservatory.org/
catalogue. htm?questionnaireld=73). A particular tool to facilitate harmonization
is the Data Schema and Harmonization Platform for Epidemiological Research
(DataSHaPER). It supports the construction of cross-sectional baseline question-
naires to define a core set of information that is of particular scientific relevance
for a specific type of biobank (http://www.p3gobservatory.org/datashaper/
presentation.htm). More than 25 international biobanks have contributed to the
conception of the DataSHaPER.
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The European Community also places much emphasis on improving trans-
national collaboration in the field of biobanking. Already under Framework
Program 5, a significant number of networking activities have been supported. A
policy which was continued under both Framework Program 6 and 7." Moreover,
the European roadmap for research infrastructures foresees a pan-European
research infrastructure for biobanking and biomolecular resources (BBMRI) to
further develop these resources and to provide access to academia and industry.
The preparation phase BBMRI is funded within the Framework Program 7.
BBMRI builds on existing sample collections, resources, technologies, and exper-
tise, which will be specifically complemented with innovative components [13]. In
particular, “BBMRI will comprise (i) all major population-based and disease-ori-
ented biobank formats, (ii) biomolecular resources, such as collections of antibod-
ies and other affinity binders and a variety of molecular tools to decipher protein
interactions and function, (iii) bio-computing and sample storage infrastructure.
All resources will be integrated into a pan-European distributed hub-structure-like
network, and will be properly embedded into European scientific, ethical, legal
and societal frameworks” [10]. Specific tasks in the planning of BBMRI are the
preparation of an inventory of existing resources, implementation of common
standards and access rules, establishment of incentives for resource providers, and
development of solutions for international exchange of biological samples and data
which properly consider the heterogeneity of pertinent national legislation and
ethical principles.

Today, the focus is on building sustainable research infrastructures rather than
fostering short-term research collaborations. Consequently the emphasis has
shifted toward strengthening trans-national networking activities to support sus-
tainable long-term research collaborations and infrastructures.

6.2
The Investigation of Gene—Environment Interactions as a Challenge for Biobanks

Population-based and disease-oriented biobanks are essential to establish the
disease relevance of human genes and provide opportunities to evaluate their
interaction with lifestyle and environment. Since the sequence of the human
genome was determined some years ago, biomedical research has progressed from
the study of rare monogenic diseases to the study of common multifactorial
diseases and places much emphasis on an individual’s disease risks.

The non-alcoholic fatty liver disease (NAFLD) is a typical example of a complex
disease that results from interactions between the environment and several differ-
ent genetic factors. In fact NAFLD is one of the most common liver disorders seen

1) For further information, please consider the 20-21 November 2008; ftp://ftp.cordis.
Report and Recommendations of the europa.eu/pub/fp7/docs/
Networking Meeting for EU-funded report-meeting-eu-funded-biobanks_en.pdf

Biobanking Projects held in Brussels on
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by hepatologists [14]. It has been estimated that up to one out of three Western
adults has NAFLD, a disease closely associated with the metabolic syndrome. The
looming pandemic of type 2 diabetes mellitus and obesity as key components of
the metabolic syndrome, reaching now eastern countries as well as children, sug-
gests that this prevalence is likely to increase further [15].

The disease spectrum of NAFLD ranges from simple steatosis (fatty liver)
through non-alcoholic steatohepatitis (NASH)-characterized by liver cell
injury, inflammation, and fibrosis—to cirrhosis, liver failure and hepatocellular
carcinoma.

Steatohepatitis can develop in alcoholics, obese and type II diabetics (BMI > 30)
and can also result from drug toxicity (e.g., amiodarone, perhexilin maleate, tamox-
ifen, HIV antiretroviral drugs). Cirrhosis due to NASH may now account for up
to 20% of cirrhosis cases and may also play a major role in the category of cryp-
togenic cirrhosis; furthermore, up to 10% of hepatocellular carcinomas may result
from NASH [16-19]. This development makes the metabolic syndrome and its
manifestations in the liver a major health problem with an estimated world-wide
prevalence of steatohepatitis of 3-5%. Moreover, NAFLD is emerging as an impor-
tant independent risk factor for cardiovascular morbidity and mortality [20-22].

Whereas most patients with risk factors for NAFLD develop hepatic steatosis,
only a minority will ever develop progressive disease: for example, only about
10-20% of even morbidly obese patients develop more than simple steatosis [23,
24], 20% of heavy drinkers or 50% of obese type II diabetic patients develop ste-
atohepatitis (Figure 6.2). In contrast to simple steatosis, patients with NASH are
at significant risk of developing cirrhosis (up to 25% within 10 years) and dying
from liver disease (up to 10% within 10 years).

These marked differences in the individual risk have led to the question: what
factors determine whether a patient develops advanced NAFLD? Environmental
and genetic risk factors may play a role in etiology and progression of the disease.

Over the years, potential risk factors for the development of NAFLD have been
detected in numerous studies (Table 6.1). In single studies for example, dietary
saturated fat, antioxidant intake and small bowel overgrowth are suggested to play
a role in disease progression [25, 26]. Family studies and interethnic variations in

Alcohol Diabetes 2 Obesity Diab/Obese
j 20% l 8% j 20% l 50%
ASH NASH NASH NASH
j 50% l 20% j 20% l 40%
Cirrhosis Cirrhosis Cirrhosis Cirrhosis

Figure 6.2 Differences in individual risk for development of
steatohepatitis and progression to cirrhosis depending on
etiology.
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Table 6.1 Environmental and genetic factors determining the
risk for the development of NAFLD [15].

Potential lifestyle factors and accompanying diseases influencing susceptibility to NAFLD:
Alcohol (low intake protective)
Physical activity (protective)
Dietary factors (low antioxidant vitamins C/E, higher intake of saturated fat)
Obesity
Type 2 diabetes mellitus
Small bowel intestinal overgrowth
Sleep apnea syndrome

Potential candidate genes in fatty liver disease:
Genes determining the magnitude and pattern of fat deposition
Genes determining insulin sensitivity
Genes involved in hepatic lipid synthesis, storage and export
Genes involved in hepatic fatty acid oxidation
Genes influencing the generation of oxidant species
Genes encoding proteins involved in the response to oxidant stress
Cytokine genes and receptors
Genes encoding endotoxin receptors
Immune response genes
NAFLD-related fibrosis genes
General fibrosis genes

susceptibility suggest that genetic factors are important in determining the risk of
progressive NAFLD: for example, the prevalence of cryptogenic cirrhosis is higher
in Hispanics and lower in Afro-Americans compared to European-American
patients, despite a similar prevalence of type 2 diabetes mellitus [27-30]. Genetic
risk factors for NAFLD most likely include genes that influence hepatic free fatty
acid supply, the magnitude of oxidative stress, the release and effect of cytokines
and/or the severity of fibrosis.

The identification of susceptibility genes and genetic modifiers is of great
medical relevance, not only because it provides insights into the complex network
of biological processes affected in steatohepatitis but also because it provides the
basis for new diagnostic tests for identification of high risk patients. Current
diagnosis (grading, staging) of steatohepatitis relies on liver biopsy as a diagnostic
gold standard for differentiation between “simple” steatosis and (N)ASH [16].
Routine biochemical serum tests (liver function tests) underestimate in many
cases the severity/activity of steatohepatitis. Although the degree of liver fibrosis
may be a crude predictor for the development of liver cirrhosis [31], more sophis-
ticated individual risk markers/profiles for the development of cirrhosis and
hepatocellular cancer are required. Moreover, the relative contribution of car-
diovascular versus liver-related morbidity/risk may vary significantly among
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individual NAFLD/NASH patients. Given the high prevalence of steatosis and
steatohepatitis in the general population, there is an urgent need for non-invasive
diagnostic tests and prognostic biomarkers which predict the individual disease
course and need for and response to therapy. Furthermore, genetic variants which
confer susceptibility or resistance to steatohepatitis also serve as indicators of
targets for therapeutic interventions.

6.2.1
How to Evaluate Risk Factors for Metabolic Syndrome and Steatohepatitis?

Data for the evaluation of environmental risk factors whether collected by general
questionnaires (e.g., through P’G) or by individual anamnesis of the patient must
be interpreted with caution. For instance, in contrast to HbA1C that is commonly
used for blood glucose long-term monitoring of diabetic patients, no objective
markers have been found reliable enough to indicate alcohol intake or physical
activity.

The conclusions drawn from classical case-control, candidate gene, and allele
association studies are also subject to common pitfalls, for example, false positive
by chance findings or false negative by small, underpowered studies [32]. The
traditional hypothesis-driven approaches rely on selecting genes on the basis of
their assumed role in disease pathogenesis, often derived from studies in animal
models. More recently, several hypothesis-free or generating approaches have
been developed; for example, microarray and proteomic studies in tissues from
patients and animal models, QTL (quantitative trait loci) mapping and mouse
mutagenesis studies [15].

6.2.2
Why Are Biobanks Needed in This Context and What Challenges
Do They Have to Face?

High quality human biological samples from biobanks with associated well docu-
mented clinical and research data are key resources to evaluate the interaction of
genetic background and environmental risk factors. Data generated from model
systems need to be evaluated for their relevance in human tissue to identify the
corresponding human susceptibility and modifier genes. New prognostic biomark-
ers, which predict the individual risk of a patient as well as a possible response to
therapy, can only be identified in large studies with human biological samples
enabled by biobanks. Depending on the study design and properties of the markers
investigated, the discovery of statistically significant new biomarkers requires
5000-50000 cases. For example, in contrast to the readily measurable body
mass index (BMI),” measurements for many other lifestyle-environmental
determinants, such as nutritional components, have a much lower test-retest

reliability [7].

2) BMI = weight/height’
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Moreover, high quality samples are essential for emerging techniques well
suited to investigate the molecular basis of complex diseases such as chronic
liver disease, diabetes or obesity. Microarray analysis, for instance, is an
appropriate method for assessing simultaneously the expression of a large
number of genes in a tissue sample. In combination with “proteomics” approaches,
this technique can be employed to compare patterns of gene expression in liver
tissue samples with corresponding protein profiles in the serum of NAFLD
patients.

To tap the potential of modern “-omics” technologies, the development of
improved cryo-preservation and storage procedures based on a systematic experi-
mental approach is required. Ample experience and best practice protocols exist
for pre-analytical processing for DNA and RNA analysis, but there is much less
knowledge on the biobanking requirements for proteins or metabolites. For
example, there are several factors whose impact on metabolome analysis has not
yet been further evaluated, such as the metabolic state of the donor at the time of
sample acquisition and the pre-analytical procedures from acquisition, processing,
and stabilization to storage of samples [33].

Establishing a metabolic disease cohort that is big enough to address key ques-
tions on individual’s susceptibilities can hardly be achieved by a single institution.
In many cases, the different samples (e.g., liver, muscle, subcutaneous and
visceral adipose tissue and blood) needed to investigate molecular mechanisms
underlying these diseases and the variations in organ manifestations, are
collected separately. Furthermore, detailed disease phenotype characterization
and highly specified sample collection procedures are expensive and laborious
(Table 6.2).

It is an emerging challenge for biobanks to fulfill the growing demands, espe-
cially of new “-omics” technologies (genome, transcriptome, proteome and metab-
olome analyses), concerning both quantity and quality of biological specimens. On
the one hand, the potential to gain further insight in gene—environment interac-
tions has increased due to the enormous analytical capacities provided by new
technologies and reduced costs per data generated. On the other hand, the access
to high quality biological samples and associated data becomes increasingly the
limiting factor for translating the technological achievements into medical prog-
ress. Consequently, environmental and genetic association studies robust enough
to guide targeted treatment and prevention strategies can only be achieved through
multinational cooperation and collaboration of biobanks.
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Table 6.2 Investigation of gene—environment interactions: major challenges for biobanks.

Issue

Challenge

Statistical significance

Quantity and quality of samples

Data acquisition and management

Trans-national collaboration and
coordination

Accurate phenotype data for
high-quality molecular genetic

epidemiology studies

“-omics” technologies

Environmental exposure

Studying the etiology of a complex
disease

Tens of thousands of cases required (especially for
biomarkers and gene—environment studies)

Growing demands of emerging techniques and
specific study designs

Standardized vocabulary and questionnaires

Heterogeneous ethical, legal, societal frameworks

Data variability in content, format, depth, vocabulary

Development of SOPs for biobanking practices
(e.g., improved pre-analytical processing and storage)

Lack of specific biomarkers (variability vs. reliability)

Large variety of additive effects (e.g., genetic
predisposition, life-style, environmental factors,

exposure to pathogens)
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7
Case Studies on Epigenetic Inheritance

Gunnar Kaati

Abstract

The effects in adulthood of nutrition during adolescence, childhood, infancy, and
the fetal and embryonic stages of development have attracted much attention in
research. It is argued that the effects (adult diseases) are caused by nutritional
constraints at critical phases of key fetal organ development. Here it is asked
whether there are transgenerational effects. It is suggested that various nutrients
transiently influence the expression of specific subsets of genes during the slow
growth period just before the prepubertal peak in growth velocity of children.

Food availability during the slow growth period (SGP) just before the prepuber-
tal peak in growth velocity of the paternal grandfather exerted an effect on the
longevity of his grandchildren. Scarcity of food in the paternal grandfather’s SGP
was associated with significant extended survival of his grandchildren, while food
abundance was associated with shortened life span of the grandchildren. One
explanation was genomic imprinting, an intergenerational “feedforward” control
loop linking grandparental nutrition with the grandchild’s growth.

Cardiovascular mortality was reduced with poor availability of food in the father’s
SGP, but also with good availability in the mother’s SGP. If the paternal grandfa-
ther was exposed to a surfeit of food during his SGP, the proband had a fourfold
excess mortality related to diabetes. A father’s exposure to a surfeit of food during
his SGP, on the other hand, tended to protect the proband from diabetes.

The effects were sex-specific; the paternal grandfather’s food supply was only
linked to the mortality of grandsons, while the paternal grandmother’s food supply
was only associated with the granddaughter’s mortality. This indicates the exis-
tence of a direct biological transgenerational effect, an epigenetic inheritance with
the sex-specific patterns of transmission suggesting a direct role for the Y chromo-
some and possible the X chromosome.

The effects were not the result of the proband’s own early life during childhood,
and/or effects of genetic selection.

In conclusion, the studies explored the possible transgenerational effects from
exposures occurring during the SGP prior to the prepubertal peak growth velocity.
Such exposures seemed to influence gene expression in the next generation(s).

Epigenetics and Human Health

Edited by Alexander G. Haslberger, Co-edited by Sabine Gressler
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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7.1
Introduction

In this chapter a research project, initiated in the early 1980s, that sought trans-
generational explanations of adult disease is presented. At the overall level, the
theoretical goal of the project was to link social medicine (now largely a discarded
subject in medical schools) to the emerging field of epigenetics; the ambition was
to integrate different systems in an expanded theoretical approach. This objective
is not pursued here. Instead the focus is on the problems delved into, the data
used, and of course the results. The data and the empirical assumptions of the
project are rather unique, and will be discussed in some detail.

During the last 40-50 years, the search for the developmental origins of adult
disease has proceeded along very disparate paths. A wide variety of explanatory
factors (i.e., concerning coronary heart disease) has been advanced. In a survey in
1981 Hopkins and Williams examined 246 putative risk factors and the number
has continued to increase [86)].

Currently the etiology of coronary heart disease (and many other diseases, as
well as longevity) is explained by (i) risk factors (immediate), and (ii) fetal growth
impairment or fetal programming. In this chapter a different line of research is
presented namely (iii) epigenetic inheritance. This approach ought to be interest-
ing since it (a) probes the etiology of premature disease in humans from a trans-
generational perspective, (b) shows what can be done with historical data, and
(c) discusses the viability of epigenetic research in humans.

From the 1960s onwards the identification and modification of risk factors has
been the main target of a large number of prevention programs attempting to
reduce mortality and morbidity due to coronary heart disease by modifying the
risks [1]. The promises of the prevention of thousands of deaths a year have not
been fulfilled; the value of the knowledge underpinning these interventions has
been questioned [2, 3]. The whole theory that underpins the interventions is prob-
lematic but a bigger problem is the possibility of thinking and acting rationally in
a comprehensive sense, not a topic to be pursued here [4].

The first steps in a novel approach to the etiology of coronary heart diseases
can, with hindsight, be said to have been taken with the publication of
Anders Forsdahls Are poor living conditions during childhood an important risk factor
for arteriosclerotic disease? [5]. Forsdahl had been working as a general practitioner
in an impoverished region in the far north of Norway; his experiences from
that work convinced him that childhood conditions impact on health status in
later life.

David Barker and his associates [6, 83] carried Forsdahl’s question forward in
hypothesizing that undernutrition in utero permanently changes the body’s struc-
ture, function and metabolism in ways that lead to coronary heart disease in later
life [6]. Since then the “fetal programming” of later disease has spawned an ever
increasing volume of research dealing with a wide range of other outcomes from
diabetes [7], breast cancer [8, 9], asthma [10], low IQ [11], infant mortality [6, 12],
hypertension [13], impairment of hearing or vision [14] schizophrenia [15], to
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lifestyle choices [16]. Recently, the perspective has been renamed “developmental
origins of adult disease” and anchored in an evolutionary biology perspective
[17-20].

In the “developmental origins” approach undernutrition in utero is seen as the
main determining factor in the development of coronary heart disease [84]. But
what if the causes of, or the risk factors for, coronary heart disease have their origin
in the lives of the ancestors? And not in a sense of Mendelian inheritance, but as
heritable changes in gene expression that are not due to changes in DNA sequence.
The epigenetic approach promises to open up new avenues to the explanation of
heart and coronary heart disease, type 2 diabetes, obesity, cancer, schizophrenia
and other disorders in later life [85, 87]. Equally promising is that the epigenetic
paradigm also provides a link to social factors, or internal and external environ-
mental clues or exposures, in disease. It also provides a paradigm within which
explanatory factors, reviewed, for example, by Hopkins and Williams, can be
judged as to their biological plausibility.

Developmental experience and environmental influences are known to modify
gene expression through epigenetic mechanisms, but it has been widely assumed
that acquired epigenetic changes are “wiped clean” between generations and not
transmitted to offspring. However, the phenomenon of transient environmental
exposures producing transgenerational phenotypic effects has been documented
in experimental rodents for a long time [21-23], but the mediating molecular
mechanism(s) are not known.

To date the field relies on data from controlled animal studies where molecular
mechanisms can be dissected. Although the biological plausibility of the proposed
underlying epigenetic mechanisms are established [24-31, 88] the biological plau-
sibility of the findings of transgenerational genetic/epigenetic effects on germ cells
needs further corroboration.

7.2
Methodology

7.2.1
On the Study of Epigenetic Inheritance

To advance the field it is necessary to ascertain whether the transgenerational
epigenetic effects/ mechanisms uncovered in animals can be confirmed in
humans. Does environmental change or exposure in one generation influence
important outcomes, gene expression, in the next or subsequent generations? The
main problem to be confronted today is how to study epigenetic inheritance in
humans.

Jablonka seems to be very optimistic about the possibility of carrying out long-
term, transgenerational studies. She considers that the new molecular methods
that allow the expression profiles of thousands of genes to be simultaneously
observed and studied will improve the ability to assess phenotypes and relate them
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to present and past environmental factors as well as to genotypes [27]. One line of
research, she suggests, is to expose individuals in an isogenic line (lines where
genetic differences between individuals are minimal) to a variety of treatments
over several generations (such as extreme diets), and then test and compare gene
expression profiles in them and their offspring. Thereby it should be possible to
evaluate the effects that ancestral conditions have on descendants. Of course this
would maybe be the ultimate test because if the “treated” parent is male, and the
offspring inherits its pattern of gene expression, it is likely that the variation was
transmitted through the sperm. Whether this design is realistic is an open ques-
tion. At this stage, however, a more down to earth strategy seems more realistic.

The Ideal Study Design

In Figure 7.1 the design that underlay the planning in the early 1980s of the work
presented here is outlined. As it stands, it was, and still is, an ideal design. It was
recognized at the planning stage that the design could not be implemented owing
primarily to resource limitations but it was also realized that a realistic approach
had to combine historical and prospective data. In the end, resource limitations
limited the data collection to one community (the original plan included four dif-
ferent types of communities), and to the proband generations and two parental
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Mother Proband Child —»{ Child | Child
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Figure 7.1 The Ideal Design: Generations.
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generations (and no post-proband generations, several post-proband generations
were included in the original design).

The study of transgenerational effects requires information from across genera-
tions, which is not easy to obtain in humans. The reasons are obvious. First, to
collect new information over several generations is hardly possible in the current
structure of research; secondly, the costs of such studies are very high; and thirdly,
the problems of controlling all factors but those to be studied are rather over-
whelming in these kinds of studies.

In the short run the only way to study transgenerational effects in health in
humans is to combine historical data with data obtained from living and future
generations of individuals related to the probands, but even this approach seems
out of reach owing above all to the cost.

As regards historical data, the situation in Sweden is good. From early times a
rather complete documentation of the population and the social and economic
conditions in the parishes was carried out. The quality of the information is gener-
ally very high [32, 33].

The collection of data (DNA samples) from current and future generations is
mainly a question of resources.

Two sets of data provide the empirical base for the work presented here; three
Overkalix cohorts and the Avon Longitudinal Study of Parents and Children
(ALSPAC) data set. The two data sets, and the construction of measures and indi-
cators, and the statistical analyses performed are described in detail in papers by
Bygren et al. [34], Kaati et al. [35], and Pembrey et al. [89].

7.2.3
The Overkalix Cohorts of 1890, 1905 and 1920

The cohorts used in this project consisted of 320 probands from three 50% random
samples from the birth cohorts of 1890, 1905, and 1920 (data were also collected
from the 1936 cohort but have not been used yet owing to some uncertainties
about some secrecy issues). The cohorts and their ancestors were followed as they
moved about in local parish registers of the Swedish and Finnish communities,
and most could be traced to their death, emigration, or current residence. A
detailed description of the cohorts is provided in the papers [34, 35].

The probands’ parents and grandparents were traced back to their birth. In total,
1818 persons.

Birth dates, the dates May 1st and November 1st and historical data on harvests
were used to assess ancestors’ access to food during the slow growth period (SGP)
of their childhood. Birth years only were retrieved for 13 of the grandparents. May
1st of the subsequent year was used as the worst time following a crop failure; the
best time following a good harvest was represented by November 1st while inter-
mediate availability was represented by July 1st.

Sensitivity analysis was performed where they were excluded and included, and
denoted as living through years of a surfeit of food or of a poor availability. All but
one of the significant results was unchanged.
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Table 7.1 Overkalix: the samples, the attrition and the cohorts.

Birth year
1890 1905 1920 All
Sample 108 99 113 320
Not traced 0 2 3
Emigrated 4 3 2 9
Alive at the end of the follow-up 0 2 42 44
Cause of death unknown 10 3 1 14

The causes of death were taken from the parish registers and coded at Statistics
of Sweden according to the 9th International Revision of the Classification of
Diseases (ICD-9). A cardiovascular death was defined as caused by hypertension,
coronary artery disease, or stroke; that is, at least one ICD-9 number in the class
400-439 coded as direct, intermediate, underlying, contributory cause of death. A
diabetes death was also noted when the ICD-9 number 250 was one of the causes.
Age at death was used as a covariate (Table 7.1).

7.2.4
The ALSPAC Data Set

The ALSPAC (Avon Longitudinal Study of Parents and Children) data set contains
all pregnancies in three districts around Bristol, UK. It was designed with particu-
lar attention to pregnancy and early development. Women with due dates between
April 1st 1991 and December 31st 1992 were enrolled. For 10 000 of the 14024
pregnancies surviving 5 months, a questionnaire was completed by the father
containing questions about, among other things, the onset of smoking.

7.2.5
The Proband’s Childhood

The childhood environment was partly described by the family’s social circum-
stances, especially landownership. The father’s death during the proband’s intra-
uterine life and up to the age of 13, and correspondingly the mother’s death when
the proband was 0-12 years old (if the death occurred before the proband’s death)
were used as indicator variables. The literacy level of the father and the mother
according to the clergy’s mark in five grades when the parents were confirmed at
the age of 14 were used as a continuous variable. The occupation of the father was
dichotomized into blue-collar (mostly farmhands) and other. The siblings were
grouped into firstborn, middle- and lastborn.
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7.2.6
Food Availability

The availability of food in the county of Norrbotten during any year has been
classified based on regional harvest statistics (unprinted), grain prices [36],
the estimates of a 19th century statistician [37] and general historical facts. Food
availability was classified as poor, moderate, or good. Most harvests were com-
pleted in September, with the slaughtering of pigs and cattle occurring later in the
fall. We used the 1st of May in the year after a crop failure as the time when food
was least available. The period following a good harvest, when food was most
available, was represented by the 1st of November. The age of a parent or grand-
parent on those dates was used to determine the availability of food during his or
her SGP.

7.2.7
Ancestors’ Experience of Crises

There is some information indicating the quality of harvests during the end of
the 18th and the 19th century available from various sources. In the statistical
tables kept for every parish since 1749 the parish clergy was required to
make quantitative estimates of the harvests until 1820 (Tabellverket). Thereafter,
county governors reported harvests to the central authorities. This sort of
information was used in the national statistics in 1855 to give an indication of
national harvest results and development. The statistician Hellstenius presented
harvest estimates at county level. For that purpose, he presumably used
both the statistical tables and the reports from county governors. He graded the
harvests from 0 (total crop failure), to 6 (very good harvests) [37]. Others have
used information about price fluctuations. Jorberg [36] found that there is
a correlation between harvest results and price fluctuations during the 18th
century. Poverty fluctuations are another method of calculation that could be used.
In the end it proved possible to use Hellstenius’ estimates for Norrbotten for the
period 1816-1849 as the basis of our analysis. These crop failure identifications
were consolidated with sources of price fluctuations and governmental aid,
and with protocols from local parish meetings, communications from the
county governor and other qualitative sources. For the study-period 1803-1815
and 1850-1900 estimates from the statistical tables were used as a primary
source.

7.2.8
Growth Velocity

It was hypothesized that there are two sensitive periods in children’s growth,
which might be crucial in the transmission of information between generations.
In particular, the period just before the prepubertal peak in growth velocity, when
the requirements of nutrition are rather low and the child might therefore be
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overfed, may result in epigenetic manipulations. The concept of a slow growth
period (SGP) was thus born.

The SGP was determined from the growth velocity during childhood, measured
in centimeter increases per year. The ages for SGP were set at 8-10 years for girls
and 9-12 years for boys. The period had to be estimated from a modern
cohort, and turned out to be shorter for girls than for boys [38]. Furthermore, the
successive decrease in age at puberty during the 19th and 20th centuries
had to be taken into account [39]. The delay of the onset of puberty in parents
and grandparents and hence the SGP compared to the modern cohort was set at
1 year.

The growth velocity during childhood has undergone a change from the end of
the 19th century up to the present. A peak occurs among children in the years
before puberty, which is preceded by a slow growth velocity period [38]. The
average age of puberty has decreased and the distribution around the average age
has become less skewed to the right since the end of the 19th century. During the
19th century, the age at puberty did not change much [39]. For parents and grand-
parents born in the 19th century the decrease in the age of puberty has been set
at 1 year. The SGP was determined from the modern growth velocity estimates
adjusted for the decrease of pubertal age. Food availability during the SGP was
used as a proxy for nutritional intake.

7.3
Patterns of Transgenerational Responses

7.3.1
The Social Context

The study area was one of isolation and impoverishment. The landscape was
barren, suitable for farming only in some areas and in smallholdings with 1-2
cows. The capacity of the land was thus restricted owing to the limitations of the
arable land, although this did not seem to have affected the growth of the popula-
tion. In 1750 the population was 792, fifty years later the population was 1414,
almost a two-fold increase. It reached 2500 in 1850, an increase of 70%. The expan-
sion of the population continued unabated, reaching 3165 persons in 1859 (Tabell-
verket), 5547 in 1900 (Folkrikningen 1900) [40], and peaked in 1950 to a population
of 9214. Then the decline began and in 2004 the population was 4063, back at the
1880 level (Folkmingd 1810-1990) [41]. The social composition of the population
was very simple. Only 4-6 adults could be classified as being educated and well
off during the period up to modern times.

The population growth in the parish was chiefly a result of an increased number
of births: 31 live births in 1750, 45 in 1800, 104 in 1850, and 139 in 1859. The rate
of infant deaths remained almost constant during the same time, between 5-12
deaths per year in the 19th century. That was a remarkable decline in relation to
the number of births and the poor socio-economic circumstances in the parish.
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No systematic differences in child mortality between the sexes during this period
can be detected, it seems to vary only by chance.

The population in the parish was culturally and genetically extremely
homogeneous.

The grim socio-economic circumstances confronting, in particular, the children
and the mothers emerges from the parish priest’s reports of the child-bearing
women’s situation during the crisis year. It is noted that, for example, in reports
covering the crisis years 1831 to 1836, in 1831 of the 75 mothers giving birth only
30 lived under “good” circumstances; a year later 21 out of 91; in 1833, 7 out of
60; in 1834, 5 out of 60; in 1835, 12 out of 75; and in 1836, 8 out of 67. The major-
ity were classified as living under very poor or barely manageable circumstances
(Tabellverket 1849-1859) [42].

7.3.2
The Ancestors’ Nutrition

The crops were often poor during the 19th century in the study area, most of the
arable land was already in use and almost nothing more was developable. So the
provision of livelihood was basically dependent on the outcomes of harvests.
The harvests of 1800, 1812, 1821 and 1829 were classified as total crop failures. In
the period 1831-36, all years but 1834 were years of total crop failures and as 1834
was affected by lack of seed-corn it was also classified as a year of total crop failure.
This was also true of 1809 because of the Swedish-Russian war when the armies
laid their hands on much of the local stocks and made it difficult for the harvest to
be brought in. In 1851 and 1856 there were again total crop failures and the har-
vests in 1867, 1877, 1881, 1888 and 1889 were poor. A surfeit of food was available
after the harvest in 1799, 1801, 1813-1815, 1822, 1825-26, 1828, 1841, 1844, 1846,
and 1853, 1860-61, 1863, 1870, 1876, 1879 and 1880. All other years had moderate
harvests, neither very poor nor good. In 39% of cases the paternal grandmothers
had experienced famine during their slow growth period, as had 50% of the pater-
nal grandfathers. Good harvests during the SGP were experienced by 46 and 47%,
respectively. Relief programs were not in place until the late 19th century.

733
Longevity and Paternal Ancestors’ Nutrition

Were there intergenerational effects on survival from “overnutrition” during the
slow growth period just before the prepubertal peak of growth velocity? There was
indeed an effect of food availability during the SGP of the paternal grandfather on
the longevity of the probands. Scarcity of food in the grandfather’s SGP was associ-
ated with a significantly extended survival of his grandchildren, while food abun-
dance was associated with a greatly shortened life span of the grandchildren.
The assumptions underlying the question were, building on McGill [43], Martyn
et al. [44] and Signorelli and Trichopoulos [45], that the functioning mechanism
was epigenetic. Whether imprints are initiated or erased is essential for normal
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development [46, 47]. An intergenerational “feedforward” control loop was pro-
posed by Pembrey [48] linking grandparental nutrition with grandchildren’s
growth. The mechanism could be a specific response, for example, to their nutri-
tional state directly modifying the setting of the gametic imprint on one or more
genes.

Nutrition affects ovaries and testes from the moment they form during fetal life
up to maturity [49]. An effect due to the fathers and mothers living in an environ-
ment with a surfeit of food or poor availability of food during their SGP on their
children’s longevity could not be detected.

A similar environment during SGP of most of their grandparents had no impact
on their children’s longevity and did not affect their grandchildren either, but for
one important exception. The paternal grandfather living in an environment with
a surfeit of food during his SGP did affect his grandchild’s longevity negatively,
and, conversely, affected it positively when the availability was poor.

It is interesting that abundance of nutrition seems to have affected the DNA
directly when it affected the paternal grandfather and perhaps the paternal grand-
mother but not maternal ancestors. This was not seen for other childhood periods,
but only, uniquely, for nutrition during the SGP.

It is also of interest that the impact skipped the parent generation which indi-
cated an intergenerational “feedforward” control loop similar to the loop proposed
by Pembrey [48] linking grandparental nutrition with the grandchild’s growth.

73.4
The Influence of Nutrition During the Slow Growth Period on Cardiovascular and
Diabetes Mortality

A question pursued was whether variations in childhood nutrition could influence
the maturing gametes. It was hypothesized that exposure to a poor diet during a
period of great need for energy at the prepubertal growth velocity peak and expo-
sure to plentiful food during the slow growth period (SGP) compared to intermedi-
ate food availability would result in high cardiovascular mortality in subsequent
generations. However, cardiovascular deaths had a dose-response to the food
energy availability during the ancestor’s SGP only. Especially, cardiovascular- and
diabetes-related deaths were studied since imprinted genes have been implicated
in cardiovascular and diabetes risk.

Overall they show that cardiovascular mortality was reduced with poor avail-
ability of food in the father’s SGP, but also with good availability in the mother’s
SGP. This reciprocal effect of parental nutrition is intriguing in itself, but the most
striking results come with diabetes. If the paternal grandfather was exposed to a
surfeit of food during his SGP, then the proband had a fourfold excess mortality
related to diabetes (OR 4.1, 95 % c.i. 1.33-12.93, P = 0.01) when age at death and
the effects of possible over eating among parents and grandparents during their
respective SGP were taken into account. A father’s exposure to a surfeit of food
during his SGP tended to protect the proband from diabetes (OR 0.13, 95% c.i
0.02-1.07, P = 0.06), hinting at some “see-saw” effect down the generations.
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7.3.5
Is Human Epigenetic Inheritance Mediated by the Sex Chromosomes?

A question of considerable interest is whether nutritional exposure influences
gene expression in the next generation(s). It was tested whether the male
SGP is a specific time for triggering a transgenerational effect using the Overkalix
data and the Avon Longitudinal Study of Parents and Children (ALSPAC),
bearing in mind that the outcomes might be sex-specific. More specifically, it was
tested whether paternal smoking habits during the fathers’ SGP have transgenera-
tional effects on the pregnancy outcomes of their future offspring, and
also whether the effect of ancestral food supply on the proband mortality differs
by sex.

Variations in response to nutritional “exposures” are determined by inherited
differences, different developmental experience or both. Inherited differences are
traditionally regarded as DNA sequence variations transmitted by parents, while
environmental influences are usually thought of as only operating during the
person’s lifetime. Another possibility to be considered is a transgenerational
response. This requires a mechanism for transmitting environmental exposure
information that then alters gene expression in the next generation(s). This may
be performed down the female line through the egg cytoplasm or transplacental
route; a transgenerational response down the male line involves the carrying of
ancestral exposure information by the sperm’s chromosomes as a particular state,
or by responsive DNA sequences. Viruses, prions or RNA molecules could also
mediate transgenerational effects.

Were there sex-specific effects in linking ancestral food supply to mortality? Both
parents’ exposure to food availability during their SGP had significant influences
on their daughter’s mortality RR, with a possible effect of the mother’s food supply
on her son’s mortality RR.

There were no significant effects of SGP food availability for either maternal
grandparent on the mortality RR in the grandchildren. However, on the paternal
side there were significant effects on the grandchildren’s relative mortality RR and
they are strikingly sex-specific. The male (but not the female) probands had an
increased (P = 0.009) mortality RR of 1.67 when the paternal grandfather had
experienced good food supply during his SGP (compared to the risk for male
probands whose paternal grandfather had other experiences during his SGP).

The female (but not the male) probands had a twofold higher mortality RR when
the paternal grandmother experienced good availability during her SGP compared
to the mortality risk of probands whose paternal grandmothers had other experi-
ences during the SGP (P = 0.001). Poor food supply during the SGPs of the
paternal grandparents was followed by the opposite effect. The male probands
whose paternal grandfather had such an experience had a reduced (P = 0.025)
mortality RR of 0.65 and female probands had some tendency (P = 0.116) to
reduced mortality RR (0.72) when the paternal grandmother had poor food
supply.

The above described results are summarized in (Figure 7.2).
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Figure 7.2 The effect of paternal grand- food supply. (b) The corresponding mortality
parental food supply (good = filled squares, of the female proband as a response to her
poor = open squares) at different times in paternal grandmothers childhood food supply.
their early life on the mortality rate of their Food supply at age 0 is the mean for the 33
grandchildren. (a) The mortality (y-axis) month period from —267 days until the day

of the male proband as a response to his before the second birthday and therefore

paternal grandfathers childhood (x-axis) includes fetal life.
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7.3.5.1 Paternal Initiation of Smoking and Pregnancy Outcome

Almost half (5357 of 10000) of the fathers responding to the question in the
ALSPAC study smoked, mostly starting at the age of 16. But 166 reported smoking
before 11 years of age when many would still be in the SGP. The effects on preg-
nancy outcome (birthweight and gestational length) of the onset of paternal
smoking at <11 years, 11-12 years, 13-14 years, >14 years, and of not smoking
were compared. In a regression analysis, the initially significant reduction in birth
weight with the earliest paternal onset of smoking lessened on correction for
gender, parity, gestation length, and maternal smoking (P = 0.1). Given that boys
are born earlier than girls and in view of the possible tendency of the Y chromo-
some for epigenetic transmission, the data were stratified by the sex of the baby.
This showed a significant association between the age of onset of paternal smoking
and mean gestation length being restricted to boys (even when controlled for
socio-economic status).

7.3.6
Epigenetic Inheritance, Early Life Circumstances and Longevity

A possible explanation for the associations uncovered is that they could be pro-
duced by the social circumstances of the people concerned. As has been described
earlier the social circumstances of the probands and their ancestor’s were pretty
hard.

About half of the fathers in all three cohorts were owners of small holdings,
which in this parish usually meant quite small units. The mortality rate among
parents was rather high: 18 and 29 cases (6% and 10%) of the parents of the male
and female probands, respectively, died before the probands reached their 13th
birthday.

The family size was large and 72 of the probands had 10 or more siblings, the
largest sibship was 15. The large family size put a considerable stress on the
parents to provide the necessities for living. The probands’ parents’ literacy rate
was not total since 22% of the fathers and 24% of the mothers did not pass the
literacy test performed by the clergy.

The transmission of influence of the exposure of good nutrition from the
paternal grandfather to the grandsons entailed higher mortality risks for the
proband [34, 35, 50]. The male probands had an increased risk of mortality if
their fathers had good nutrition during their SGP but this became visible only
after the introduction of the proband’s childhood circumstances. The influence
of the paternal grandfather’s exposure to good nutrition during SGP was as
expected although slightly attenuated after the introduction of childhood circum-
stances. The same was true for the influence of poor nutrition. The childhood
environment of the probands had profound influences on the male probands
HR. For them the mother’s death during childhood was detrimental, while the
better the mother’s literacy, the better it protected the male proband. For the
female proband no such influence of the childhood environment could be
detected.
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7.3.7
How to Explain the Effects of Food Availability During SGP on Human Health?

The possible explanations boil down to four: chromosomal transmissions of nutri-
tionally-induced epigenetic modifications, intense genetic selection through dif-
ferential survival or fertility, a statistical quirk or hidden bias producing a false
association, or some mechanism of inheritance yet to be discovered. Of the four
the first two will be considered here, the other two, although not to be dismissed
out of hand, do not pose any direct problem.

7.3.7.1 Genetic Selection Through Differential Survival or Fertility?

At a time of relatively high infant mortality and with the possibility of variations
in food supply influencing fertility, genetic selection is a possibility, although in
this case it would have to be very intense to sustain the effects over three genera-
tions. Controlling for longevity, food availability in infancy and sibship size
excludes evidence of intense selection. The analysis of the social context clearly
shows that the demographic profile of the community studied was stable and no
particular trends could be detected that would hint at genetic or other forms of
selection. In fact, the infant mortality rate remained almost constant during the
whole 19th century at between 5-12 deaths per year. The swings to the upper level
from the median value were caused by a measles epidemic. No systematic differ-
ences in child mortality between the sexes during this period could be detected —the
death rate in relation to sex seemed to vary only by chance. This was also the case
concerning child mortality.

Since the same combination of exposures down the male line could influence
both sibship size and the diabetic risk in grandchildren it could be argued that the
same transgenerational influence causes both subfertility and/or increased embry-
onic/fetal loss and a diabetic susceptibility in those offspring who survive. If so,
the transgenerational response to variations in nutrition could have evolved pri-
marily in relation to the regulation of reproduction, with the diabetic risk being a
secondary consequence. The fact remains: those who either starved or over-ate
during the SGP could not be demonstrated to have different early mortality and
their ancestors could not be shown to have different reproductive fitness.

7.3.7.2 Chromosomal Transmission of Nutritionally Induced

Epigenetic Modifications

The demonstration of the existence of a sex-specific transgenerational response
system in humans that is triggered by exposures at very specific times during the
ancestors’ development has a number of implications, for example, for the under-
standing of variations in health.

It is the SGP but not puberty that seems to be an exposure-sensitive period for
the sperm-mediated transgenerational effects of nutrition; probably a number of
exposures such as tobacco are influential.

What mechanism might be mediating the direct biological transgenerational
effects? Transmissible agents would not be expected to segregate down the genera-
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tions in the way observed. The most likely explanation is epigenetic inheritance
with the sex-specific patterns of transmission suggesting a direct role for the Y
chromosome and possible the X chromosome.

One test of the causal nature of an association is biological plausibility. The
possibility of human epigenetic inheritance has not been taken seriously, despite
experimental evidence in mammals [25]. One reason for this reluctance to take
account of the idea of epigenetic inheritance is probably a certain suspicion of a
hypothesis with a Lamarckian flavor. Another important reason for the reluctance
has been the lack of compelling human observations and plausible molecular
mechanisms that could be investigated experimentally.

If imprinted genes are now involved, the INS-IGF2-H19 imprinted domain is a
candidate. It is paternally imprinted and variations at the INS VNTR are associated
with diabetes (Judson et al., 2002) [51, 52, 90]. It has been shown that the father’s
untransmitted INS VTR allele can influence the effect of the transmitted allele on
the child’s diabetes risk, indicating that a transgenerational mechanism can
operate on the INS-IGF2-H19 imprinted domain. The question is: Does it operate
in a boy’s testes during this SGP? [50].

BORIS (brother of the regulator of imprinted sites), a novel male germ-line
specific protein associated with epigenetic reprogramming events, shares the same
DNA-binding domain as CTCF, the insulator protein involved in reading imprint-
ing marks at the imprinting control region between IGF2 and H19, among many
other functions [53, 54]. The role that CTCF performs for cell survival is most likely
performed by BORIS in the primary spermatocytes of the testis, where CTCF is
silenced. This switch takes place in association with erasure and re-establishment
of methylation marks [50].

Although there is a paucity of information on the human prepubertal testis, the
available studies indicate that prespermatocytes are present from the age of 5 years
[55]. From about 8 years of age the proportion of boys’ seminferous tubules with
primary spermatocytes increases until full spermatogenesis at puberty. An increas-
ing number of primary spermatocytes survive to progress through meiosis to
spermatids. The SGP is therefore a crucial stage in development in that a viable
pool of spermatocytes emerges and the beginning of re-programming of methyla-
tion imprints occurs. It is therefore a dynamic state in which different sensing
mechanisms may operate.

7.4
Epigenetic Inheritance

The studies presented here uncover evidence of transgenerational sex-specific
effects specifically as a result of experiences occurring during the male SGP. It s,
however, necessary to remember that the studies presented here have not formally
demonstrated epigenetic inheritance by molecular analysis; the mediating mecha-
nisms are called “epigenetic” influence or inheritance.
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The specific genomic patterns and extent of plasticity of DNA methylation are
not clearly understood [56]. The same can be said about the sensitivity of genomic
methylation patterns to external influences. There are differences in the timing of
the acquisition of genomic methylation patterns in the male growing testes (begun
before birth) and female (begun postnatally in growing oocytes) germ lines, but
how germ cell development methylation patterns are maintained, propagated, and
repaired is unclear [24].

Of great interest in this context are the differences between genetically identical
twins. One unclear issue in, for example, complex diseases, is the relatively high
degree of discordance of monozygotic twins. Discordance of monozygotic twins
reaches 30% for idiopathic epilepsy, 30-50% for diabetes, 50% for schizophrenia,
70% for multiple sclerosis and rheumatoid arthritis and 80% for breast cancer [57,
58]. How, when and why do these differences originate? It is clear that some
changes are initiated in parental or earlier generations [59]. Geneticists have been
baffled by these issues. Despite the same DNA sequence and the same environ-
ment “identical” twins can sometimes show striking differences. It is here that
epigenetic inheritance comes in. May subtle modifications to the genome that do
not alter its DNA sequence provide the answer? In the case of discordance of
monozygotic twins there can exist a substantial degree of epigenetic dissimilarity
which is accumulated over thousands of mitotic division of the cells in two geneti-
cally identical organisms. Although they carry identical DNA sequences they may
exhibit numerous epigenetic differences [28, 58, 60].

In general, it implies that the health and physiology of people can also be
affected by inherited effects of the interplay of genes and environment in their
ancestors but neither by inheriting particular genes nor the persistence of the
ancestral environment.

The epigenetic inheritance system provides a cohesive explanation for various
features of complex diseases as well as the development of adult disease, and
epigenetic mechanisms can be a common denominator for a wide variety of epi-
demiological, clinical and molecular findings in diseases [61].

DNA sequence variations within genes and epigenetic regulation of genes are
of course closely related and should be investigated in parallel.

7.4.1
Fetal Programming and Epigenetic Inheritance

It has been pointed out that for a man falling into the lowest risk groups for plasma
lipid concentrations, blood pressure, cigarette smoking, and the presence of pre-
existing symptoms of coronary heart disease, the commonest cause of death is
coronary heart disease [17, 62]. A search for explanations has been pursued for
decades. At first, the search focused on the possibility that early life experiences
have a powerful impact on the emergence of cardiovascular disease—and adult
disease in general; then the search moved on to the fetal life as the crucial environ-
ment. Still it has to be asked: Which is the most vulnerable period: fetal, embry-
onic, or postnatal life? Here a further dimension of the early life experiences has
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been explored by analyzing whether intergenerational environments link parental
or grandparental nutrition with a child’s or grandchild’s disease susceptibility and
survival.

The original Barker hypothesis has been transformed to the “developmental
origins of adult disease” perspective and anchored in evolutionary biology [17-20].
At the same time, it seems, the nature of the explanation proposed has changed.
The proponents of this complex of ideas, drawn from evolutionary ecology, behav-
ioral development, life-history theory, molecular biology and medical epidemiol-
ogy, state that these fields have converged on the key finding “that a given
genotype can give rise to different phenotypes, depending on the environmental
conditions” [18]. It is in these terms that the fetal programming hypothesis is
framed. It is difficult to see how the inclusion of epidemiological observations
on birthweight and adult disease in this evolutionary perspective relates to
current empirical issues [63]. Obviously the intention of the proponents
must have been to strive for a consolidation of proximate and ultimate explana-
tions though it is uncertain how successful it is. As it is developed at such an
abstract level it seems not to provide much of guidance for empirical
scientists apart from providing an abstract language and an all-encompassing
perspective.

The question is then how the concept of developmental plasticity as an explana-
tion of the associations between, for example, coronary heart disease and diabetes,
improves our understanding of causes of disease and particularly its utility in
interventions.

The relationship between fetal programming and epigenetic programming is
unclear. The relationship between the genetic component of adult diseases, meta-
bolic programming (or fetal programming) and cellular epigenetic information
systems has to be considered the general problem in the field. It is not clear that
the Barker hypothesis assumes metabolic programming in the fetal period [91],
but if so, it is not clear in what diseases and whether they are also assumed to
show transgenerational effects. A number of questions have to be posed: Are there
transgenerational effects and if so through what mechanisms? Does fetal program-
ming involve epigenetic reprogramming of the germ cells? Are there germ-line
epimutations and/or germ-line mutations?

Critical periods and environments “disturb” in one way or another the normal
development from a seed or fertilized egg, through a series of cell divisions, dif-
ferentiation, and movements of tissues to the complete organism [64—71]. Where
along this path do the disturbances arise that in adult years lead to disease and
early death? It is obvious that it is a complex process that encompasses a broad
assembly of influences both inside and outside the organism [30].

There is a substantial body of research that supports the claim that experiences
throughout one’s life have profound effects on personality, character, and health.
Attachment theory, for example, is the research basis for the idea that “the first
years last forever”; that is, certain maternal or caregiver behavior (“inherited” over
generations) causes different kinds of attachment relations, with varying long-
term consequences [72].
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7.5
Future Directions

It is worth noticing that more than 98% of the human disease burden consists of
diseases that cannot be explained by independent variations in single genes, but
has to be explained by complex etiology [30, 73]. Therefore, a theoretical approach
encompassing the complex etiology of adult disease has to focus on unfolding over
time at different levels of scale and organization. That is, causes operate at many
levels of organization (system levels) and at many stages in the chains of causation
[65, 74, 75].

The real comprehension will only come with the understanding of how all the
parts interact to generate organismal traits [68, 73, 92]. The twentieth century
notion that genes represent a privileged level of explanation of the development
and evolution of organismal traits is questionable. On the other hand, knowledge
about gene sequences, processing of gene products, and gene—gene interactions
is undoubtedly essential in any systems approach to the understanding of develop-
ment and evolution [92, 93].

Ideally a framework that incorporates historical, individual and societal-
dimensions and the processes of evolving health conditions over several decades
would be required in order to make sense of the evolution of generations. This
would allow the search for causes at multiple levels of organization as well as
at the level of individual and community history, and the processes linking an
antecedent event and a development to the emergence of risk factors and diseases
[69, 71, 76].

A fruitful framework has to depict sets of interacting systems of resources, enti-
ties and influences that produce the life cycle of an organism [77]. The develop-
mental means or/and systems exist at different levels of organization which is
difficult to depict in a one-dimensional figure. In this framework the organisms
and their environments define the relevant aspects of, and can affect, each other;
it is, then, the inter-penetration of organism and environment [74]; or the dialectic
between the interactants in the process that characterizes the framework [66, 67,
78, 94].

The focus here is on the transmission of variation from one generation to the
next and it is the whole developmental system with all its different and
interacting inheritance systems that has to be considered. Jablonka and Lamb
[27, 59] provide an extension by outlining what they call multiple inheritance
systems; they include the genetic inheritance system, cellular or epigenetic inheri-
tance systems, the system underlying the transmission of behavior patterns
through social learning, and the communication systems employing symbolic
language.

These views emphasize thinking in terms of systems that consist of heteroge-
neous arrays of processes, entities, and environments; chemical and mechanical,
micro-and macroscopic, social and psychological. The forces are multiple and
mobile, distributed and systemic [79, 80, 95].
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The metaphor of development carries the implication of an unfolding or unroll-
ing of an internal program that determines the organism’s life history from its
origin as a fertilized zygote to its death. This metaphor fails to take account of the
interactive processes that link the inside with the outside. Individual development
is not unfolding.

Heredity is not an explanation of this process, but a statement of that which
must be explained [81]. Genetic research is important for the future health of the
population but genes alone are only factors to explain development; environ-
ments—organic and inorganic, microscopic and macroscopic, internal and exter-
nal —change over generations [82, 96].

Although an extended systems approach provides a fresh way to approach and
analyze health problems, it is obvious that the framework has to be developed
further in order for it to be possible to deal with problems that the systems
approach has led us to, namely to explain how intergenerational transfer of “infor-
mation” occurs. What we can be sure of is that a multitude of causal factors is
needed for a reasonable treatment of the life courses of individuals. The model
raises other question such as what other resources are inherited at what develop-
mental stage. And what are development stages? How far back does or should the
causal networks extend? The concept of inheritance is used to explain the stability
of biological forms from one generation to the next although this rather straight-
forward concept is extended here; in the context of developmental theory the
concept of inheritance may apply to any resource that is reliably present in suc-
cessive generations [27, 59].

A systems perspective is not all-embracing: no scientific theory has ever
explained, nor claimed to explain, all aspects of its field of discourse.

7.6
Conclusions

We are only beginning to understand the complexity of how developmental expo-
sures influence gene expression in subsequent generation(s). For a long time it
has been assumed that the essence of all human disease is related to DNA
sequence variation but now the idea that epigenetic changes might be linked to
disease is well established. The possibility that environmental influences on
parents or grandparents could influence their grandchildren is intriguing. It was
shown that many patients with heart disease and diabetes could be suffering from
the after-effects of their ancestors living in an environment abundant in food.

The SGP before the prepubertal peak of growth velocity was found to be sensi-
tive for nutrition and resulted in transgenerational influences on longevity. Scar-
city of food in the grandfather’s SGP was associated with a significantly extended
survival of his grandchildren, while food abundance was associated with greatly
shortened life span.

Cardiovascular disease and diabetes were found to be partly determined by
ancestors’ experience during the SGP prior to the prepubertal peak in growth
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velocity. Cardiovascular mortality was reduced with poor availability of food in the
father’s SGP, but also with good availability in the mother’s SGP. With regard to
diabetes, the exposure of the paternal grandfather to a surfeit of food during his
SGP was associated with a fourfold excess mortality.

The effect on the proband’s mortality of ancestors’ experience of food availability
was found to be sex-linked and most distinct going from the paternal grandfather
to the grandson and from the paternal grandmother to the granddaughter.

An influence from the proband’s own childhood was found to partly compete
with the transgenerational effects of ancestors food supply but the inheritance
from grandparents to grandchildren was still pronounced.

This research suggests a closer degree of integration between environment,
including social and economic realities of life, and biological evolution, and an
overall more significant role for environment in determining morbidity and mor-
tality of life chances.

In an evolutionary perspective these studies resurrect the evolutionary debate
over the role of the environment, and its specific interplay with biological evolu-
tion. The environment is assumed to determine only on what grounds selection
takes place and what characteristics are necessary for better reproductive opportu-
nities. It does, however, not suggest a re-evaluation of the Lamarckian theory that
argued for the inheritance of acquired characteristics.

From the perspective of a controlled trial the work presented here has a number
of shortcomings, the most obvious being the historical nature of the data, and the
indirect nature of the indicators used.

In order to advance the field it is necessary to replicate the findings on other
cohorts exposed to nutritional excess/deficits. The measurement should ideally be
applied directly rather than indirectly although this seems very difficult to carry
out, as pointed out above.

Another way to advance the field is to acquire data from controlled animal
studies where molecular mechanisms can be dissected. The biological plausibility
of the findings of transgenerational genetic/epigenetic effects on germ cells needs
further corroboration.

In the context of study area it has to be asked whether there were or are cumula-
tive environmental effects when several successive generations are exposed
to rather persistent extreme diets. Replication in other settings would be
valuable.

A distinct strength of our studies is that the population of the parish/study area
was culturally and genetically homogeneous.
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Abstract

According to the multistage concept of carcinogenesis, malignant cells develop
stepwise via a sequence of intermediary cell populations whose phenotypes deviate
increasingly from the original cell. Chemical compounds can modify the rate of
carcinogenesis by affecting mutation frequency, growth rate, or expression of
phenotypic deviations. Thus, genotoxic chemicals may cause DNA sequence muta-
tions, giving rise to preneoplastic (“initiated”) cells. It is generally assumed
that—Dbecause this kind of genomic damage is irreversible and additive in the case
of repeated exposure—no dose without a potential health effect may exist (“no-
threshold”-concept). Subsequent clonal expansion of preneoplastic cells and devel-
opment of frank neoplasia can be accelerated by so-called non-genotoxic
carcinogens (tumor promoter), many of which disturb the growth regulatory
network in tissues by interacting with receptors and downstream signaling, cyto-
kines, and nutritional factors. Promoter doses below a certain threshold are not
effective. Furthermore, tumor promotion, at least in the early stages, is considered
to be reversible and thus in sharp contrast to the hazardous action of genotoxic
agents.

Accumulating evidence suggests that chemicals may exert a carcinogenic action
by epigenetic mechanisms, as exemplified by alterations of the DNA methylation
pattern. Notably, both genotoxic and non-genotoxic carcinogens may cause similar
and persistent epigenetic modifications of gene function without involving DNA
sequence mutations. For safety evaluation, the potency of chemicals to induce
epigenetic effects in target cells constitutes an important endpoint to elucidate the
mode of action of chemicals.
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90 | 8 Implications for Safety Evaluation

8.1
Introduction

The multistage concept of carcinogenesis implies that malignant cells develop
stepwise via a sequence of intermediary cell populations whose phenotypes deviate
increasingly from the original cell [1-7]. Chemical compounds can modify the rate
of carcinogenesis by affecting mutation frequency, growth rate, or expression of
phenotypic deviations [1-7]. Current concepts of safety evaluation of chemicals
emphasize making use of data on their cellular and molecular mechanisms [8-13].
The mechanisms underlying the adverse effects of carcinogens may be ascribed
to two broad categories. The first mechanism is characterized by a direct interac-
tion of a chemical or its reactive metabolites with the DNA of target cells, causing
pre-cancerogenic DNA sequence mutations, which finally may lead to neoplastic
transformation and development of neoplasia. For this mode of action it is con-
sidered that—according to current scientific knowledge—no dose without a poten-
tial health effect may exist. Therefore, safety evaluation has to pay special attention
to CMR (carcinogenic, mutagenic, toxic to reproduction) properties of chemicals
((13], Directive 2005/90/EC of the European Parliament and of the Council of 18
January 2006). The second mechanism is non-genotoxic in nature and does not
involve DNA sequence mutations. In this case, the chemical may affect target cells
that either indirectly result in neoplastic transformation or promote the develop-
ment of neoplasia from precancerous cells (tumor promotion). Tumor promotion
often involves disturbance of the growth regulatory network in tissues due to the
interaction of chemical (tumor promoter) with receptors and downstream signal-
ing, cytokines, and nutritional factors. Promoter doses below a certain threshold
are not effective [1, 2, 5, 6] and tumor promotion, at least in the early stages, is
considered to be reversible [2, 5, 6, 14].

The classification of a chemical as either possessing or not possessing genotoxic
(no-threshold phenomenon) or non-genotoxic (threshold phenomenon) properties
has major consequences for the risk assessment approach to be taken and the
advice to be given to risk managers [8-13]. For many years, elucidation of key
events to characterize the mode of action of chemical carcinogens has been
focussed on genotoxic vs. non-gentoxic properties. However, a number of more
recent observations have revealed that non-mutational, epigenetic! events may be
involved in all stages of cancer pathogenesis. Notably, epigenetic effects are heri-
table to daughter cells and in a number of cases, even may result in transgenera-
tional adverse effects [7, 15-18]). Studies on hepatocarcinogenesis revealed that
genotoxic and non-genotoxic chemicals may produce similar epigenetic changes
[18]), thereby challenging the dichotomy between these modes of action. In this
chapter, some implications for safety evaluation as related to genotoxic, non-
genotoxic and epigenetic actions of chemicals—exemplified by hepatocarcinogen-
esis—are discussed.

1) The term “epigenetic” generally refers to structure, all of which may stably alter gene
heritable changes in DNA methylation, transcription without involving DNA
modification of histone or chromatin sequence mutations [7, 15].
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8.2
Genotoxic and Non-Genotoxic Chemicals in Relation to the Multistage Model of
Cancer Development

Mainly on the basis of experimental work with mouse skin, rat liver, and a few
other tissues, tumor development can be broken down into sequential steps opera-
tionally defined in the context of each other, namely initiation, promotion and
progression (Figure 8.1). In humans, approaches to elucidate molecular key events
leading to cancer are often restricted to patients already diseased with frank neo-
plasia. Therefore, the scope of research is often limited to tumor biology rather
than elucidation of the mechanisms of pathogenesis. In contrast, rodent liver cur-
rently offers one of the best model systems to study the stepwise development of
cancer. Briefly, in this system putative prestages of cancer and their biological
behavior have been well characterized; a variety of phenotypic markers are avail-
able that allow the identification of putative single initiated cells and of the suc-
ceeding clones (the latter as foci of altered hepatocytes) 1, 2, 4-6, 14, 19]. Different
types of preneoplastic lesions can be distinguished according to phenotypic appear-
ance and growth response to different tumor promoters suggesting that there may
be more than one pathway to liver cancer [1, 2, 4-6, 14]. Adenomas are larger than
foci and may show similar phenotypic alterations [14]. The underlying molecular
mechanisms involve point mutations, small deletions, translocations of oncogenes
and/or tumor suppressor genes which may accumulate during clonal expansion
of initiated cells, eventually resulting in genomic instability and progression to
hepatocellular carcinoma (HCC). Similar phenotypically altered lesions have been
found in human liver [6, 7, 20].

8.2.1
Tumor Initiation

The first step or initiation can be induced by genotoxic chemicals such as Aflatoxin
B1, polycyclic aromatic hydrocarbons, nitrosamines, and vinyl chloride [14]. Fur-
thermore, initiation may be induced by viruses and radiation as well as reactive
oxygen species (ROS, oxidative stress); exposure of cells to the latter predominantly
results from chronic inflammation (Figure 8.1). Finally, initiation may also occur
for unknown reasons (“spontaneously”) as in most human cancers [14].

It is generally accepted that initiation occurs in single cells which gain a prolif-
eration advantage over normal cells and gradually form larger clones (Figure 8.1,
[1, 2, 5, 6, 19]). However, initiation alone does not lead, or only slowly leads, to
tumor formation. Rather, the growth rate of “initiated” cell clones, and thereby
cancer development, can be greatly accelerated by tumor promotion (see below).
For toxicological risk assessment, important features of initiation are: (i) it may
ensue upon single exposure to a genotoxic chemical; and (ii) the initiated genotype
is transmitted to daughter cells (irreversibility). Thus, if an organism is exposed
repeatedly even to low doses, the DNA sequence mutations caused by genotoxic
substances are additive. As is to be expected, the incidence of tumors induced by
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Figure 8.1 Risk factors in hepatocarcinogenesis and their
synergistic action. AFB1, Aflatoxin B1; CYP, cytochrom P450;
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genotoxic carcinogens decreases with decreasing dose. However, because of the
additivity of genomic damage, a safe dose below which a carcinogenic potential is
unlikely to become manifest cannot be deduced (“no-threshold”-concept). For
instance, for the purpose of food safety no “acceptable daily intake (ADI-value)”
will be derived. In such cases, protection of human health is focussed on the
ALARA-principle (as low as reasonably achievable); tools to quantify acceptable
risk levels, such as one case per million, involve extrapolation by mathematical
models or more recently, the margin of exposure (MOE)-concept to establish prior-
ity lists for risk management [12].

8.2.2
Tumor Promotion

Tumor promotion is operationally defined as a process accelerating and enhancing
the formation of tumors after initiation. The essence of promotion is the selective
multiplication of initiated cells, frequently associated with enzyme induction and
growth or with tissue damage in the affected organs (Figure 8.1). Rodent non-
genotoxic hepatocarcinogens comprise phenobarbital (PB), TCDD and related
agents, DDT, a-, y-hexachlorocyclohexane (HCH), ethinylestradiol, peroxisome
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proliferators (PP), ethanol, carbon tetrachloride (CCly), thioacetamide and many
others [14]. These chemicals are extremely heterogenous with respect to chemical
structure and general biological activity, but share the potency to induce adaptive
or regenerative liver growth [2, 14, 21]. The initiated /preneoplastic cells—in rodent
liver appearing as enzyme-altered foci—constitute the key target and tumor promo-
tion is brought about by preferential increase of cell proliferation and concomi-
tantly, inhibition of apoptosis in these cell populations [1, 2, 4-6, 14]. Notably,
non-genotoxic carcinogens in most cases are tumor promoters, and it is frequently
assumed that they are carcinogenic by promotion of spontaneously appearing initi-
ated cells [2, 14].

In the context of safety evaluation, important features of promotion comprise:
(i) A high degree of organ specificity, an important characteristic of many tumor-
promoting agents, in contrast to initiation which may occur in several organs in
parallel. Therefore, tumor promotion may determine the target organ of carcino-
genic action. (ii) Promotion always requires a prolonged period of action, which
may last weeks, months, or years. Tumor promotion, at least in the early stages,
is considered to be reversible. (iii) Promoter doses below a certain threshold are
not effective [1, 2, 5, 6]. In summary, these characteristics contrast sharply with
the characteristics of initiation as outlined above. According to current concepts
of risk assessment and management, based upon a given threshold dose, and
applying uncertainty factors to account for species differences (human versus
experimental animals), the amount and quality of toxicological data and so on,
human exposure to a given chemical can be limited by an acceptable daily intake
(ADI) value.

8.23
Tumor Progression

Individual cells in preneoplastic cell clones may undergo further mutational
changes and new cell clones with higher proliferative potential may be selected
(Figure 8.1; progression). In addition to many xenobiotic chemicals, caloric over-
nutrition and hormones (e.g., estrogens, androgens) have a tumor promoting
potency in the liver [14]. Likewise, inflammation and cytokines released during
liver regeneration as a cosequence of cytotoxic damage promote the development
of neoplasia; chronic liver diseases, therefore, constitute a high risk for develop-
ment of hepatocellular carcinoma [7, 21, 22].

8.2.4
Cellular and Molecular Mechanisms of Tumor Initiation and Promotion

As exemplified by the action of Aflatoxin B1 in the liver, the mycotoxin is metaboli-
cally activated to AFB1-epoxide (Figure 8.1; metabolism of xenobiotics, phase (I)).
If not inactivated readily by epoxide-hydrolases or GSH-transferases (Figure 8.1;
metabolism of xenobiotics, phase (II)) the reactive metabolite may covalently bind
to DNA and, finally, may cause mutations (Figure 8.1; DNA damage, mutation).
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AFBl-induced DNA damage has been shown in numerous in vitro and in vivo
assays in bacteria, yeast and mammalian (including human) cells [23]. In geo-
graphical regions with high prevalence of Aflatoxin, approximately 30-50% of
human hepatocellular carcinoma exhibited a mutation of codon 249 of the tumor
suppressor gene p53 [3, 7]. The p53 protein (“guardian of the genome”) is involved
(i) in cell cycle arrest, necessary for DNA repair and, (ii) in the induction of apop-
tosis, eliminating cells with irreparable DNA damage; both processes protect from
cancer development [3]. Therefore, a “loss of function” mutation of the p53-protein
increases the probability of progression of malignancy. This example illustrates
that mutagenic events frequently affect genes coding for key players of signal
transduction pathways steering cell cycle, apoptosis or differentiation [3, 6, 7, 20,
24, 25).

The molecular mechanism underlying tumor promotion comprises activation
of growth stimulating signal cascades, interacting with the altered genotype of
initiated cells (e.g., synergistic action of hepatitis B-infection and Aflatoxin, Figure
8.1). A number of nuclear receptors have been found to be targeted by non-
genotoxic carcinogens. For instance, 2,3,7,8-TCDD activates the aryl-hydrocarbon-
hydroxylase(AH)-receptor), phenobarbital the CAR-receptor, peroxisomal
proliferators (hypolidemic drugs, phthalates) bind to the “peroxisome proliferator
activated receptor (PPAR)”, all of which have in common the ability to mediate
induction of liver growth in rodents (Figure 8.1) [2, 5, 8, 26].

The scientific discussion on the relevance of animal data for assessment of
human health risks resulted in the development of a “Human Relevance Frame-
work Concept” aiming at identifying a “mode of action (MOA)” [8, 11]. In prin-
ciple, this concept involves a decision tree for toxicological evaluation of chemicals,
addressing three key questions: (i) Are the experimental data valid (“weight of
evidence”), to explain a given hazard in animals by one or more “mode(s) of
action”? (ii) Are the key mechanism(s) as elucidated in animal experiments, as a
matter of principle, active in humans as well? This question primarily addresses
qualitative aspects. (iii) Considering toxicokinetics and -dynamics, is the MOA
relevant for humans? This question primarily addresses quantitative aspects.
Recently, based upon the huge amount of toxicological data available for
phthalates, Klaunig et al. [8] applied the MOA-concept and succeeded in
carving out cell proliferation and apoptosis as the essential, rate-limiting pro-
cesses for the tumor promoting action of this class of compounds. Notably, per-
oxisome proliferation—the biological effect naming phthalates as “peroxisomal
proliferators”—turned out not to be a relevant mode of action for human hepato-
carcinogenesis. Consequently, risk assessment was revised and, for example,
recently the ADI values for phthalates were adopted according to the improved
state of knowledge [27-31].

Furthermore, the response of hepatocytes to the exogenous agents may be
modulated by cytokines and nutrition [21, 32]. For instance, insulin-like growth
factor (IGF I, II), transforming growth factor (TGF) alpha and beta, fibroblast
growth factor (FGF) and hepatocyte growth factor (HGF) play significant roles
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in hepatocarcinogenesis of experimental animals and humans [21, 24, 25]. One
of our prominent in vivo findings was that the cytokine transforming growth
factor B1 (TGF-B1) constitutes a major regulator of apoptosis in rat liver, acting
in concert with liver tumor promoter as well as nutritional factors to maintain
liver cell number homeostasis. As outlined above, liver tumor promoters (e.g.,
phenobarbital) shift the ratio between cell birth and cell death in favor of cell
birth, in particular in preneoplastic lesions of rat liver; thereby, cancer develop-
ment is accelerated. The opposite applies to feed restriction, resulting in cancer
prevention [33]. In addition, treatment of rats with TGF-B1 in vivo induced apop-
tosis in preneoplastic lesions of the liver, resulting in their rapid regression [34].
These observations prompted us to tackle the underlying mode(s) of action
(MOA), particularly in view of potential interactions between liver tumor pro-
moter, TGF-B1 and nutrition (glucose, amino acid supply). In a first approach,
along with the general need for alternative test models in toxicology, we
searched for a liver cell culture system yielding a high concordance with our in
vivo findings. Recently, Sagmeister et al. [35] succeeded in establishing a new
human hepatoma cell line denoted HCC-1.2 meeting this requirement. HCC-1.2
cells revealed to be sensitive to the pro-apoptotic action of TGF-B1 [32]. Apopto-
sis of HCC-1.2 cells was found to ensue via the intrinsic pathway, as demon-
strated by caspase analysis (Western blot analysis revealed cleavage of caspase 3
and 9, but not of caspase 8; [32]). Furthermore, TGF-B1-induced apoptosis was
inhibited by the liver tumor promoter phenobarbital [32]. As for nutritional
factors, glucose deprivation exerted a pro-apoptotic effect, additive to TGF-B1
[32]. The pro-apoptotic action of glucose deprivation was antagonized by 2-deox-
yglucose (2-DG; [32]), possibly by stabilizing the mitochondrial membrane
involving the action of hexokinase II [36-39]). As the mitochondrial membrane
stabilizing action of 2-DG has been reported to depend on its phosphorylation
by hexokinase, we also tested the effect of the 5-thioglucose (5-TG). This sub-
strate analog is an even stronger inhibitor of glycolysis than 2-DG, but 5-TG is
practically non-phosphorylatable by hexokinase (hexokinase-K,, 2-DG: 0.027 mM,
5-TG: 4mM; [40, 41]. Indeed, results of preliminary experiments suggest that
5-TG (0.5mM) did not reduce apoptotic activity under glucose deprivation [32].
Taken together, these observations are in line with the concept suggested by
Robey and Hay [39]. In addition to the potential role of mitochondria, evidence
suggesting the involvement of the mTOR/S6K1 pathway in induction of cell
death upon glucose withdrawal has been reported [42]. Finally, deprivation of
branched-chaine amino acids (BCAA), but also of other amino acids AA, exerted
a pro-apoptotic activity on HCC-1.2 cells; AA-deprivation and TGF-B1 appear to
act additively [32].

Taken together, our recent data provide an example of how cytokines, nutritional
signals and exogenous chemicals may interact at the level of signaling
downstream of certain receptors along with sensors/key regulators of ana-
/catabolism and, thereby, determine the balance between cell proliferation and cell

death.
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825
Epigenetic Effects of Genotoxic and Non-Genotoxic Hepatocarcinogens

A number of observations have revealed that non-mutational, epigenetic events
may be involved in all stages of tumor development (Figure 8.1, DNA damage,
epigenetic effect) [7, 15, 18, 43—46]. The term “epigenetic” generally refers to heri-
table changes in DNA methylation, modification of histone or chromatin struc-
ture, all of which may stably alter gene transcription without involving DNA
sequence mutations [7, 15]. Cancer cells often simultaneously exhibit global DNA
hypomethylation and gene-specific DNA hypermethylation, the simultaneous
occurrence of which in the same cell may be explained by differential action of
DNA methylating and DNA demethylating enzymes [7, 15]

For instance, for decades it has been known that omission of methyl-group
sources from the diet induces liver tumors in rodents, suggesting a profound role
of Cl-metabolism in hepatocarcinogenesis [47-51]; the reader is referred to a
recent review by Pogribny and colleagues [18]. Briefly, some of the important
aspects highlighted by Pogribny et al. comprise (i) the sequence of pathological
and molecular events in rodent liver tumor development resulting from methyl-
deficiency is remarkably similar to the development of human HCC associated
with viral hepatitis B and C infections, alcohol exposure, and metabolic liver dis-
eases; (ii) feeding a methyl-deficient diet was found to cause a sustained global
hypomethylation of liver DNA, suggested to be a promoting factor for clonal expan-
sion of initiated hepatocytes; (iii) the changes in DNA methylation pattern were
found to be specific to liver tissue and not to occur in other organs.

Furthermore, the significance of aberrant DNA-methylation in hepatocarcino-
genesis was supported by a study of Grasl-Kraupp and colleagues [52]. Briefly, in
human hepatocellular carcinoma (HCC) the ras-proto-oncogene is rarely mutated.
Therefore, the conceivable inactivation of the putative tumor-suppressors and ras-
associating proteins, NORE1A, NORE1B, and RASSF1A were studied, specifically
to get insight into the role of mutational versus epigenetic gene silencing for HCC
pathogenesis. The study revealed a considerable CpG-methylation of the NORE1B
promoter in the majority of HCCs, along with frequent aberrant methylation of
RASSF1A. The authors concluded that down-regulation of the Ras-interfering
genes, NORE1B and RASSF1A, may be a strategy of malignant hepatocytes to
escape from growth control in the presence of an unaltered ras [52]. Other exam-
ples highlighting the significance of changes in the DNA methylation pattern in
hepatocarcinogenesis are p16/INK4A, E-cadherin, glutathione-S-transferase, sup-
pressor of cytokine signaling (SOSC-1) soluble frizzeld-related protein (SFRP1),
phosphate and tensin homolog (PTEN) [7].

As for the chemicals causing epigenetic effects, genotoxic hepatocarcinogens
found to affect the DNA methylation in the liver—in addition to their genotoxic
action—are N-nitrosomorpholine, 1,2-dimethylhydrazine, N-nitrosodiethylamine
and Aflatoxin B1 [18, 53, 54]. Furthermore, studies by Tryndyak and colleagues
[55] on tamoxifen-induced rat hepatocarcinogenesis revealed that tamoxifen
resulted in an early and sustained change in DNA and histone methylation. As
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for non-genotoxic chemicals, peroxisome proliferators were found to cause global
hypomethylation in mice together with regional hypermethylation [18]. Further-
more, in comparative studies with mouse strains highly susceptible (B6C3F1) and
resistant (C3H/He) to hepatocarcinogenesis, phenobarbital was found to alter the
DNA-methylation pattern, being most pronounced in the sensitive mouse strain
(B6C3F1), suggesting that maintenance of normal DNA methylation patterns may
be inversely correlated with tumor susceptibility [56-59]. Studies with primary
mouse hepatocytes revealed that approximately 70% of the changes in the DNA
methylation pattern induced by phenobarbital, diethanolamine and cholin-
deficiency were identical [57]. In general, affected genes identified so far in these
experimental set-ups are involved in invasion and metastasis, angiogenesis,
tumor cell proliferation and survival [59]. These observations are in line
with studies by ourselves revealing that the cancer susceptibility of C3H/
He>B6C3F1>C57/Bl mice correlates positively with the degree of Phenobarbital-
induced cell proliferation in these mouse strains [4].

On the other hand, targeting the DNA-methylation pattern may provide a means
for chemoprevention. For instance, the cellular levels of the methyl donor S-ade-
nosylmethionine (SAM) can be modulated by dietary supply of methyl groups,
folic acid, vitamin B12 and alcohol [60]. Interestingly, SAM is anti-apoptotic in
normal hepatocytes, but pro-apoptotic in liver cancer cells [61].

In summary, genotoxic and non-genotoxic hepatocarcinogens may cause similar
epigenetic alterations, the adverse consequences of which eventually may be indis-
tinguishable from those resulting from DNA sequence mutations.

8.2.6
How Carcinogens Alter the Microenvironment — Crucial Roles of Inflammation

Furthermore, the interaction of genotoxic and non-genotoxic chemicals in the
liver is not restricted to the level of hepatocytes but—as summarized in Table
8.1-involves interaction with non-parenchymal liver cells. The observations
strongly suggest that the microenvironment in the liver (i.e., Kupffer and/or other
non-parenchymal cells) has a profound effect in the complex processes leading to
initiation, promotion and progression of hepatocarcinogenesis, in humans and
also in rodents. To elucidate more fully the mechanism of tumor formation
by liver carcinogens, the role(s) of the hepatic microenvironment should be
investigated.

83
Concluding Remarks

It is generally accepted that genotoxic carcinogens may directly induce DNA
lesions, resulting in DNA sequence mutations and giving rise to preneoplastic
(“initiated”) cells. For safety evaluation, a highly important biological feature is the
irreversibility (additivity) of this kind of DNA damage. Thus, current scientific
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Table 8.1 Some non-genotoxic and genotoxic carcinogens reported to activate Kupffer cells.

Substance Endpoint References

Peroxisome proliferators ~ Hepatocyte stimulating activity TNFol; NF-xB T [62, 63]

Phenobarbital Oxygen burst; phagocytosis T [64, 65]
Ethanol TNFall; 1L-6 T (in humans), COX2 [66, 67]
Carbon tetrachloride HGF T; TNFa, TGFB, IL-1, COX2, CD14, IxB T [68, 69]
Arsenic Oxygen burst (myeloid leukemia cells) [70]
Nitrosamines Oxygen burst [71]

knowledge does not allow one to derive a safe exposure below which a given
genotoxic agent may be considered to be without health risk (“no-threshold-
concept”). In addition, mounting evidence suggests that epigenetic mechanisms
such as heritable alterations of the DNA-methylation pattern—notably, without
DNA sequence mutations—are involved in transforming a normal into a precan-
cerous (“initiated”) cell. Consequently, in order to elucidate the mode of action of
chemicals and toxicological risk assessment, “initiation” requires better definition
in molecular terms in order to understand more fully the mechanisms of (chemi-
cal) carcinogenesis. Furthermore, epigenetic mechanisms are not restricted to
early steps of (hepato)carcinogenesis but are also involved in clonal expansion of
precancerous cells. Thus, epigenetically re-programmed preneoplastic cells may
gain a high potential to progress to frank neoplasia.

The safety concerns based on possible epigenetic programming of cells by
chemicals have been strengthened by observations on endocrine disruptors. Endo-
crine disruptors are chemicals that may interfere with hormone signaling. For
instance, o,p’-dichlorodiphenyltrichlorethane (o,p’-DDT), polychlorinated biphe-
nyls (PCB), polychlorinated dibenzodioxins and dibenzofuranes (PCDD/PCDF)
exhibit estrogenic activity; in total about 190 substances showing evidence for
disturbances of estrogen, androgen, progestin, hypothalamic, pituitary or thyroid
hormone homeostasis have been identified to date [72]. As for epigenetics, Water-
land and Jirtle [73] reported that in utero or neonatal exposure of agouti mice to
Bisphenol A stably altered the offspring epigenome (decreased cytosine-guanine
dinucleotide methylation of Avy locus, visible as altered coat color distribution).
The most prominent example, diethylstilbestrol (DES), was found to modify meth-
ylation of uterine genes which are permanently dysregulated upon developmental
exposure of rodents [16]. Furthermore, transient exposure of gestating rats at the
time of embryonic sex determination to vinclozilin was revealed to promote adult
onset of spermatogenic defects and male subfertility [74]. Notably, 90% of all male
progeny for four generations (F1-F4) developed these disease states after the direct
exposure of the FO gestating rat [74]. Finally, the etiology of transgenerational
epigentic effects is not restricted to chemicals, as exemplified by Zambrano and
coworkers [75], showing that embryonic caloric restriction may promote an F2
generation diabetes phenotype.
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Taken together, genotoxic and non-genotoxic chemicals can cause persistent

chemical modification of the genome without necessarily involving DNA sequence

mutations. Stable, life-long and, in certain cases, even transgenerational epigenetic

modulation of gene function creates a challenge for safety evaluation of chemicals.

The potency of chemicals to induce epigenetic effects in target cells constitutes an

important endpoint in elucidating the mode of action of chemicals.
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Carcinogens in Foods: Occurrence, Modes of Action and
Modulation of Human Risks by Genetic Factors and
Dietary Constituents

M. Misik, A. Nersesyan, W. Parzefall, and S. Knasmiiller

Abstract

It has been well documented that dietary factors have an impact on age-related
disorders such as cancer and cardiovascular diseases. However, the focus on spe-
cific groups has changed over recent years and on the basis of the development of
powerful techniques and innovative findings, new concepts have emerged. Epi-
genetic aspects are one of these new concepts. This chapter summarizes major
groups of food carcinogens as a basis for epigenetic evaluation.

9.1
Introduction

Almost 30 years ago, Doll and Peto [1, 2] published a widely cited study on avoid-
able risks of cancer in the industrialized world in which they claimed that dietary
factors play a key role in the etiology of cancer in humans. Figure 9.1 shows their
estimates in more detail. It can be seen, that approximately 35% of all cancer
deaths were attributed to nutritional factors. The assumption that diet plays a key
role in the onset of cancer was subsequently confirmed in several large prospective
trials (for details see e.g. [3, 4]).

Already in the late 1970s, major groups of food carcinogens, such as nitros-
amines (NAs), polycyclic aromatic hydrocarbons (PAHs), heterocyclic aromatic
amines (HAAs) [5] as well as specific mycotoxins, including aflatoxin B; (AFB,),
the most potent human carcinogen known so far [6, 7], had been identified
and characterized. In the 1980s, Bruce Ames from the Berkeley University of
California, published a series of articles in which he emphasized that also plant-
derived foods may also contain potent carcinogens [8-10].

In parallel with the identification of risk factors, it was found that the human
diet contains a plethora of compounds which protect us against food-borne
and environmental carcinogens by multiple modes of action (for reviews see
[9, 11]).
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Figure 9.1 Proportions of cancer deaths attributed to
different factors (according to Doll and Peto [2]).

The cancer risks caused by carcinogens contained in our foods are also affected
not only by diet-related factors but also by our genetic background. A number of
studies, for example investigation of twins in Northern Europe, demonstrated the
large effect of heritability on cancer in specific sites such as the prostate and colon
[12]. One of the reasons for the impact of genetic factors on cancer incidences in
humans is the polymorphisms of genes encoding for enzymes which are involved
in the metabolism of genotoxic carcinogens contained in our diet and also in
DNA-specific genes which encode for repair enzymes [7].

This chapter gives a broad overview of the topics mentioned above. The first
section describes major groups of carcinogens contained in the human diet, the
second concerns the effects of putative cancer protective food components and the
third describes the importance of enzyme polymorphism in regard to diet-related
risks.

9.2
Genotoxic Carcinogens in Human Foods

The first carcinogens in human foods were discovered in the 1940s and 1950s and
belonged to two classes, namely polycyclic aromatic hydrocarbons and nitrosa-
mines [13, 14]; in the early 1970s, another important group, namely heterocyclic
aromatic amines (HAAs), was identified by the Japanese scientist T. Sugimura (for
reviews see [15-18]).



9.2 Genotoxic Carcinogens in Human Foods

9.2.1
Polycyclic Aromatic Hydrocarbons

PAHs are ubiquitous environmental contaminants which are formed by incom-
plete combustion of organic compounds. Approximately 500PAHs have been
identified so far. Human exposure to PAHs by foods occurs via consumption of
barbecued meats [14]. Another source of exposure is the consumption of fruits
and vegetables contaminated with air particles containing PAHs that are formed
by combustion [19]. Twenty five PAHs are commonly determined in analyses of
foods [14]. In an analysis of PAHs in the UK diet, it was found that the major
contributions come from cereals (about one-third), from oils and fats (about one-
third) and from fruits, vegetables and sugars (about one-third) [20]. The total daily
dietary load of PAHs in the UK was estimated to be 3.70ug, 5.0-17.0ug in the
Netherlands, and 1.2ug in New Zealand (for review see [14]). The carcinogenic
potency of PAHs increases with the number of condensed benzene rings but not
all structures convey carcinogenity. The target organs of their carcinogenic action
in rodents are multiple, for example, lungs, stomach and breast. An ideal method
to assess heath risks caused by these compounds in humans are by DNA-adduct
measurements which can be linked directly to human cancer risks [21]. In this
context it is notable that a biomonitoring study of Californian non-smoking fire-
fighters showed that PAH adduct formation did not correlate with the extent of
fire fighting but was associated with the frequency of consumption of charbroiled
food [5].

The carcinogenic properties of PAHs are well documented and many of them
have been classified as group 1 (“agents carcinogenic to humans”; benzo[a]pyrene),
group 2A (“agents probably carcinogenic to humans”; dibenz[a,h]anthracene,
dibenzo[a,l]pyrene) or as group 2B (“agents possibly carcinogenic to humans”;
benz[a]anthracene, benzo[b]fluoranthene, dibenzo[a,h]pyrene, benzojjfluoran-
thene, benzo[k]fluoranthene, benzo[c]phenanthrene, dibenzo[a,i]pyrene) by the
IARCY [22].

The induction of tumors is assumed to be due to DNA-damage caused by reac-
tive metabolites which are formed as a consequence of enzymatic conversion (i.e.,
after hydroxylation by cytochrome CYP1A1 and subsequent formation of DNA-
reactive bay-region diols) [23]. One of the most important detoxification pathways
is the enzymatic conjugation with glutathione which is catalyzed by a tissue and
substrate specific glutathion-S-transferases (GSTs) [23, 24].

9.2.2
Nitrosamines

NAs are found in cured meats where they are formed as a consequence of reactions
between amines contained in proteins with nitrosating agents. Another pathway is

the endogenous nitrosation of amines under acidic conditions in the stomach as a

1) International Agency for Research on Cancer, Lyon, France.
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consequence of the simultaneous presence of protein-rich foods and of vegetables
containing nitrates and/or nitrite, or of consumption of water with high levels of
nitrates [7]. Several hundred different NAs have been characterized [25] and the
most important ones found in foods are N-nitrosodimethylamine (NDMA), N-
nitrosodiethylamine (NDEA), N-nitrosopiperidine (NPIP) and N-nitrosopyrroli-
dine (NPYR). It is notable that tobacco smoke contains a number of specific
nicotine-derived NAs which are considered to play a key role in the etiology of
human lung cancer. The IARC placed NDMA and NDEA into the category of
agents which are probably carcinogenic to humans (2A), and N-nitrosodibutyl-
amine, NPIP and NPYR into the group considered as possibly carcinogenic (2B).

The activation of most NAs follows a common scheme, that is, hydroxylation of
the o-C-atom by a specific cytochrome (CYP2E1) which leads to formation of
unstable DNA-reactive metabolites [23]. The target tissues of tumor induction are
multiple and major affected organs are liver, esophagus and brain [26-29].

In humans, the high incidence of nasal cancer in fishermen in the Southern
province of China has been attributed to consumption of dry fish containing high
levels of NAs (for details see [30]); also the increased incidence of esophageal
cancer seen in areas with high nitrate and nitrite levels in drinking water was
attributed to NAs formation [31].

9.23
Heterocyclic Aromatic Amines (HAAs) and Other Thermal Degradation Products

HAAs are formed as reaction products of glucose, amino acids and creatinine
during frying of meats and were discovered by a Japanese scientist in fish [16, 17].
These compounds induced predominantly colon cancer in experiments with
rodents and it was hypothesized that they may contribute to the high rates of
gastro-intestinal cancer in individuals living in countries with high levels of meat
consumption [32]. Three main factors affect their formation: (i) the type of meat
(in particular, its creatinine level); (ii) the cooking method (temperature); and (iii)
the preparation time. HAAs are found mainly in cooked muscle meats while other
sources of dietary protein (milk, eggs, and organ meats such as liver) contain only
trace amounts. The temperature is the most important factor in the formation of
the amines, frying and barbecuing producing the largest amounts. It was shown
that the HAA levels are increased threefold when the cooking temperature is
increased from 200°C to 250°C [33].

More than 20 HAAs have been isolated so far, belonging to different chemical
groups as derivates of y-carboline, amino-o.-carboline, dipyrido-imidazol, imidazo-
quinoline, imidazoquinoxaline, phenylimidazopyridine [17, 34, 35].

Scientists commonly use abbreviations for the different types of amines. The
most important ones are PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine)
and AaC (2-amino-9H-pyrido[2,3-bjindole) which are most abundantly found in
fried meat. Other compounds which were frequently used in model studies are
IQ (2-amino-3-methylimidazo[4,5-f]quinoline) and Trp-P-1 (3-amino-1,4-dimethyl-
SH-pyrido[4,3-bjindole).
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The metabolism of HAAs is quite complex. Following hydroxylation of the
N-atom by cytochrome P4501A2, the metabolites are acetylated or sulfated and
glucoronated, predominantly in the liver. Following excretion of the latter metabo-
lites into the gut via the bile they can be reactivated by B-glucuronidases of the
intestinal microflora. The reactive metabolites may then damage DNA in colon
mucosa cells (for a detailed description see [36]). Sulfotrasferases play a key role
in the metabolic activation of amino imidazoles, and carbolines.

9.24
Mycotoxins

Aflatoxins, in particular AFB,; account for the high prevalence of hepatocellular
cancer in certain areas of the world (e.g., in Central Africa and China). These toxins
are formed during storage of plant-derived foods by molds (by Aspergillus flavus
and other fungi) which grow in tropical areas [37].

AFB, is enzymatically activated in the liver to a reactive epoxide, predominantly
by the cytochrome P450 isoforms CYP1A2 and CYP3A4. The epoxide can be
detoxified by conjugation with glutathione [38]. As AFB, causes a specific “finger-
print” mutation in a human suppressor gene (p53), it is possible to determine by
sequencing of DNA samples, isolated from liver tumors, whether the mycotoxin
is responsible for the disease [39].

Several other mycotoxins are also suspected to cause cancer in humans. For
example, ochratoxin A which was found to be responsible for the outbreak of
Balkan endemic nephropathy (BEN), a renal disorder in Eastern European coun-
tries in the 1980s. Several pieces of evidence have recently shifted opinion from
ochratoxin A to aristolochic acid as the causative agent of BEN [40]. Although och-
ratoxin A might still be involved, (i) aristolactam—-DNA adducts in renal tissues and
urothelial cancers of affected patients have been found, (ii) “signature” mutations
in the p53 gene were identified in the upper urothelial cancers associated with this
disease, and (iii) the renal pathophysiology and histopathology observed in endemic
nephropathy most closely resemble those of aristolochic acid nephropathy.

Other potentially relevant carcinogenic mycotoxins are fumonisin B, and tricho-
tecenes (nivalenol, deoxynivalenol). Contamination of foods with these compounds
has been proposed to play a role in the etiology of esophageal cancers in Transkey
(South Africa) and Asia [41] and experimental evidence of DNA-damage in mam-
malian cells is available [42].

9.25
Food Additives and Carcinogens in Plant-Derived Foods

The DNA-damaging and carcinogenic properties of food additives have been
studied intensively and it can be assumed that the chemicals which are currently
used by the industry can be regarded in general as safe.

“Classical” examples for hazardous additives which have been banned many
decades ago are “butter yellow” which causes bladder cancer [43] and 2-(2-furyl)-
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3-(5-nitro-2-furyl) acrylamide (furylfuramide), (AF-2) which was used in Japan as
a preservative in the 1970s [44].

Besides the formation of HAAs thermal degradation and condensation of basic
constituents occurs during food preparation. Acrylamide (AA) has been detected
in baked foods containing starch and proteins. The levels were quite variable up
to 3770 ug AA/kg in snacks (crisps and potato snacks [45]). AA was found to be a
germ cell mutagen besides its neurotoxicity and toxicity for reproduction and
development in rats and mice. AA is metabolically activated by CYP2E1 to the
reactive and genotoxic metabolite glycidamide which is also formed in even smaller
amounts directly during food preparation, as has been reported recently [46].

This finding illustrates that there may be many more genotoxic and carcino-
genic compounds generated during the Maillard reaction of which we are still
unaware.

The artificial sweetener sodium saccharin and the natural flavoring agent
d-limonene were found to induce tumors in rodents, but it became clear in sub-
sequent mechanistic studies, that the induction of bladder cancer by saccharin
and formation of renal tumors by d-limonene are species specific [47-49]. In 2000,
the National Toxicology Program of the National Institutes of Health (NIH)
re-evaluated the evidence for human carcinogenicity of saccharin [50] and recom-
mended in its “Report on Carcinogens, 9th Edition” that it should be removed
from the list of potential carcinogens. This delisting took place in the 11th Edition
[51], and the California Environmental Protection Agency (EPA) also removed
saccharin from its Proposition 65 list of carcinogens.

d-Limonene produces renal cancer in male rats only. The mechanism is unique
to the male rat since the syndrome is dependent on alpha,p-globulin in urine
which is not present in the female rat and in humans, mice, dogs, and guinea-pigs.
Therefore, no renal carcinomas will develop following exposure to hydrocarbons
like d-limonene in either of these species. Indeed there is no evidence for geno-
toxicity or carcinogenicity in humans. The IARC classifies this compound at
present under Class 3: not classifiable as to its carcinogenicity to humans [52]. On the
contrary, limonene is now known as a significant chemopreventive agent [53] and
is predicted to have potential value as a dietary cancer preventive compound in
humans [54]. The FDA considers d-limonene to be GRAS (generally regarded
as safe) as a food additive when used as a synthetic flavoring substance and
adjuvant.

The first carcinogenic plant specific constituent which was identified is cycasin,
a glycoside contained in cycad flour which was produced from palm trees and used
for the production of sweets (cakes and biscuits) in tropical areas [55]. The com-
pound is cleaved enzymatically by representatives of the intestinal flora and the
aglycone is converted to a highly DNA-reactive derivative in the hepatic tissue and
causes liver cancer [55].

In 1986, Ames published a provoking article in which he claimed that many
plants which are used as foods contain carcinogens which can be regarded as
“natural pesticides” [9]. Typical examples are capsaicin, the pungent principle of
chilli and compounds like coumarin (in vanilla, and cassia), sesamol (in sesame
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seeds), safrol (in spices such as nutmeg, mace, cinnamon, anise and black pepper),
estragol (tarragon, sweet fennel and anis), and agaritine (mushrooms). We evalu-
ated recently the current state of knowledge on genotoxic and carcinogenic proper-
ties of these agents [56]. There is no doubt that some of them cause tumors in
rodents. However, many of these compounds are contained in spices and therefore
consumed only in minor quantities by men. Therefore, it can be assumed that
their contribution to the overall human cancer risk is low or negligible. As already
stressed by Ames and his coworkers [8, 10], our knowledge concerning the risks
of synthetic compounds is by far higher than that on natural compounds which
are commonly regarded as safe, and more experimental data should be available
to assess the possible cancer risks of plant constituents in our daily diet more
precisely.

9.2.6
Alcohol

One of the main diet-related cancer risks for men is alcohol. It has been shown
that its consumption leads to a substantial increase in specific forms of cancer,
for example in the esophagus, liver, large bowel and breast (for extensive reviews
see [57-59)).

One of the key mechanisms which has been postulated to account for its carci-
nogenic effects is the induction of inflammation by the main metabolite acetalde-
hyde which was also shown to inhibit DNA-repair processes and to cause formation
of stable DNA-adducts (N-methyldeoxyguanosine) [59]. In this context it is also
notable, that the induction of CYP2E1, which catalyzes the activation of nitros-
amines by chronic alcohol intake, may account for the strong synergistic effects
between tobacco smoking and alcohol consumption in regard to cancer
induction.

9.3
Contribution of Genotoxic Dietary Carcinogens to Human Cancer Risks

In 1992, Lutz and Schlatter published an interesting paper in which they assessed
the contribution of different DNA-reactive compounds found in foods to the
overall cancer risk in the Swiss population on the basis of exposure data and results
from animal experiments [60]. They calculated, that according to the estimate of
Doll and Peto [2] about 80000 of the annual cancer cases per one million lives in
Switzerland are due to dietary factors and assessed the contribution of individual
groups of carcinogens. From these data, it became clear that only 25% of the
overall dietary cancer risks could be explained by known chemical carcinogens
contained in food. The “remaining” dietary cancer risk (about 75%) was postulated
(at least partly) to be due to overweight [60].

Indeed, numerous investigations showed that excess body weight is associated
with different forms of cancer. A recent paper of Renehan et al. [61] gives an
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overview on the current state of knowledge. The meta-analysis of studies published
between 1966 and 2007 shows quite clear, that an excess BMI of 5 kgm™ in males
correlates with an increased risk for esophageal carcinomas by 52%. In women,
the highest risk rates were found in regard to endometrial cancer and gall bladder
tumors (increase of the risks by >50%). Additionally, cancers in other organs are
associated with overweight, for example the kidney (increase of the risk by 24%
in & and by 34% in Q) and the colon (increase of the risk by 24% in & and 9% in
Q) [61, 62].

9.4
Protective Effects of Dietary Components Towards DNA-Reactive Carcinogens

Apart from obesity, the overall consumption of diets containing specific protective
compounds as well as individual susceptibility factors, may have a strong impact
on diet-related human risks [63].

In the 1970s, the Japanese researcher Kada screened hundreds of plant extracts
for antimutagenic effects in bacterial assays, in order to identify the most potent
protective components [64, 65], while in the US, Wattenberg and coworkers inves-
tigated at the University of Minnesota investigated the protective properties of
vegetables in animal cancer models and demonstrated that specific plant-derived
diets prevent the induction of tumors by PAHs [66, 67].

To date, a large number of plant components and beverages have been identified
which are protective towards dietary carcinogens [68]. Various examples of such
compounds are listed in Table 9.1. It can be seen, that chemoprevention can be
achieved by a broad variety of different mechanisms.

Probably one of the most important modes of action is the modulation of activi-
ties of drug metabolizing enzymes involved in the activation and/or detoxification
of xenobiotics (including DNA-reactive carcinogens). The investigations of Kensler
and his colleagues [83] contributed substantially to the current understanding of
these processes. In brief, they showed, that the activation of a specific transcrip-
tional factor (termed Nrf2) by dietary compounds (e.g., by sulforaphane found in
broccoli and other constituents of cruciferous vegetables) leads, via interaction
with the antioxidant responsive element (ARE), to the transcription of a broad
variety of genes which encode for defense function, including detoxifying (phase
II) enzymes which inactive carcinogens [84].

Table 9.1 also lists compounds which inactivate reactive oxygen species (ROS).
It is know that human foods are a major cause of ROS-mediated damage [9, 82],
which is a key event in both, cancer induction and promotion.

Another important principle of chemoprevention may be the induction of DNA-
repair enzymes. However, it is quite unclear at present if effects detected with
some dietary compounds, for example with spice ingredients such as vanillin and
cinnamonaldehyde in bacterial test systems [85] can be extrapolated to the human
situation and in general, only little is known about the impact of the diet on repair
functions.



Table 9.1 Examples for dietary factors which protect against
DNA-damaging tumor induction by food-related carcinogens.

9.4 Protective Effects of Dietary Components Towards DNA-Reactive Carcinogens

Carcinogen Protective factor Mode of action References
Aflatoxin B, Chlorophyll, lactic acid Direct binding [69, 70]
bacteria
Coffee and coffee-specific ~ Induction of glutathione S [71]
diterpenoids transferase—prevention of
cancer
Benzo[a]pyren Glucosinolates and Induction of glutathione S [72]
and other PAHs  cruciferous vegetables transferase which detoxified
the metabolites
Phenolic acids Inactivation of DNA reactive  [73, 74]
(e.g., ellagic acid) metabolites (diol epoxide)
Ochratoxin and Lactic acid bacteria in Direct binding [75]
patulin yogurt
Heterocyclic Lactic acid bacteria, fiber, ~ Direct binding [76]
aromatic amines  chlorophyll
Brassica vegetables Induction of glucouronosyl [77]
transferase
Coffee diterpenoids Inhibition of activation [78]
(4 CYP1A2 and | of NAT2)
and induction of detoxifying
enzymes
Nitrosamines Phenolics in plants Prevention of formation in [79, 80]
the stomach
Isothiocyanate Inhibition of activation [81]
(breakdown products of (4 CYP2E1)
glucosinolate)
Reactive enzyme  Antioxidant vitamins Direct scavenging [82]
species (ROS) (C, A, E) and carotenoids
Lactic acid bacteria, green  Induction of antioxidant [82]

tea, etc.

enzymes
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The development of new approaches which will enable a more detailed study of
this topic, for example, the establishment of protocols for single cell gel electro-
phoresis assays may help to shed light on this exciting issue in the future (for
details see [86)).

9.5
Gene Polymorphisms Affecting the Metabolism of Genotoxic Carcinogens

As described above, different groups of relevant dietary carcinogens are activated
and/or detoxified by phase I and phase II enzymes, respectively. To our current
knowledge, most of the genes encoding specific enzymes are polymorphic in
humans; that is, they contain mutations which affect their functions. As a conse-
quence, increased, but also decreased, levels of reactive metabolites of dietary
contaminants may be generated, resulting in broad inter-individual variations in
cancer susceptibility. For example genetic variants of CYP1A1, a phase I enzyme
which metabolically activates PAHs, is known to exhibit higher inducibility and is
associated with an increased lung cancer risk (see Table 9.2).

Genetic variants of phase II enzymes often lead to inefficient detoxification of
reactive electrophilic metabolites, for example, (i) exposure to PAHs of individuals
with the GSTM1*0 genotype results in increased PAH-DNA adduct levels in
peripheral blood lymphocytes (see Table 9.2); (ii) GSTAI*B/*B leads to decreased
enzyme activity and colorectal cancer risks may increase in consumers of well-
done red meats [91].

However, in general, adduct levels or cancer risks do not increase dramatically
because parallel pathways through other enzyme isoforms can still inactivate the
reactive metabolites. Table 9.2 provides further examples of enzyme polymor-
phisms/ variants in a non-exhaustive manner (for a detailed review see Reszka
et al. [111]).

Polymorphisms occur also in genes encoding for DNA-repair factors and
enzymes [112] and in this context it is notable that specific forms of cancer have
been associated with such genes. For example BRCA1 and BRCA2 mutations lead
to increased rates of breast cancer [104, 105] while hMLH1 and hMLH2 are
involved in colorectal cancer in man [106]. Genes which play a role in base excision
repair such as XRCC1 and XRCC2 as well as ERCC4/XPF appear to have an impact
on human cancer etiology [113]. A “classical” example for an association of DNA-
repair genes with skin tumors are Xeroderma pigmentosum patients which are
defective in nucleotide excision repair (genes for seven possible factors: XPA to
XPG) and thereby predisposed to increased risks [114, 115].

Single polymorphisms in CYP, GST or NAT genes or of DNA-repair genes show
only moderate effects in terms of relative cancer risk, they are so-called low pen-
etrance genes. However, genotype combinations appear to predispose to distinctly
increased cancer risks. Some examples are shown in the lower part of Table 9.2,
for example, the combined occurrence of the GSTM1 null geno-/phenotype and
the expression of a low activity variant of the epoxide hydrolase renders AFB,
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Table 9.2 Examples of the impact of enzyme polymorphisms
on DNA-damaging and/or carcinogenic effects of dietary
compounds.
Enzyme Polymorphism Effect on genotoxic dietary carcinogens References
geno-/phenotype
Cytochrome P450 CYP1A1*2 alleles Increased lung cancer risk in homo- and [87-89]
(CYP) 1A1 (MsPI) heterozygotes increased inducibility, but
secondary role in lung cancer risk
CYP1A2 CYP1A2*1K Decreased activity, lower inducibility [90]
— probably less activation of aflatoxin B,
CYP2A6 High activity phenotype = Dietary nitrosamine metabolism; [91]
colorectal cancer T
CYP2E1 Linked with a single or ~ Higher enzyme activity/inducibility; rectal ~ [92]
double 96bp insertion  cancer T at intake of high dietary levels of
in the regulatory region  nitrosamines and of salted/dried fish or
oriental pickled vegetables
CYP2E1 CYP2E1 G1259C Rsal Decreased CYP2E1 activity/inducibility; [92]
colorectal cancer T in homozygous
wild-type genotype (c1/c1) vs. the
homozygous variant genotype (c2/c2)
Alcoholdehydrogenase ADH2*1/2*1 Less-active form associated with increased  [93]
risk of esophageal cancer in East Asians
Alcoholdehydrogenase ADH3*1/2 Fast metabolizing form associated with [94]
increased risk of breast cancer in
Caucasians
Aldehyde ALDH2*1/2*2 null High risk of esophageal cancer in East [94]
dehydrogenase allele Asians
Epoxide Hydrolase EPHX1 exon 3 Low activity variant: decreased risk of lung  [95, 96]
(EPHX1) (CT, Tyr113Arg) cancer high activity variant: modestly
EPHX1 exon 4 increased risk of lung cancer
(CA, His139Arg)
Glutathion-S-Trans- GSTAI*B/*B Lower enzyme activity; colorectal cancer T [91]
ferase (GST) Al in consumers of well-done red meat
GST M1 GSTM1*0 PAH-DNA adduct levels T in smokers, [97, 98]
coke oven workers
GSTT1 GSTT1*0 Bulky PAH-DNA adduct levels slightly T [99]
N-Acetyl Transferase NATI*11 Increased activity. In postmenopausal [100]

(NAT) 1

women consuming high levels of red
meat: Breast cancer risk T
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Table 9.2 Continued.

Enzyme Polymorphism Effect on genotoxic dietary carcinogens References
geno-/phenotype
NAT 2 NAT2 rapid/ Breast cancer T (HAA from red meat) [101]
intermediate
DNA-repair factor XPD exon 10 AA Lung cancer risk T in never-smokers and [102]
Xeroderma (asp312Asn) XPD exon  further increased lung cancer risk in
Pigmentosum (XP) 23 CC (Lys751Gln) current or recent smokers aromatic adduct
levels T
XP DNA-repair factors XPA-(A23G), PAH DNA adduct levels T in smokers, [98]
XPC (poly-AT insert), coke oven workers
XPD-Asp312Asn and
Combined DNA- XCCR1, XCCR3, XPD With increased combination of variant [103]
repair factors alleles: bulky adduct levels (PAHs) T
DNA-repair factors BRCA1, BRCA2 (high Loss of heterozygozity leads to impaired [104, 105]
penetrance genes) DNA repair of double strand breaks —
breast cancer T
DNA repair MSH2, MLH1, PMS1, Germline mutations in mismatch DNA [106]
PMS2 repair genes — hereditary nonpolyposis
colon cancer T
Combinations of genotypes
Combined CYP1A1 CYP1A1 lle462Val Higher activity for activation of PAHs; [107]
GST M1 GSTM1*0 increased risk of lung cancer in non-
smokers (presumably dietary exposure)
Combined CYP1A2 CYP1A2 high activity Post-meal urinary mutagens (HAA from [108]
NAT 2 NAT2 slow acetylators ~ pan-fried hamburgers) T
Combined CYP1A2 CYP1A2 high activity Preference for well-done red meat/ever [109]
NAT 2 NAT2 rapid acetylators ~ smokers — colorectal cancer T
Combined GST M1 GSTM1*0 EPHX1 AFB; albumin adducts T, risk of p53 [110]
and EPXH1 exon 3 (CT, Tyr113Arg) mutations T, and hepatocellular
carcinoma T
Combined GST M1 GSTM1*0 Xpc +/+ or BPDE DNA adducts T in coke oven [98]

and XPC or XPA

XPA-A23A

workers
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exposed individuals at clearly increased risk for hepatocellular cancer. Other sce-
narios may be envisioned. For example, Tempfer et al. [116] reported on data
collected in the frame of the prospective Nurses’ Health Study which established
seven SNPs” (hPRB +331 G/A, AR CAG repeat, CYP19 TTTA(10), CYP1Al
Msp I, VDR FOK1, XRCC1 Arg194Trp, and XRCC2 Arg188His) as small, but sig-
nificant risk factors for spontaneous, non-hereditary breast cancer to which low-
penetrance genetic risk factors of sporadic breast cancer may add, namely the
SNPs TGFBR1*6A, HRAS1, GSTP Ile105Val, and GSTM1 SNPs.

These examples demonstrate that multiple factors of susceptibility may modu-
late the health impact of dietary genotoxins on an individual level.

The complex interplay between food-derived carcinogens and metabolic, genetic,
and protective factors is summarized in Figure 9.2.

Aflatoxins Nitrosamines  Polycyclic aromatic Heterocyclic
(NDEA) hydrocarbons (B(a)P) aromatic amines (PhiP)
HiC=CH,
‘N-N=0

Reactive
metabolites

¢/ Genetic factor
o polymorphisms

’l
-

"
- Coffee -
~==  diterpenoids C+K (1)

‘_ Metabolic activation
Repair \.“anlllln,
D R rof:::\ﬂocr: ln:ifsi:lzyme \o cmnamon aldehyde

‘ Alterations of enzyme
activities

Figure 9.2 Schematic illustration of activation UGT-glucuronosyl-transferase,

and detoxification pathways of genotoxic NAT— N-acetyltransferase,

carcinogens contained in the human diet. SULT —sulfotransferase, ITC;—isothiocyanates,

CST-gluthation-S-transferase, C + K—kahweol/cafestol.

2) Abbreviations: SNP, single nucleotide TGFR1 receptor; hRAS1, highly polymorphic
polymorphism; hPRB, human retino- region of variable number of tandem
blastoma geneproduct; AR, androgen repeats, 1kb downstream of the human

receptor; VDR, vitamin D receptor; TGFBR1, proto-oncogene H-rasl.
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9.6
Concluding Remarks, Epigenetics and Outlook

Over the last 50 years, strong efforts have been made to identify hazardous and
chemopreventive compounds in the diet in order to protect humans against cancer
caused by nutrition. As a consequence, dietary strategies and recommendations
have been developed and functional foods and supplements are produced in
increasing amounts (e.g., see [115, 117]). However, studies indicate that the inci-
dence of cancer is still increasing since the 1950s and it has been stressed that
these effects cannot be explained solely by the higher life expectancy of the popula-
tion (for details see [118]).

Furthermore, hazardous compounds in the diet must also be seen in the light
of new epigenetic concepts such as the association of ancestral food supply with
longevity and with cardiovascular and diabetic mortality, as shown by Pembrey
et al. [119]. Will we get more evidence that environmental toxins cause epigenetic
changes to the DNA in the developing germ line, and that these changes are
maintained and carried along with the sperm to the next generation.

One possible solution to counteract this tendency is the further elucidation of
preventive mechanisms and the identification of potent chemopreventive dietary
factors. In this context it is notable, that recent findings made it questionable
if generalized nutritional recommendations are indeed effective; for example
it was shown in meta-analyses that intake of antioxidant supplements has adverse
effects in terms of cancer risks in humans [114]; also, in the case of folate it was
emphasized that excess uptake may lead to an increased risk of colon cancer [120].
Animal studies, in conjunction with clinical observations, suggest that folate
elicits dual modulator effects on carcinogenesis, depending on the timing and
dose of folate intervention and on the polymorphism of genes involved in its
metabolism.

Probably one of the most promising concepts is the design of individual diets
which are based on the determination of key parameters of cancer risks such as
DNA-stability. The “Health Genome Concept” which has been developed by
Fenech in recent years [121], provides exemplary details.
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From Molecular Nutrition to Nutritional Systems Biology
Guy Vergeéres

Abstract

The human genome sequencing project headed by the Human Genome Organiza-
tion (HUGO) which started in the early 1990s, has triggered dramatic technologi-
cal and conceptual developments in the life sciences. In particular, HUGO led to
the rise of the “-omic” technologies that, together with bioinformatics, now allow
biological systems to be investigated holistically. Medical and pharmaceutical sci-
ences have long realized that, in most cases, simple molecular mechanisms cannot
account for deregulation in human metabolism. Consequently, these sciences now
clearly make use of the tools derived from HUGO to take a systemic (global)
approach to multifactorial diseases. Nutrition research is now learning from
medical and pharmaceutical research by replacing the pharmacogenomics concept
“patient/drug/treatment/omics” by the nutrigenomic concept “healthy consumer/
food/prevention/omics”. The technologies used in nutrigenomics, along the chain
of molecular information leading from DNA to metabolites in the cell (genomics,
transcriptomics, proteomics, metabolomics), as well as in nutrigenetics and
nutri-epigenetics are described. Examples of these research strategies are also
presented.

10.1
Impact of Life Sciences on Molecular Nutrition Research

The University of Harvard has created an artistically remarkable video entitled
“The Inner Life of The Cell”, which spectacularly illustrates the advances in life
sciences over the past two decades [1]. This progress has been mainly driven by
the development of new technologies and their concurrent application to the fields
of medicine and pharmacology. With the support of these technologies molecular
nutrition can now move closer to physiology to transform nutrition research into
a translational science. The aim of this article is to present elements of the muta-
tion that nutrition research is currently experiencing.
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The chain of molecular information in a cell, which leads from DNA to metabo-
lites via RNA and proteins, allows us to realize how life sciences have evolved. In
the early 1980s a PhD student used to spend his entire thesis on the study of a
single gene or protein. Advances in miniaturization and automation have pro-
foundly changed molecular biology by opening the door to the -omic sciences,
which now enable the comprehensive analysis of entire sets of molecules of the
same kind along the chain of molecular information (genomics for DNA, tran-
scriptomics for RNA, proteomics for proteins, metabolomics for metabolites).
These technological improvements have dramatically increased the volume of data
and have been, accordingly, accompanied by appropriate developments in the
fields of statistics and bioinformatics, which now assist the “life scientist” in his
interpretation of the data resulting from his experiments. Along that path of
changes, the 21st century now witnesses the rise of systems biology, a holistic
science, which integrates all -omic levels to extract quantitative information from
laboratory and in silico experiments, allowing a phenotypic understanding of bio-
logical systems. Systems biology liberates the scientist from molecular details and
allows him to address the function of cells, organs, and organisms, leading to the
revival of physiology and, ultimately, to the realization of the true potential of this
science [2].

The exhibition “Cradle to Grave by Pharmacopoeia” at the British Museum
reveals that, on average, each British subject is prescribed 14 000 pills in his life-
time [3]. This impressive number explains why the molecular effects of drugs on
organisms have been so intensively studied. In particular this has led to the emer-
gence of the science of pharmacogenomics, which applies -omic technologies to
investigate these interactions. Another way to look at drugs is by calculating our
lifetime consumption, which can be estimated to ~3kg, assuming an average
weight of 0.2 g per pill. This quantity is evidently orders of magnitude below that
of our lifetime consumption of food, which can be estimated at 60000kg. This
simple comparison needs to be retained in relation to the potent pharmacological
activity of drugs but, nonetheless, suggests that the molecular analytical strategies
used in pharmacology could potentially be applicable to comprehensively study
the molecular and physiological impact of nutrients on organisms. Intuitively, the
expected differences between nutrition and pharmacology are twofold: firstly,
compared to drugs, food has a complex chemical composition; secondly, food is
not primarily expected to exert pharmacological activity. Thus, when compared to
the action of a drug, the molecular response of an organism to a diet is expected
to be broader in its molecular complexity and lower in its intensity.

That food could be pharmacologically active was nonetheless demonstrated, for
example, in a nutritional clinical study aimed at improving the lipoprotein profile
of hyperlipidemic patients [4]. The biochemistry of cholesterol and lipoproteins is
well described and consists of several steps, among which are cholesterol biosyn-
thesis and absorption, bile acid sequestration, fatty acid synthesis, lipoprotein
lipase activation, inflammation, and lipid oxidation. The pharmaceutical industry
has consequently developed drugs, such as statins, that interact with these bio-
chemical pathways to improve the cholesterol-lipoprotein profiles of patients at
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risk of developing cardiovascular diseases. Parallel to these developments, molecu-
lar nutrition has identified components in food, such as red yeast rice, soy proteins,
plant sterols, omega-3 fatty acids, vitamin C and vitamin E, which also interact
with these pathways. Based on this knowledge, a dietary portfolio of cholesterol-
lowering food was prepared, which was able to improve the lipoprotein profile of
these patients to an extent similar to that achieved by statins.

This example is an excellent illustration of the pharmacological potential of a
targeted nutrition that is based on existing molecular and physiological knowledge.
It suggests that nutrition research can learn from pharmacological research by
applying scientific and analytical strategies similar to pharmacogenomics to holis-
tically investigate the molecular and physiological effects of nutrients on organ-
isms. The challenge of nutritional systems biology for the 21st century is to achieve
this goal [5].

Modern molecular nutrition research, which is evolving toward nutritional
systems biology, is covered by the three major research fields of nutrigenomics,
nutrigenetics and nutri-epigenetics. In the scientific literature, the term “nutrig-
enomics” often includes nutrigenetics and nutri-epigenetics. For clarity, the author
considers these three research areas separately and uses the term “nutritional
systems biology” to cover all of the three.

10.2
Nutrigenomics

The -omic technologies are particularly appropriate to investigate complex interac-
tions between food, which has a broad chemical composition, and living organ-
isms [6]. Nutrigenomics can thus be defined as the application of modern life
sciences, in particular the -omic technologies, to the study of the interactions
between food and living organisms, especially humans. The following sections will
give a short technical introduction to the various -omic methods and present
selected examples that illustrate their potential application to nutrition research
and food science.

10.2.1
Genomics and Nutrition Research

Fred Sanger delivered pioneer work in the development of DNA sequencing, an
achievement that was acknowledged with a Nobel Prize in 1980. A breakthrough
in genomics was subsequently achieved with the human sequencing project,
headed by the Human Genome Organization (HUGO), which started in 1990 and
culminated in 2001 with the publication of the DNA sequence of the human
genome, which is composed of 3.2 billion DNA bases [7]. Importantly, this work
was accompanied by a dramatic increase in efficiency, and, ultimately, a decrease
in the cost of DNA sequencing over the years. As a consequence, sequencing the
entire genome of a single individual is no longer prohibitive from an economical
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point of view, as highlighted by the recent publication of the sequence of the
genome of James D. Watson [8] and by plans of private companies to soon provide
services for sequencing the genome of individuals at less than 1000 dollars [9].

A promising example of the application of genomics to nutrition research is the
characterization of human microflora. The affordability of DNA sequencing now
allows high throughput genomic characterization of the microbial population in
the human gastrointestinal tract, the so-called human microbiome [10]. This work
reveals that our intestinal microflora is not only complex in its composition but
also dynamic in its interactions within the members of the microbial community,
with the ingested food, as well as with cells of the intestinal epithelium and the
immune system. The number of intestinal microbes also exceeds the human cells
by one order of magnitude. Human beings can thus be considered as superorgan-
isms composed of populations of dynamically interacting human and microbial
cells. Furthermore, the genomic and metabolic characterization of this ecological
system in murine models reveals that changes in the composition of the micro-
flora lead to differentiated metabolism of the ingested nutrients and, consequently,
to changes in the quality and the quantity of nutritive energy that can be extracted
from food. That this conclusion may be relevant to humans is strengthened by a
correlation between weight loss in obese persons undergoing calorie-restricted
diets and the composition of their gut microflora [11]. Taken together, these
studies suggest that the specific nature of the microflora differentially influences
the metabolism of the food we ingest. It should, consequently, be possible to regu-
late metabolic disorders by modifying the composition of this microflora.

10.2.2
Transcriptomics and Nutrition Research

The human genome contains 20000-25000 genes that, depending on the nature
of the environmental biological stimuli, are differentially expressed in the form of
RNA. Microarray technologies now routinely allow the parallel measurement of
the transcriptome, that is, the entire set of RNA molecules expressed in a given
tissue, organ, or organism at a specific time and under specific conditions. Tran-
scriptome analysis is not restricted to human material, since progress in sequenc-
ing technologies has led to the commercial availability of a large spectrum of
microarrays that covers the animal, vegetal and microbial kingdoms. Transcrip-
tomic strategies typically take a differential approach in that the relative expression
of genes is compared either in different biological tissues (cell, organ, organism
...) exposed to the same conditions (biochemical, physiological, pathological ...) or
in the same biological tissue exposed to different conditions. The genes that are
differentially expressed are identified and the biological significance of these find-
ings is discussed [12].

The ingestion of macronutrients and micronutrients modulates cellular gene
expression [13]. A transcriptomic strategy can thus be taken to investigate the
nutritional and physiological properties of specific foods in humans [14]. In par-
ticular, the blood cell transcriptome [15] is potentially a source of nutritional bio-
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markers for several reasons: (i) Human blood cells are easily accessible, compared
to other tissues where biopsies are necessary. (ii) Blood cells are sentinels of the
body that reflect the physiological status of the human organism. This property
has long been recognized in medicine, as seen by the impact of clinical chemistry
in medical diagnostics. (iii) Blood is an important component of the immune
system that is particularly suited to studying the immune-modulating properties
of bioactive components in food.

In line with the potential of blood analytics in nutrition research, we have
launched a project aimed at characterizing the blood cell transcriptome of humans
following the ingestion of dairy products. The analysis of the expressed transcrip-
tome has revealed changes in the expression of genes coding for ribosomal pro-
teins which are involved in metabolic processes, an observation that reflects the
macronutrient properties of the ingested dairy products. In addition, changes in
the expression of immunomodulatory genes suggest more specific properties for
dairy products. For example, a decrease in the expression of the gene coding for
toll-like receptor 2 (TLR2) is measured six hours post-ingestion (Sagaya et al.,
manuscript in preparation). This observation provides support at the molecular
level for the already reported anti-inflammatory properties of dairy products in
humans [16], a functionality that could be interesting in the context of the manage-
ment of chronic inflammatory diseases. In this context, the blood cell transcrip-
tome could be used to identify nutritional biomarkers in humans, which would
be used to select lactic acid bacteria that ferment milk into dairy products with
specific and/or enhanced nutritional and physiological properties. Keeping in
mind the importance of the intestinal microflora in human physiology (see Section
10.2.1), as well as the evolutionary importance of dairy products in mammals, milk
appears to be a strategic vector to deliver health-promoting bacteria to humans.

10.2.3
Proteomics and Nutrition Research

Moving along the chain of molecular information in the cell, the science of pro-
teomics [17] emerged later than transcriptomics. There are biological and techno-
logical reasons for this delayed development. First, due to complex regulatory
phenomena (alternative splicing, post-translational modifications ...), the total
number of protein entities significantly exceeds the number of genes in a human
organism and numbers above 100000 have been advanced to characterize the size
of the protein population. Secondly, the biochemistry of proteins is complex (a
structure with 20 amino acids for proteins compared with 4 bases for DNA and
RNA; numerous post-translational modifications; different physico-chemical prop-
erties separating water-soluble proteins from membrane-bound proteins; large
dynamic range with, for example, the concentration of human serum proteins
spanning over ten orders of magnitude). Finally, whereas genes can be easily and
quantitatively copied and amplified using PCR technologies, laboratory technolo-
gies for copying proteins, such as in vitro translation systems, are significantly less
robust. These hurdles explain why protein analytics has not yet reached the
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efficiency of other -omic technologies such as genomics and transcriptomics.
Consequently, the simultaneous analysis of a thousand different proteins in a
single experiment is already considered as an achievement by protein chemists.
The technological developments in the field of proteomics are nonetheless impres-
sive. The current strategies that are routinely used combine two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE), for separating the proteins in
tissue extracts, with mass spectrometry (MS), for the identification of the differ-
entially expressed proteins. Alternatively, proteins are separated by high pressure
liquid chromatography (HPLC), or similar types of column-based chromatographic
procedures, using columns that are directly coupled to the mass spectrometer. In
any case, and for all -omic analytical strategies, the identification of differentially
expressed proteins must be followed by a critical discussion of the physiological
and/or clinical interpretation of the data.

In nutrition research, the application of -omic technologies is not restricted to
the analysis of human tissues but can also be applied to the analysis of food. For
example, a combination of proteomics and clinical immunology has been used to
identify a new allergen in shrimp. In this work, proteins in shrimp extracts were
first separated by 2D-PAGE and subsequently immuno-blotted for the presence of
allergens using sera from allergic patients as a source of IgE antibodies. Identifica-
tion by MS of the positive spots on the 2D-gels led to the identification of
arginine kinase, a new allergen in shrimp [18]. This work could potentially open
the door to food technology processes aimed at the removal of the identified aller-
gens [19].

10.2.4
Metabolomics and Nutrition Research

Metabolomics is considered by many biologists as a highly relevant -omic science
because metabolites, together with structural proteins, are at the end of the flow
of molecular information in the cell. Metabolites thus ultimately translate the
genetic information in our cells into biochemical work that supports the function-
ing of our organism. The number of metabolites identified in humans grows regu-
larly: 6800 molecules were fully annotated in the Human Metabolome Database
as of October 25th 2008 [20]. However, the size of the human metabolome is
comparatively smaller than the size of the proteome which makes it more ame-
nable to characterization. The advances in analytical methods such as nuclear
magnetic resonance (NMR) and mass spectrometry coupled to gas chromatogra-
phy (GC-MS) or to liquid chromatography (LC-MS), as well as the development of
efficient bioinformatic tools, have also contributed significantly to the revival of
metabolite analytics. Metabolomics is, consequently, experiencing a burst of inter-
est in life sciences and the metabolome of body fluids such as serum and urine
is now the subject of intensive investigation in medicine and pharmaceutical
research. Human metabolism is in essence a physiological process that is, inti-
mately coupled to nutrition. Metabolomics will, therefore, evolve into a strategic
analytical tool for modern nutrition research [21].
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The potential of metabolomics in nutrition research is illustrated by the analysis
of the urine metabolite profile of human volunteers of various ethnic origins.
Urinary metabolite excretion patterns based on NMR of East Asian and western
population samples were significantly differentiated [22]. The authors of this study
conclude that it is not genetic factors but environmental factors, in particular
culturally-driven diets, that play a predominant role in differentiating the meta-
bolic phenotypes of these populations. That the diet is a major discriminant of
these urinary profiles is furthermore highlighted by the observation that sub-
groups of the same ethnic origin, but with different diets, such as vegetarians and
meat consumers, could also be differentiated based on their urine NMR metabolite
profiles. The molecules that participate most in this differentiation were identified
and could potentially be used as nutritional markers.

10.3
Nutrigenetics

Single nucleotide polymorphisms (SNPs) are key modifications in the genome
that can lead to functional changes in living organisms by altering the level of
expression of genes coding for functional proteins and/or by altering the bio-
chemical properties of the proteins these genes code for [23]. Although a total of
3 to 10 million SNPs have been estimated, which corresponds to circa 0.1% of the
size of the human genome, the development of DNA sequencing technologies has
rendered the comprehensive identification of these genetic variations economi-
cally feasible, even more since SNPs tend to be inherited in blocks, the so-called
haplotype blocks, whose number has been estimated to be between 300000 and
600000. The existence of haplotypes thus enables geneticists to focus their
resources on the identification of a manageable number of biomarkers, the tag
SNPs, which unequivocally identify the corresponding haplotypes. One can foresee
the commercialization of DNA chips, based on tag SNPs, that will soon allow the
determination, in a single experiment, of the complete genotype of a single indi-
vidual. Alternately, sequencing of the complete genome of an individual may
become so economically competitive (see Section 10.2.1) that a genome-wide
sequencing strategy may even be applied to fully characterize human genomes on
an individual basis.

Nutrigenetics moves one step further than nutrigenomics in that it considers
the impact of genetic diversity on the interactions of humans with nutrients [24].
Nutrigenetics may thus be defined as the application of modern life sciences to
the study of the interaction between food and populations and/or individuals with
different genetic backgrounds.

The association between coffee consumption, polymorphism of the CYP1A2
gene, and the risk of myocardial infarction, is an excellent illustration of the poten-
tial and issues associated with nutrigenetics. We all know that exaggerated con-
sumption of coffee may not be beneficial to our cardiovascular system. On the
other hand, a meta-analysis has recently concluded that the association between
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coffee drinking and the risk of coronary heart disease remains controversial. A
nutrigenetic study published in 2006 [25] has contributed to the debate by adding
a genetic component to this topic. This study observed, in a case-control study, a
statistically significant association between non-lethal myocardial infarction, ele-
vated coffee consumption, and a CYP1A2 genotype that codes for a cytochrome
P450 enzyme with an impaired ability to metabolize, and thus detoxify, caffeine.
In particular, the subjects under the age of 50, who carried at least one copy of the
impaired genetic variant of CYP1A2, and who drank at least four cups of coffee
daily had fourfold higher rates of non-lethal myocardial infarcts, than subjects with
the same polymorphism but drinking no more than one cup of coffee daily. This
effect was not observed in the population carrying both copies of the gene coding
for the rapidly metabolizing cytochrome P450 enzyme. This population was appar-
ently even protected from developing non-lethal myocardial infarcts when drink-
ing moderate doses of coffee (1-3 cups of coffee).

The most obvious benefit of nutrigenetics is to unmask physiological effects of
the diet that would otherwise not be observable if the subjects of nutritional trials
were not analyzed for their genotypes. At the same time, each additional genotype
investigated decreases the number of the subjects belonging to each of the genetic
subgroups studied, which further accentuates a major problem in human trials,
namely the availability of resources needed to carry studies with a statistically
significant number of subjects. Before offering nutritional advice and services to
the public, original findings, such as the data reported on coffee consumption in
the previous paragraph, must be consolidated by other research groups in addi-
tional populations and using large numbers of subjects. The key question in
nutrigenetics is the quantification of the impact of the identified genotype(s) on
the association between food and physiological endpoints and, consequently, on
our well-being and health. For monogenetic diseases or pathologies, such as
lactose intolerance or phenylketonuria, the impact of genetic variations on health
is relatively easy to estimate. Consequently, nutritional strategies aimed at mitigat-
ing the negative consequences of these interactions, such as the removal of lactose
or phenylalanine from the diet, are evident and can be effectively implemented.
In that regard, caffeine metabolism can be considered, from a biochemical point
of view, as a relatively simple case since one single enzyme, cytochrome P450,
appears to play a major role in the metabolism of this compound. Biology, however,
is rarely simple, and additional factors, such as polymorphism of N-acetyltransfer-
ase, an enzyme also involved in the detoxication of caffeine, may also contribute
to the individual susceptibility of humans to the side effects of coffee. In fact, most
diseases, in particular the majority of chronic diseases, are polygenic by nature,
which significantly complicates a quantitative evaluation of the impact of the rel-
evant polymorphisms. Finally, in addition to SNPs, which have so far focused most
of the resources in genetic research, tandem repeat polymorphisms also play a
significant role in modulating the interaction of genes with our environment.

In conclusion, the relatively large list of nutrigenetic studies published to date
cannot be evaluated with definitive statements. Thus, for the time being, nutrige-
netics should generally be viewed with the label “ongoing research”.



10.4 Nutri-Epigenetics

10.4
Nutri-Epigenetics

Human genetic information is transferred during the life cycle of individuals and
generations via somatic cells and germ cells, respectively. Despite the fact that
each of these cells basically possesses the same genetic information, the expres-
sion program of their genome is differentially regulated and involves changes in
the chromosomal structure other than differences in the DNA sequence, which
are specific to each tissue or organ. Epigenetic phenomena can intuitively be real-
ized as each of us considers the development of his/her own organism over the
years, from embryogenesis to older age. Epigenetics is the science that investi-
gates these dynamic mechanisms. The molecular base beyond epigenetics lies at
the level of the chromosomal structure and its regulation by chemical modifica-
tions of DNA and histones. The accessibility of transcription factors to gene pro-
moters on the chromosomes is epigenetically regulated, on the one hand by
chemical modification of cytosines in DNA, and on the other hand by post-trans-
lational modifications of the histones that regulate chromosomal structure (acety-
lation, methylation, phosphorylation ...). Although the consequences of these
modifications are complex, acetylation of histones is generally associated with an
accessible nucleosomal structure that allows activation of gene expression by
transcription factors, whereas methylation of cytosine residues on DNA, particu-
larly at the so-called CpG islands in promoter regions of genes, is associated with
gene expression silencing. An estimated 4% of the cytosines in the human
genome, that is, ~30 million bases, may be subject to methylation! High through-
put technologies are, however, available to detect DNA methylation. These tech-
nologies are directly derived from the classical molecular biological methods
developed to sequence the human genome. In that respect, an international
research consortium is currently active in mapping the human epigenome. This
task is, however, daunting, as each human organism is composed of a multitude
of cellular epigenomes, each of which is unique to a particular physiological con-
dition in which the type of tissue or organ as well as their developmental stage,
are key variables [26].

Nutri-epigenetics can be defined as the application of modern life sciences to
the study of the modifications, other than changes in DNA sequence, of our chro-
mosomes by nutrients [27]. The molecular link between epigenetics and nutrition
is the so-called one-carbon metabolic pathway, also called the folate-methionine
cycle. This pathway extracts a carbon atom from the diet and transfers it, in the
form of a methyl group, to DNA, RNA, proteins or lipids. Folic acids, methionine,
choline, and betaine are the major sources of this carbon atom in the diet whereas
s-adenosylmethionine (SAM) is the ultimate methyl donor, that is, used by the
DNA methyltransferases to methylate their target molecules in the cell, in particu-
lar DNA. Other nutrients such as vitamin B2, vitamin B6, vitamin B12, and zinc,
act as co-factors for the enzymes involved in this process. The one-carbon pathway
is not only central to nutrition from a scientific point of view, as it is involved in
the methylation of DNA by the diet, but is also interesting from a philosophical
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point of view as it basically provides a molecular mechanism by which the volun-
tary act of selective eating, that is, nutrition, potentially frees us from genetic
determinism by acting on the structure and activity of our genome, for better or
for worse!

Epigenetic phenomena are evident when one looks at the evolution of monozy-
gotic twins. Even if the genomes of twin pairs are essentially identical, phenotypic
differences between twins already start at embryogenesis and become more
obvious with aging. Such differentiation can only be explained by epigenetic
mechanisms that take place in response to either a differential exposure to the
environment or to stochastic changes at the cellular level. -Omic technologies allow
characterization of monozygotic twins at the molecular level. A recent study
observed that the number of differentially methylated CpG islands is 2.5-fold
higher in 50 year old twins than in 3 year old twins [28]. That this molecular
divergence has functional consequences is supported at the gene expression level,
since a transcriptomic analysis of the expressed genome revealed that the number
of differentially expressed genes in the older twins (~5000 genes) is increased
fivefold, compared to the younger twins. A comprehensive analysis of the physi-
ological consequences of these molecular changes will give clues to the mecha-
nisms of aging and development of chronic diseases, in particular cancer.

The agouti viable yellow (A”) murine model is the most notable in vivo example
of the epigenetic impact of diet on development [29]. The A" mutation is caused
by retrotransposition of an intracisternal A particle (IAP) upstream of agouti,
which normally regulates the production of a yellow pigment in the hair follicles.
A cryptic promoter in the IAP drives ectopic agouti expression in murine tissues.
These mice harbor a yellowish fur that is used as a laboratory marker for the
expression of the A" allele. More importantly, these animals have a reduced life
span and develop chronic diseases such as cancer, obesity, and diabetes. The
promoter of the A" gene is under the control of methylation. As a consequence
of methylation-induced downregulation of the ectopic expression of the A" gene,
pregnant heterozygotic A"”/a mice given a diet rich in methyl donors, particularly
folate and choline, give birth to pups with a healthy phenotype.

Despite erasing the epigenetic information carried by the sperm and egg
genomes during pre-implantation development and embryonic development, epi-
genetic marks can partially be transmitted meiotically over generations. Whether
diet-induced hypermethylation at A” may be inherited transgenerationally was
investigated in agouti mice, but the issue remains controversial. Diet-induced trans-
generational heritage of epigenetic markers is also debated in humans. In particu-
lar, there seem to be transgenerational responses in gene expression to variable
food availability, in particular during pregnancy and during the slow prepubertal
growth period (SGP). For example, the nutrition of the grandmother during preg-
nancy influences the grandchildren’s birth weight. Also, subjects, whose paternal
grandparents had experienced at least 1 year of good availability of food during their
SGP, revealed more premature deaths among them compared with those subjects
where paternal grandparents had not had any such good year during their SGP
[30]. These studies suggest that transgenerational responses exist that capture
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nutritionally related information from the previous generations and, through the
female- or male-lineage, affect health-outcome in subsequent generations.

10.5
Nutritional Systems Biology

One of the most recent developments in life sciences is undoubtedly the rise in
systems biology. Systems biology integrates the various components of living
organisms, for example, genes, proteins, metabolites, and phenotypes in order to
obtain a holistic and quantitative understanding of how biological systems work
and respond to environmental stimuli. From a technical point of view, systems
biology uses mathematical modeling and biological information to integrate all
-omic information levels in cells, organs, or organisms, to comprehensively char-
acterize the physiology of living organisms. As nutrients act at the molecular level
on all planes of the cellular information flow, for example, at the level of gene
expression, regulation of protein function, and metabolite production, systems
biology should prove in the future to be particularly suited to promoting key devel-
opments in nutrition research [31].

So far, a true systems biology approach has not yet been taken in the field of
nutrition research. First steps in that direction have, however, been made. For
example, the anti-carcinogenic properties of flavones have been studied in a com-
prehensive manner, using a combination of transcriptomics, proteomics, metabo-
lite analytics and in vitro cell biology [32]. This analytical work led to the conclusion
that specific inhibition of the metabolic turnover of transformed cells is a key
mechanism of the anticarcinogenic properties of flavones. From a larger perspec-
tive, the research strategy developed by the authors of this study is inspiring in
that it paves the road for future nutrition research, not only to investigate the
impact of diverse diets and nutrients in vitro and in animal models but also in
humans. These efforts will lead to a comprehensive and quantitative understand-
ing of the impact of the diet on the human organism that will ultimately be
translated into efficient nutrition politics and policies, including dietary recom-
mendations and food development.

10.6
Ethics and Socio-Economics of Modern Nutrition Research

In order for nutrition research to be efficiently translated into nutrition politics
and policies, issues related to the ethical and socio-economical impact of these
developments must be addressed [33]. The impact of nutrigenomics and nutri-
epigenetics on the development of functional foods that will be beneficial to large
fractions of populations, eventually during specific stages of the life cycle, can be
foreseen. On the other hand, the benefits of nutrigenetics should help individuals
or groups of individuals, who will receive specific dietary advice based on their
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specific genetic profiles. Thus, the issues raised by nutrigenomics and nutri-
epigenetics very much concern the food industry (e.g., marketing of functional
food), whereas nutrigenetics raises medical issues, already known from geneti-
cists, that involve individual, familial, and professional spheres. A debate on these
issues is needed which includes all stakeholders, including the research commu-
nity, the food industry, regulatory and health authorities, consumers, and patients.

To end this article on a sketchy note that should speak equally to both the sci-
entist and the layman, the accompanying scene that takes place at the restaurant
“My Food” intuitively reveals the major issues raised by modern molecular nutri-
tion research. Will this science be able to bring the awaited benefits? In other
words, is the situation presented in this sketch science or fiction? In fact, one
simply has to remove the laboratory from the restaurant “My Food” and, literally,
to place it close by, for example, on the other side of the street, to quit fiction and
to realize that nutrigenomics, nutrigenetics, and nutri-epigenetics are already part
of our reality. This statement can, for example, be illustrated by the fact that a
genetic test aimed at assessing our ability to metabolize caffeine (see Section 10.3)
is already sold by a private company. Thus, the most relevant questions that must
be addressed relate to the extent to which each of these sciences will concretely
impact our health and well being as well as the time frame during which these
progresses will be realized.

Mrs. Smith, based on your genetic profiles we propose
that you and your daughter finish this dinner with a cup of coffee.
Green tea would be most appropriate for Mr. Smith!
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Effects of Dietary Natural Compounds on DNA Methylation
Related to Cancer Chemoprevention and Anticancer
Epigenetic Therapy

Barbara Maria Stefanska and Krystyna Fabianowska-Majewska

Abstract

Aberrations in function and expression of a wide variety of genes are the hallmarks
of cancer cells. A growing body of evidence shows that these aberrations are
affected by genetics and epigenetics which cooperate at all stages of cancer devel-
opment. Epigenetic alterations (especially DNA hypermethylation) resulting in the
silencing of key tumor suppressor genes have attracted significant attention. In
contrast to genetic changes, epigenetic modifications are reversible and responsive
to developmental, physiological, environmental, dietary, and pathological signals.
A number of studies provide evidence that some natural bioactive compounds
found in food and herbs can influence gene expression via modulation of the DNA
methylation process. It has been demonstrated that some polyphenols (i.e., cate-
chins, quercetin, myricetin, genistein, resveratrol) and vitamins (i.e., retinoic acid,
vitamin D;) exert a profound inhibitory effect on DNA methyltransferase enzyme
activity and/or DNA methyltransferase gene expression and contribute to reactiva-
tion of methylation-silenced tumor suppressor genes in cancer cells leading to
blocking of cancer development. This raises the possibility that the natural com-
pounds can be a new approach to anticancer therapy. Moreover, their presence in
widely available food products can bring about the high efficacy of the compounds
in cancer chemoprevention. This chapter gives a short overview of the mecha-
nisms of DNA methylation inhibition by the selected bioactive food components
and their potential use in cancer prevention and/or epigenetic therapy.

11.1
Introduction

Cancer initiation and progression require concurrent changes in expression of
multiple genes. While genetic alterations account for some of these changes,
epigenetic modifications (especially aberrations in DNA methylation patterns)
have attracted a significant amount of attention as a potential cause of a concerted
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change in regulation of expression of numerous genes during carcinogenesis
[1-3]. DNA methylation is one of the mechanisms of epigenetic regulation of gene
expression. Thus, any alterations in DNA methylation pattern may affect gene
transcriptional activities. The hallmarks of cancer cells are hypermethylation of
some DNA regions (particularly promoters of tumor suppressor genes) and
genomic hypomethylation. Both modifications are connected with incorrect for-
mation of active (i.e., euchromatic DNA, undermethylated, accessible for proteins
of transcription complex) and inactive (i.e., heterochromatic DNA, hypermethyl-
ated) domains in DNA, which can contribute to activation of oncogene expression
and transcriptional silencing of tumor suppressor genes, respectively [3, 4]. As
aberrations in DNA methylation patterns are reversible and start at very early
stages of cancer development, it is reasonable to consider them as targets for
chemoprevention. Chemoprevention is a strategy of preventing, blocking or
reversing the process of carcinogenesis through the use of natural or synthetic
compounds which are capable of modulation of different actions leading to cancer.
Since the normal DNA methylation patterns and the normal function of enzymes
catalyzing DNA methylation reaction are affected, for example, by intracellular
levels of folate, vitamin B;,, methionine, and choline [2], which are methyl donor
precursors or enzyme cofactors contained in food, it seems that environmental
and dietary elements can have a major impact on the epigenome and the health
of individuals. Moreover, a growing body of literature demonstrates that some
natural bioactive compounds, constituents of food and herbs, may have a great
influence on DNA methylation patterns. Studies of the actions of a few natural
compounds, for example, tea catechins (catechin, epicatechin, (—)-epigallocate-
chin-3-gallate (EGCG)), bioflavonoids (quercetin, fisetin, myricetin), genistein
from soybean, and coffee polyphenols (caffeic acid, chlorogenic acid), indicated
that they are able to prevent or reverse promoter hypermethylation-induced silenc-
ing of key tumor suppressor genes and inhibit cancer development [5-8]. For other
natural compounds, that is, all-trans retinoic acid (ATRA), vitamin D;, and resve-
ratrol, it was also demonstrated that their presence in the culture medium can
lead to inhibition of promoter methylation of the selected tumor suppressor genes
and to induction of gene expression in cancer cells [9, 10]. This raises the possibil-
ity that the natural compounds, which participate in regulation of DNA methyla-
tion, may be an effective approach to cancer prevention. Therefore, investigation
of the physiological, therapeutic, and chemopreventive properties of the natural
compounds has become a stern challenge for nutritionists, pharmacologists, and
medical researchers.

11.2
DNA Methylation Reaction

In mammalian cells, DNA methylation occurs mainly at the 5-position of the
cytosine pyrimidine ring. 5-Methylcytosine accounts for 3-8% of cytosine residues
located predominantly in CpG sequences [11, 12]. Approximately 30% of CpG
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sequences are found in CG-rich regions known as CpG islands which account for
3-4% of genomic DNA. In normal cells, CpG islands are mostly unmethylated
and located in regulatory regions (within promoters and their proximity) of half
of all genes such as housekeeping genes, tissue-specific genes and tumor suppres-
sor genes [12]. Promoters of some oncogenes also contain CpG islands but they
are mainly methylated in normal cells [3]. DNA methylation within promoters of
genes can be involved in the formation of a condensed chromatin structure
leading to repression of gene transcription [3]. In normal mammalian cells, DNA
methylation plays a significant role in regulation of multiple functions such as
oncogene repression, control of expression of genes crucial for cell proliferation,
differentiation, and normal development, parental imprinting, X chromosome
inactivation, and preservation of chromosomal integrity by silencing of
transpozones [3, 12].

DNA methylation is catalyzed by enzymes called DNA methyltransferases which
transfer a methyl group from S-adenosyl-L-methionine (SAM, a donor of a methyl
group) onto the 5-position of the cytosine pyrimidine ring (Figure 11.1) [12].
In mammals, DNA methyltransferase 1 (DNMT1), DNA methyltransferase 2
(DNMT2), DNA methyltransferase 3A and 3B (DNMT3A and DNMT3B) and DNA
methyltransferase 3L (DNMT3L) have been identified [12]. The main enzyme
responsible for maintenance of the DNA methylation pattern is DNMT1. DNMT1
copies a methylation pattern from a parental strand template to a daughter strand
after DNA replication. DNMT1 also possesses de novo methylation activity similar
to DNMT3A and DNMT3B methyltransferases, which are referred to as de novo
methyltransferases in charge of de novo methylation of specific DNA sites (for
instance repetitive sequences) during embryonic development [2]. Interestingly,
the recent results demonstrate that methyltransferases from the DNMT3 group
can also participate in maintenance of DNA methylation patterns [1]. However,
because DNMT1 is the most abundant in proliferating cells, changes in its activity
are often associated with hypermethylation-induced silencing of transcription of
tumor suppressor genes. In human cancer cells, promoter hypermethylation was
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Figure 11.1 Chemistry of DNA methylation reaction.
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mostly observed in the following genes: GSTP1 (transferase S-glutathione class p)
(e.g., in prostate, kidney, and breast cancer cells), p16“"*"** (cyclin-dependent
kinase inhibitor 2A) (e.g., in lung, kidney, bladder, breast cancer cells, and lym-
phoma), MGMT (O°methylguanine methyltransferase) (e.g., in lung cancer),
hMLH1 (human mutL homolog 1) (e.g., in endometrial cancer and lymphoma),
CDH]1 (E-cadherin) (e.g., in lung, kidney, and endometrial cancer cells), RARf
(retinoic acid receptor B) (e.g., in prostate, lung, kidney, breast cancer cells, cervical
neoplasia, and lymphoma), and APC (adenomatous polyposis coli) (e.g., in kidney,
bladder, breast, and prostate cancer cells) [13]. In addition, the existing data imply
that DNMTT1 activity or DNMT1 gene expression may be several-fold higher in
cancer cells (e.g., in breast [14], endometrial [15], prostate cancers [16], and hepa-
tocellular carcinomas [17]), as compared with normal cells.

11.3
Implication of the Selected Natural Compounds in DNA Methylation Regulation

11.3.1
ATRA, Vitamin D,, Resveratrol, and Genistein

Vitamins (i.e., retinoic acid and vitamin D;) and phytoestrogens (i.e., resveratrol
and genistein) (Figure 11.2) are natural compounds which exert their effects
mainly by binding to related members of the nuclear receptor families that, when
bound to their ligands, modulate transcription through cognate response elements
in the promoters of their target genes [18]. ATRA binds to the retinoic acid recep-
tors (RARs) o, B and v; and vitamin D; to the vitamin D receptor (VDR). RARs

Vitamin D3 H;C CHz)\ CH;, ATRA
CcH -~ CH; CH,
11,C. CIly
s ‘ / N N N e COOH

CHj; N

CH, ’ ‘

’ CH;
HO AN
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O
/ | \ ou ‘
HO \ o © OH

Figure 11.2 Structures of vitamins and phytoestrogens
involved in regulation of DNA methylation.
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heterodimerize with the retinoid X receptors (RXRs), and VDR can homodimerize
or heterodimerize with RXR or RAR. As far as resveratrol and genistein are con-
cerned, they can act as estrogen agonists or antagonists, depending on their
concentrations, tissue type and tested genes as well as the presence of estradiol
(19, 20].

ATRA is a vitamin A derivative and is generated from the B-carotene molecule
(precursor of vitamin A) absorbed from fruit and vegetables. B-Carotene is com-
posed of two retinyl groups and is broken down by B-carotene dioxygenase to two
molecules of retinal. One of these molecules is converted into retinoic acid in an
oxidation reaction [21]. Retinoic acid, bound to its nuclear receptors, regulates
transcription of target genes important for cell proliferation, differentiation, and
apoptosis through retinoic acid response elements. These effects seem to be
crucial for the role of retinoic acid and its derivatives in chemoprevention and
therapy of a variety of cancers, for example, leukemia or head and neck cancer
[22], and also breast cancer [23].

Vitamin D; (cholecalciferol) is synthesized from the cholesterol derivative
7-dehydrocholesterol in the epidermis which requires ultraviolet radiation and is
dependent on sun exposure. In addition, vitamin D; can be obtained from the diet
(animal sources). The metabolic activation of vitamin D; is achieved through the
following enzymatic steps: (i) hepatic hydroxylation of vitamin Dj; at the 25-posi-
tion to generate 25-hydroxycholecalciferol, (ii) 1o-hydroxylation of 25-hydroxycho-
lecalciferol in the kidney to generate 1lo,25-dihydroxycholecalciferol (calcitriol)
which is a biologically active metabolite that binds to VDR and regulates expres-
sion of target genes involved in cell proliferation, differentiation, and apoptosis.
Calcitriol mediates the maintenance of skeletal health, calcium and bone homeo-
stasis, enhancement of intestinal calcium transport, regulation of immune cells,
modulation of hormone secretion, and maintenance of epidermal integrity [21,
24]. The active vitamin D; metabolite can be generated not only in the kidney but
also in other tissues where vitamin D 1o-hydroxylase is active and highly expressed,
for example, in skin, breast, prostate, and colon [21, 24]. A number of literature
data supportarole of calcitriol in growth regulation and differentiation of mammary
cells, depending on the stage of breast tissue development and lactation [24]. Aber-
rations in vitamin D; metabolism and/or lack of VDR can increase the susceptibil-
ity of mammary cells to transformation, as some epidemiological studies have
implied [24-26]. These studies provided convincing evidence that vitamin D and
its receptor can be targets for breast cancer prevention and therapy.

Resveratrol (3,4’,5-trihydroxystilbene) is a dietary antioxidant polyphenol, found
in a wide variety of plant species, including mulberries, peanuts, grapes, apricots,
and pineapples [27]. Resveratrol can regulate estrogen-responsive genes through
interaction with ERo and ERP [28]. The polyphenol was shown to modulate the
risk of cardiovascular disease (atherosclerosis) and mammary cancer, to inhibit
chemical carcinogenesis in rodents, to inhibit growth promotion of preneoplastic
lesions by effects on multiple signaling pathways, to inhibit cell proliferation, to
block cell cycle progression in numerous types of human cancer cell lines, and to
induce apoptosis [28-30].
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Genistein (4’,5,7-trihydroxyisoflavone) is a major isoflavone from soy bean. The
polyphenol was shown to prevent or slow down carcinogenesis in rats (mammary
cancer) [30] and mice (leukemia) [31, 32], reduce mammary carcinogenesis and
up-regulate mRNA expression of the BRCA1 gene in rats exposed to carcinogen,
that is, 7,12-dimethylbenz[ajanthracene (DMBA) [33], and inhibit carcinogenesis
or metastasis in various types of cancers (e.g., colon and esophageal cancers) [34,
35]. Moreover, in in vitro studies (e.g., with human esophageal squamous cell
carcinoma cell lines KYSE 510 and KYSE 150, or myeloid and lymphoid leukemic
cell lines) genistein inhibited cancer cell proliferation and angiogenesis and
induced apoptosis and cell cycle arrest (at the G2/M phase) [29, 31, 35]. It is note-
worthy that the chemopreventive role of genistein was demonstrated in breast and
prostate cancers as well as in head and neck cancer [22, 30].

A number of studies have demonstrated that ATRA, vitamin D, resveratrol, and
genistein participate in both inhibition of cell proliferation and induction of dif-
ferentiation or apoptosis in normal and transformed cells. The effects can be
referred to regulation of a variety of genes, not only through direct binding to
cognate response elements in gene promoters, but also through modulation of
epigenetic events (especially DNA methylation patterns), as a few studies have
revealed [9, 10]. Treatment of non-invasive MCF-7 breast cancer cells (representing
an early stage of cancer development) with ATRA, vitamin D; or resveratrol for
72h resulted in reduction of promoter methylation of RARfB, PTEN, and APC
genes (by 20-50%). The most relevant effect, that is, up to 50% reduction of PTEN
promoter methylation, was observed in the presence of resveratrol, whereas the
insignificant inhibitory effect was exerted by vitamin D; on RAR promoter meth-
ylation (approximately 5% reduction). The changes in promoter methylation of the
tested genes were accompanied by an increase in their expression levels in the
presence of almost each natural compound (data unpublished). All tested com-
pounds (i.e., ATRA, vitamin D, and resveratrol) caused approximately 30%
increase in PTEN expression. A rise in RARf and APC mRNA levels was observed
only in cells treated with ATRA (36% and 16%, respectively) or vitamin D; (54%
and 50%, respectively). In addition, in MCF-7 cells, vitamin D; and resveratrol
caused a decrease in the DNMT1 mRNA level (by 14% and 56%, respectively). In
highly-invasive MDA-MB-231 cells, the compounds at very high concentrations
led to reduction of PTEN promoter methylation (by 12-32%) [9, 10], although it
was associated with an increase in the PTEN mRNA level (by 35%) only in the
presence of vitamin D; (data unpublished). In the case of genistein, treatment of
KYSE 510 cells with the phytoestrogen for a few days resulted in partial reversal
of p16, RARP, and MGMT promoter hypermethylation and in the gene reactivation
[35]. Studies carried out on KYSE 150 cells and prostate cancer LNCaP and PC3
cells treated with genistein also demonstrated partial demethylation and RAR
reactivation [5, 35]. Moreover, in vitro studies with nuclear extracts from human
esophageal cancer KYSE 510 cells revealed that genistein considerably inhibits
DNA methyltransferase activity in a dose-dependent manner and suppresses
histone deacetylase (HDAC) activity, but to a limited extent [35]. In the light of the
literature data it was assumed that demethylation and reactivation of methylation-
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silenced tumor suppressor genes by these natural chemicals (i.e., ATRA, vitamin
D, resveratrol, and genistein) can result from their involvement in down-regula-
tion of DNMT1 enzymatic activity and/or DNMT1 gene expression. This indirect
effect on DNMT1 activity can be attributed to the capability of the vitamins and
phytoestrogens to stimulate p21V4F/“"! and PTEN expression (by all selected
chemicals), to activate retinoblastoma (Rb) protein and to inhibit E2F transcription
factor activity (by ATRA and vitamin D;), to inactivate ERo (by ATRA and vitamin
D;), and to inhibit AP-1 complex activity (by ATRA, resveratrol, and genistein).

11.3.1.1 Involvement of p21¥A"/“"' and Rb/E2F Pathway

in Regulation of DNMT1

An increase in expression of p2 can influence DNMT1 activity owing to
competition of p21VA*/"' and DNMT1 proteins for the same binding site on
proliferating cell nuclear antigen (PCNA) [36, 37]. PCNA is a ring-shaped protein
interacting with a number of other proteins (e.g., with DNMT1) to increase their
local concentration at replicated DNA sites. Numerous experimental data have
revealed reversed dependence between p21¥4*//“'"* and DNMT1 protein levels both
in normal and cancer cells [37, 38]. Further studies showed that the N-terminal
region of DNMTT1 has core PCNA binding activity and contains a typical PCNA
binding motif shared with p21¥AF/“"! protein. It was observed that the affinity of
DNMTT1 is much higher for DNA bound by PCNA than for free DNA. As a result,
DNA bound by PCNA was methylated more efficiently by DNMT1 than free DNA
[36]. The same PCNA loop-structures required for binding both p21%AF/** and
DNMTT1 suggested that p21¥A*/“’ may be able to antagonize DNMT1 activity.
It turned out that only a two- to three-fold molar excess of the full length
p21WAFCIPL gyer PCNA is sufficient to completely block the DNMT1-PCNA inter-
action [36]. Moreover, p21¥*"/“""l.defective cancer cells exhibited a much higher
level of DNA methylation than normal cells [36].

It is also remarkable that the regulatory region of the DNMT1 gene (i.e., P1 and
P3 promoters [11]) is regulated by the Rb/E2F pathway and contains E2F binding
sites [11, 39]. In NIH 3T3 murine fibroblasts [39], human prostate cancer and
human prostate normal cells [40], it was proved that E2F transcription factor binds
directly to the E2F recognition sequence in the DNMT1 promoter region and regu-
lates transcription of DNMT1 both positively and negatively in a cell cycle-depen-
dent manner. E2F bound to DNMT1 promoter activates DNMT1 transcription at
the late G1/S phase. At the GO/G1 phase, however, E2F represses DNMT1 tran-
scription by recruiting histone deacetylase (HDAC) and forming the E2F-Rb-
HDAC complex. Active dephosphorylated Rb protein binds E2F and inhibits E2F
target genes [40]. Importantly, the Rb-E2F complex can recruit HDAC and repress
transcription by histone deacetylation and alteration in the chromatin structure
[39]. It was also demonstrated that DNMT1 can directly interact with Rb protein
via the N-terminal regulatory region [41]. RD is able to disrupt the DNMT1-DNA
binary complex and inhibit DNMT1 activity. Thus, Rb may play a role in hypo-
methylation of the cellular DNA. On the other hand, the interaction between Rb
and DNMT1 can participate in down-regulation of E2F-responsive genes via

1WAF1/CIP1

147



148

11 Effects of Dietary Natural Compounds on DNA Methylation

generation of the DNMT1-Rb-E2F-HDAC complex [41]. Involvement of the Rb/
E2F pathway in the regulation of DNMT1 activity and gene transcription is con-
firmed by studies implying that in breast cancer tissue samples [42] and prostate
cancer cells [40] inactivation of the Rb/E2F pathway is associated with induction
of DNA hypermethylation of CpG island-containing genes. In contrast, overexpres-
sion of Rb leads to hypomethylation of the cellular DNA [40].

Both ATRA and vitamin D; up-regulate p21"*F/“""! transcription and activate
Rb protein leading to inhibition of cell cycle progression in the G1 phase, as shown
in MCF-7 cells [43] and gastric cancer cells [44] treated with ATRA as well as in
U937 and HL-60 leukemic cells and squamous carcinoma cell lines of the head
and neck exposed to vitamin Dj [18, 45]. p21VAF/™1 is an inhibitor of cyclin-
dependent kinases (CDKs), for example, CDK2, which inactivates Rb protein
through phosphorylation. Inhibition of CDK2 action leads to activation of Rb
protein that binds to E2F transcription factor blocking increase in the expression
of E2F-responsive genes, including DNMT1 [11, 40] and many genes involved in
DNA synthesis and S-phase progression. Furthermore, in MCF-7 cells treated with
ATRA, a fall in expression of gene encoding E2F was detected [18]. Studies on
determining the mechanism of the ATRA and vitamin Ds;-dependent increase in
p217AF/CPleypression revealed the presence of retinoic acid and vitamin D
response elements in p217*F/“"! promoter [18]. Moreover, it was suggested that
ATRA can up-regulate p21"A"/“I"! expression indirectly via stimulation of proteins,
that is, STAT1 (signal transducer and activator of transcription 1) and IRF-1
(interferon regulatory factor-1), involved in the regulation of p21VAF/CIP!
expression [46].

Resveratrol is also able to markedly induce p2 expression and inhibit
cancer cell proliferation by cell cycle blockade at the S-phase, as demonstrated in
MCEF-7 cells [19]. Furthermore, in a wide variety of breast cancer cell lines the
polyphenol increased BRCA1 expression, accompanied by stimulation of p53 and
p21VAF/CIPL gene expression [27]. Moreover, several reports showed that genistein
inhibits human neuroblastoma SK-N-MC cell proliferation via cell cycle arrest (in
the G2/M phase) and, similarly to resveratrol, up-regulation of p21"AF/cIP!
sion [47].

1WAF1/CIP1

expres-

11.3.1.2 Involvement of the AP-1 Transcriptional Complex

in Regulation of DNMT1

Several studies revealed the influence of c-Jun [11] and c-Fos [48], which are major
components of the AP-1 complex, on up-regulation of DNMT1 expression. In
addition, multiple AP-1 recognition sites were identified within the DNMT1 regu-
latory region (i.e., within P2, P3, and P4 promoters) [11]. This raised the possibility
that the elevated level of PTEN protein, which negatively regulates the Shc/Ras/
Raf/MAPK/AP-1 oncogenic signaling pathway [49, 50], can contribute to a decrease
in DNMT1 expression. In contrast, studies with human breast cancer cells indi-
cated that estrogen receptors activated by estrogens stimulate activity of c-Ha-ras
protein, which, in turn, leads to induction of the Shc/Ras/Raf/MAPk/AP-1 pathway
[51]. Therefore, it was assumed that estrogen receptors cause an increase in
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DNMT1 transcription via activation of the AP-1 complex. Thus, inactivation of the
estrogen receptors can bring about down-regulation of DNMT1 expression.

In myeloid leukemic cells (e.g., in the HL-60 cell line) treated with ATRA or
vitamin D;, up-regulation of PTEN expression was observed [52]. However, the
mechanism of the effect has not yet been explained. Since PTEN is a negative
regulator of the Shc/Ras/Raf/MAPK/AP-1 oncogenic signal transduction pathway
[49], elevated PTEN level leads to inhibition of AP-1 activity and down-regulation
of AP-1-responsive genes, including DNMT1 [11]. Furthermore, ATRA can directly
suppress AP-1 transcriptional activity as was observed in MCF-7 cells [18]. Several
studies suggested that activated RARs can block AP-1 activity by inhibiting the
action of Jun amino-terminal kinase (JNK) which phosphorylates and enhances
cJun activity [53]. It was also proposed that RARs are able to antagonize AP-1
activity by competition for a limited amount of transcriptional coactivators, such
as CREB-binding protein (CBP) and p300 protein [53]. Further studies with HeLa
cells provided evidence that RAR can disrupt the ability of c-Jun to homodimerize
with itself and heterodimerize with c-Fos [53]. The results showed that RARs pos-
sibly interact with the conserved bZIP regions (mediating dimerization) of c-Jun
and c-Fos proteins.

It was demonstrated that ATRA and vitamin D; negatively regulate ERo activity.
In MCF-7 cells, ATRA suppressed transcription of ER-responsive genes, and
vitamin D; contributed to a decrease in the ER mRNA level [54]. Although the
mechanism of the above effects remains to be elucidated, it is assumed that
vitamin D; can act via a still unidentified response element in the ER gene
promoter.

Similarly to ATRA and vitamin Ds, resveratrol and genistein also influence
PTEN gene expression. Exposure of MCF-7 cells to the phytoestrogens resulted in
a slight, but statistically significant, increase in PTEN mRNA and protein levels
[55]. Simultaneously, other experimental data indicated that the phytoestrogens
inhibit PI3K, MAPK, and Akt signaling pathways [20, 56, 57], which are cellular
responses downstream of PTEN’s lipid phosphatase activity [50]. It was proposed
that resveratrol and genistein may affect PTEN expression through stimulation of
proteins, that is, PPARY, p53 and/or Egr-1, involved in up-regulation of PTEN
transcription [50, 55]. More importantly, genistein was shown to influence PPARy
activation [55]. Because PTEN inactivates the Shc/Ras/Raf/MAPK/AP-1 pathway,
an increase in PTEN level can contribute to a drop in expression of genes con-
trolled by the AP-1 complex, including DNMT1 [11].

11.3.2
Polyphenols with a Catechol Group

Certain polyphenols, that is, tea catechins (catechin, epicatechin, EGCG), biofla-
vonoids (quercetin, fisetin, myricetin), and coffee polyphenols (caffeic acid, chlo-
rogenic acid) (Figure 11.3), have been demonstrated to exert a profound inhibitory
effect on DNA methylation and DNMT activity. First, treatment of MCF-7 and
MDA-MB-231 breast cancer cells with caffeic acid or chlorogenic acid led to a

149



150 | 11 Effects of Dietary Natural Compounds on DNA Methylation
OH OH OH
Catechin ol Epicatechin o EGCG oH

HO

OH Ol
““OH OH
OH
HO
Quercetin OH Fisetin OH Myricetin OH
OH OH OH
HO ° HO o. HO 0.
| T | "
/
| OH ‘ OH ‘ OH
OH o] 1 e} OH [o]
COOH
Caffeic acid Chlorogenic acid ol
o]
COOH
\ HO \
O OH
HO HO OH

OH
Figure 11.3 Structures of catechol-containing polyphenols.

decrease in RARJ promoter methylation [8]. Secondly, assays of enzymatic DNA
methylation in vitro showed that the tea catechins and bioflavonoids inhibit the
prokaryotic SssI DNMT-mediated DNA methylation as well as the human DNMT1-
mediated DNA methylation in a concentration-dependent manner, but with
varying potencies and efficacies [7]. EGCG, a major polyphenol from green tea,
turned out to be more efficacious than other tested compounds in inhibition of
DNA methylation catalyzed by SssI DNMT and human DNMT1. Moreover, EGCG
caused demethylation and reactivation of p16, RARB, MGMT, and hMLH1 genes
in human esophageal cancer KYSE 510 cells [58]. Studies carried out on human
esophageal cancer KYSE 150 cells, colon cancer HT-29 cells, and prostate cancer
PC3 cells treated with EGCG also demonstrated reactivation of some methylation-
silenced genes (i.e., p16 and RAR) [5, 6]. Additionally, the presence of EGCG in
a culture medium of MCF-7 and MDA-MB-231 cells contributed to partial reversal
of RARp promoter hypermethylation [7].

Considerable initial research efforts have already been made to find out the
mechanism responsible for inhibition of DNA methylation by the above-men-
tioned tea catechins, bioflavonoids, and coffee polyphenols. The results showed
that their structures share a catechol group which may play a key role in their
action on DNA methylation. It is known that food compounds with a catechol
group are excellent substrates for the methylation mediated by catechol-O-
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methyltransferase (COMT). The COMT-mediated methylation reaction results in
depletion of the methyl donor SAM and formation of SAH which is a very potent
feedback inhibitor of DNA methylation [8]. It is reasonable to suggest that various
catecholic dietary polyphenols may be an important cumulative modulator of the
cellular DNA methylation process. It is noteworthy that the studies implied that
EGCG can exert a dual inhibitory effect on DNMT-mediated DNA methylation.
First, it can indirectly, like other catechol-containing polyphenols, inhibit DNMT
activity through increased formation of SAH. Secondly, EGCG can interact directly
with the catalytic site of the human DNMT1. Molecular modelling studies indi-
cated that EGCG is well accommodated in a hydrophilic pocket of DNMT1 and
effectively tethered within the DNMT1 binding site by at least four hydrogen bonds
[6]. The experiments revealed that the high affinity of EGCG to bind DNMT1 is
independent of COMT and dependent on and stabilized by Mg** ions [7]. It was
assumed that the crucial role in binding of EGCG to DNMTT1 is linked to the galloyl
moiety since EGCG analogues without a gallic acid moiety were poor inhibitors
of DNMTT1 activity. Moreover, myricetin, which has a pyrogallic acid moiety,
similar to the galloyl group of EGCG, was a stronger inhibitor of DNMT activity
than other bioflavonoids (e.g., quercetin or fisetin) in the presence of Mg
ions [7].

The polyphenols with a catechol group were shown to possess antioxidant prop-
erties and to reduce the risk of chronic diseases, including cancer. They induce
cell cycle arrest, differentiation and/or apoptosis of cancer cells, inhibit prolifera-
tion and invasiveness of cancer cells and regulate redox-mediating signaling (e.g.,
AP-1 and NF-kB) [29, 59-61]. These effects can partly arise from the ability of the
dietary chemicals to inhibit DNA methylation (via an increase in SAH level) and
activate methylation-silenced tumor suppressor genes. On the other hand, through
exerting these effects the compounds may indirectly inhibit DNMTT1 activity and/
or DNMT1 expression similarly to other polyphenols (i.e., resveratrol and genis-
tein) and vitamins (i.e., ATRA and vitamin D;).

1.4
Conclusions and Future Perspectives

Vitamins and polyphenolic compounds are potent bioactive molecules with anti-
carcinogenic properties since they can interfere with the initiation and progression
of cancer by affecting cell proliferation, differentiation, apoptosis, angiogenesis,
and metastasis. These effects can partly be connected to inhibition of DNA meth-
ylation and re-establishment of normal DNA methylation patterns. A number of
tumor suppressor genes have been reported to be transcriptionally silenced by the
promoter hypermethylation during cancer development. Therefore, inhibition of
DNA methyltransferase activity may be a putative mechanism that contributes to
repression of cancer growth and/or cancer initiation. It indicates the intriguing
possibility of the use of certain dietary chemicals with activity of DNA methylation
inhibitors in chemoprevention and/or anticancer epigenetic therapy. In vitro
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studies have provided encouraging results, proving the role of the bioactive food
components in re-activation of methylation-silenced tumor suppressor genes and
preventing, slowing down or reversing the process of carcinogenesis. These effects
were not so pronounced in some experiments on animals. Bioavailability, metabo-
lism and/or interactions with reactive molecules in animal and human organisms
can contribute to a diminution of the effects of the dietary chemicals, which should
be elucidated in further studies. Nevertheless, it should be emphasized that more
than two-thirds of human cancers have been postulated to be preventable by
modifying lifestyle. It was reported that approximately 35% of human cancer
mortality is attributable to diet alone. According to a broad range of epidemiologi-
cal studies, individuals who consume fruit and vegetables several times (at least
five) a day have a markedly lower risk of developing cancer.

Since not only hypermethylation of DNA but also deacetylation of histones are
known to be key epigenetic mechanisms of transcriptional silencing of many regu-
latory genes, it becomes interesting to determine the effect of the combination of
dietary DNMT inhibitors with dietary histone deacetylase inhibitors (e.g., sulfora-
phane from broccoli) on gene activities and cancer development. As the initial
experiments give promising results, the combined therapy may be an effective
approach to cancer chemoprevention.
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12
Health Determinants Throughout the Life Cycle
Petra Rust

Abstract

Individual health promotion becomes more important considering the rapidly
growing older population. Identification of individual risk factors like genetic
diversity of populations, differences in food availability and intake, as well as
nutritional behavior and lifestyles poses big challenges for personal nutrition.
Various studies have observed that the risk of many diseases is not just determined
by risk factors in mid-adult life, but begins during fetal development, in childhood,
and adolescence. Food diversity shows evidence of being most important for indi-
vidual health.

12.1
Introduction

We eat many different foodstuffs throughout our life and are exposed to a complex
mixture of nutrients and non-nutrients. On the one hand these nutrients are
important for an adequate supply of energy and essential substances to enable us
to grow and function; on the other hand there are food compounds which do not
have an obvious nutritional role but can protect us from a variety of age- or diet-
related diseases. Thus, optimal food choice is not just to avoid malnutrition but
also to promote health.

Health is a basic human right and is essential for social and economic develop-
ment. Pre-requisites for health are peace, shelter, education, social security, social
relations, food, income, empowerment, a stable eco-system, sustainable resource
use, social justice, respect for human rights and equity. Demographic trends such
as urbanization, an increase in the number of older people and the prevalence of
chronic diseases pose new problems all over the world. New and re-emerging
infectious diseases and greater recognition of mental health problems require an
urgent response [1].
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Environmental factors including nutrition, lifestyle, and socioeconomic factors
as well as individual factors such as age, sex and genetic disposition are important
influencing factors on human health. Smoking, unhealthy diet, excessive alcohol
consumption and poor physical activity are important determinates of disease and
mortality [2]. Studies suggest that smoking is accountable for 4.1% of the global
burden of disease, while alcohol, inactivity and poor nutrition contribute 4%, 1.3%
and 1.8%, respectively [3].

Chronic noncommunicable diseases (NCDs) including cardiovascular diseases,
cancer, chronic obstructive pulmonary disease and diabetes are the biggest causes
of death in the world [4]. As populations become older the proportion of deaths
due to noncommunicable diseases will rise significantly. Globally, deaths from
cancer will increase from 7.4 million in 2004 to 11.8 million in 2030, and deaths
from cardiovascular diseases will increase from 17.1 million to 23.4 million in the
same period [5].

It is predicted that the four leading causes of death in the world in 2030 will be
ischemic heart disease, cerebrovascular disease (stroke), chronic obstructive pul-
monary disease (COPD) and lower respiratory infections (mainly pneumonia),
obesity and diabetes are also showing worrying trends. Therefore, it is very impor-
tant to mobilize resources to support prevention programs focusing on major
modifiable risk factors, such as tobacco use, unhealthy diet and physical inactivity,
at population and individual levels.

There are three interacting factors affecting the risk of developing age- or diet-
related diseases: life-stage, lifestyle and genes. As people get older, their organisms
are less effective at avoiding diseases and their immune systems are less able to
distinguish them from pathogens. The resulting deficiencies lead to those diseases
associated with older age: cancer, cardiovascular disease (CVD), type II diabetes,
cataract, arthritis, and so on. Poor diet can speed up this process; 80% of case-
controlled studies suggest that a diet rich in fruits and vegetables can reduce this
risk. Most important things to reduce disease risk are a healthy body weight,
moderate consumption of alcohol, non-smoking and regular physical activity.
These factors will determine whether most of the population are at high or low
risk of developing diseases. However, diet interacts with genes and individual
genetic differences in response to diet are discussed. For example nutrigenetics
found a relationship between folate and the gene for MTHFR -5,10-methylenetet-
rahydrofolate reductase. There is a variant in the gene for MTHFR that produces
a less efficient form of the enzyme. Individuals with the less efficient enzyme and
low dietary folate accumulate homocysteine and have less methionine, which
increases their risk of vascular disease and premature cognitive decline. Greater
folate intake or folate supplementation of these individuals leads to a fast metabo-
lism of the increased homocysteine levels. But, while a higher intake of folate may
be beneficial for some individuals, it may be shown in the future that increased
intake has unexpected risks for other individuals or sub-populations [6].

Epigenetics is just beginning to reveal its possible implications in nutrition.
Nutrition can exert influence on a genome: DNA methylation appears to provide
a format for long-term dietary (re-)programming of the genome, suggesting that



12.2 Pre- and Postnatal Determinants

nutritional supplementation may have unexpected adverse effects on gene
regulation, and well-adapted diets applied pre- and post-natally may have a funda-
mental and long-lasting positive impact. Some evidence shows that chronic
diseases in adulthood are due to persistent influences during early-life nutrition
[7, 8].

It is now generally accepted that the risk of many diseases is not just determined
by risk factors in mid-adult life, but begins in childhood or adolescence, and likely
even earlier, i.g., during fetal development [9, 10].

Nutritional requirements depend on the stage in life. Pregnancy and lactation
represent physiological states for which specific nutritional needs apply beyond
classical recommendations. Early in life, growth and development are primary
biological objectives. Teenage years and the change to reproductive fertility cause
a significant change in hormonal status, with physiological and metabolic conse-
quences, many of which change dietary needs and responses [11, 12]. With increas-
ing numbers of elderly people, their physiological, metabolic and even microbial
states as well as their special nutritional needs are being documented.

Early dietary exposure can also influence a person’s response to later diet by
influencing the individual’s gut microbiome. Such dietary influences can be
achieved directly by microorganisms present in foods or by manipulation of
subsets of microorganisms by food components that can only be fermented/uti-
lized by certain bacterial populations. Ley et al. [13] suggest that the microflora is
a central factor in human metabolism, immunity, sensation, disease resistance,
inflammation and comfort.

12.2
Pre- and Postnatal Determinants

The four relevant factors in fetal life are: intra-uterine growth retardation (IUGR);
premature delivery of a normal growth-for-gestational-age fetus; overnutrition in
utero; and intergenerational factors.

There is evidence, that intra-uterine growth retardation is associated with a
greater risk of coronary heart disease (CHD), stroke, and diabetes. Some studies
found high blood pressure in childhood to be associated with low birth weight;
this association may depend on the type of growth retardation or impairment in
utero. There is also good evidence for reduced fetal growth and increased risk of
metabolic syndrome in middle life [14] Regarding the association of fetal growth
and glucose tolerance or dyslipidaemia, results are conflicting [15]. The increased
risk for the development of NCDs may not be the low birth weight per se but
rather a pattern of growth, restricted fetal growth followed by rapid postnatal catch-
up growth.

However, high birth weight can also be a risk factor; it is associated with
increased risk of diabetes and cardiovascular diseases. Kuh and Ben-Shlomo [16]
found also a relationship between higher birth weight and increased risk of breast
and other cancers.
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Imprinting during prenatal development has been shown to cause methylation
differences across entire regions of a fetal genome and can result from different
nutrient imbalances and deficiencies of the mother [17].

Animal studies propose that adipocyte hyperplasia early in development is one
of the factors that could account for the high predisposition to adult obesity in
children who are overweight [18]. These studies documented that specific dietary
factors early in life stimulate or inhibit the proliferation of adipocytes. This effect
could influence the response to diets later in life.

12.3
Determinants During Infancy and Adulthood

Postnatal feeding conditions also play a major role: although evidence on the effect
of breastfeeding on dyslipidemias and blood pressure is conflicting, the risk for
several chronic diseases of childhood and adolescence (type 1 diabetes, celiac
disease, some childhood cancers, and inflammatory bowel disease) have been
associated with infant formula feeding and short term breastfeeding [19].

A trend toward overweight and obesity in adolescence due to unhealthy eating
and physical inactivity can be recognized worldwide. Some long-term cohort
studies have shown that high blood pressure in adolescence or young adulthood
is strongly related to later risk of stroke or CHD [20]. High serum cholesterol
levels, both in middle age and in early life, are associated with an increased risk
of disease (especially cardiovascular diseases) later on. More than 60% of over-
weight children have at least one additional risk factor for cardiovascular disease,
such as raised blood pressure, hyperlipidemia, or hyperinsulinemia, and more
than 20% have two or more risk factors [21].

High blood pressure, IGT and dyslipidemia in children and adolescents are
associated with unhealthy lifestyles: diets containing excessive amounts of fat
(especially saturated fats), refined carbohydrates, cholesterol and salt, and inade-
quate intake of fiber and potassium, and inactivity. Low exercise and smoking have
been found as independent predictors of cardiovascular diseases and stroke in later
life [15].

12.4
Determinants in Adults and Older People

In adults smoking, obesity, physical inactivity, high blood cholesterol, high blood
pressure, and excessive alcohol consumption are the known risk factors for car-
diovascular diseases and diabetes. Moreover, genetics and programming play an
important role in disease development.

The dramatic changes in fertility and mortality rates during the 20th century
have led to a rapidly ageing world in the 21st century. Therefore, prevention of
disabilities and generally poor health in older years is very important. Being mobile



12.6 Intergenerational Effects

for daily life activities, subjective feelings of well-being, and economic security
contribute to the quality of life in older people. As the elderly population increases
vastly throughout the world, specific interventions will have an impact on a great
number of people [22].

125
Interactions Throughout the Lifecycle

Low birth weight, followed by adult obesity, has been shown to be a high risk factor
for coronary heart diseases [23], as well as diabetes [24]. Several studies have shown
an interaction between rapid catch-up growth in weight after intra-uterine growth
retardation and increased risk of disease, for example, the highest risk of CHD or
metabolic syndrome. The exact period in life in which increased growth may
increase risk of later disease is currently unclear.

Obesity in childhood and adolescence is related to higher risk of later CHD or
diabetes. If obesity in childhood persists into adulthood, the morbidity and mortal-
ity is greater than if the obesity developed in the adult [25].

12.6
Intergenerational Effects

Young girls who grow poorly become stunted women and more often give birth
to low birth-weight babies who are then likely to continue the cycle by being
stunted in adulthood and so on. Studies suggest intergenerational factors in
obesity such as obesity of the parents, maternal gestational diabetes, and maternal
birth weight [26]. Unhealthy lifestyles, in particular smoking, have a direct effect
on the health of the next generation, for example, smoking during pregnancy and
low birth weight, and the increased risk of respiratory disease [27].

Most important for chronic disease prevention are healthy diets, physical activity
and non-smoking. Established risk factors for CHD, stroke and diabetes are hyper-
tension, obesity and dyslipidemia. Globally, risk factors are rising, especially
obesity. Risk factors in early life may have negative impact throughout the life cycle
and can even affect the health of the next generation. Therefore, an adequate pre-
and postnatal nutritional environment is very important for health in later life.

Knowledge of the relevance of essential nutrients led to a major public health
breakthrough by ensuring essential nutrient supply. Although most of the popula-
tion are adequately nourished, individuals within the population may profit
through more specific recommendations. Moreover, in developed countries,
caloric over-nutrition increasingly coincides with micronutrient deficiencies due
to a one-sided diet and this contributes to the rapidly growing epidemic of obesity
and diabetes.

Food diversity is proving to be most important to individual health, especially
beyond the scope of essential nutrients. The association of bioactive food
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molecules and the risk and progression of chronic and degenerative diseases has
been investigated in several studies. The response among individuals to those
bioactive compounds may be important and may set the stage for future personal-
ized diet and health [28, 29].

The real concern about these early manifestations of chronic disease, besides
that they are occurring earlier and earlier, is that once developed they tend to last
throughout life. However, there is evidence that they can be corrected.

Identification of individual risk factors considering the genetic diversity of popu-
lations, the complexity of foods, cultures and lifestyles, and the variety of metabolic
processes poses huge challenges for personal dietary advice. Individual health
promotion must be recognized as an essential element of health promotion. It is
necessary to enable people to increase control over, and to improve, their health.

Human food choices have always been rooted in personal preferences and indi-
vidual experiences, including sensory acuity, cultural habits and the personal
economiic situation. The nutrition community has recognized that different physi-
ological events require significant adaptations to diet. For example, pregnant
women, active athletes and elderly people have specific nutrient requirements, and

these needs should guide dietary recommendations [30].
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Viral Infections and Epigenetic Control Mechanisms
Klaus R. Huber

Abstract

Eukaryotic cells and higher organisms are challenged continuously by invading
organisms. Among the many mechanisms of defense, accumulating evidence
shows that the options implied in RNA silencing are utilized throughout the plant
and animal kingdom to fight off virus attacks. Virus-derived siRNAs accumulate
in plant and insect infected tissues, fungus strains that lacked Dicer activity were
found to be highly susceptible to virus infections, and recent evidence indicates
that this defense machinery controls—to a certain degree—HIV infections, and, in
turn, HIV actively suppresses the expression of certain miRNA clusters of infected
cells. It is no surprise that the acquisition of heritable and adaptive mechanisms
of defense appears necessary to maintain the fitness of higher organisms. Even
the outcomes of the adaptive immune responses are dependent on the coordinate
acquisition of gene expression programs that favor one cell type over the other,
providing the cells with the potential for differentiation into alternative lineages.
All these processes are regulated at both the transcriptional and epigenetic level
and utilized to ward off infections.

13.1
The Evolutionary Need for Control Mechanisms

Epigenetic interactions between infectious creatures and higher organisms have

an enormous level of complexity. All involved parties have evolved measures and

countermeasures to gain incremental advantages. As implicated by the word

“evolved”, these interactions have existed for hundreds of millions of years.
Various aspects of this interactive network need to be considered:

 Epigenetic regulation controls the cells’ defense mechanisms after attack by a
virus.

 Epigenetic regulation can be enforced upon the genetic machinery of eukaryotic
cells by invading viruses.
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¢ The fate of immune competent cells during their development is regulated by
epigenetic factors.
 Previous infections have epigenetic consequences on future contagions.

Roughly 50% of our genome consists of various repetitive sequences, the majority
of which are mobile elements [1]. They can be classified as class I DNA transpo-
sons and class II retrotransposons [2, 3]. Their mobility within the genome can
alter gene expression (and even create new genes). In addition, the GC-rich nature
of some mobile elements can introduce new GC islands through their insertion
at new sites in the genome. Furthermore, over 500000 recognizable copies of
endogenous retroviruses are spread within the genome. Several of these invading
elements already entered the genome before the hominoid—Old World Monkey
split [4]. All these mobile elements are major components of genomic variation
and a driving force of primate evolution. Whether or not retrotransposons are
leftovers from—or precursors of —retroviruses is unresolved, but at least the endog-
enous retroviruses that invaded our genome millions of years ago are infectious
agents that now interact with our gene regulation. This exemplifies the complex
nature of epigenetic regulation during infections. More than just a momentary
sedation of an infection must be considered, rather a continuum of individual
interactions between billions of virions with millions of cells, and thousands of
succeeding generations are involved. In general terms, after the emergence of
self-replicating genomes during evolution, genomic parasites evolved as well.
Therefore, the acquisition of heritable and adaptive mechanisms of defense
appears necessary to maintain the fitness of higher organisms.

13.2
Control by RNA Silencing

RNA silencing (or interference—RNAI) is one of the mechanisms for gene regula-
tion and a defense mechanism against viruses. The pathway for defense against
both RNA and DNA viruses most probably involves microRNA (miRNA) [5] which
istranscribed by RNA polymerase I from corresponding miRNA genes. MicroRNA
duplexes are formed by an enzyme (that cuts RNA = RNAse: Dicer) and incorpo-
rated into a silencing complex (RISC) that is induced by invading RNA. In this
complex, invading RNA is degraded or its translation is inhibited via epigenetic
mechanisms. The degree of inhibition is guided by the perfect—or imper-
fect—sequence complementarity between miRNA and the hostile mRNA (Figure
13.1) [6].

The RNAI pathways all require the multidomain ribonuclease Dicer [7]. RNA
interference is an ancient gene-silencing process inferred by the architecture of
the Dicer proteins which are highly conserved, thus, all Dicer molecules
evolved from a common ancestral enzyme. The finding that the Dicer from
Gardia intestinalis can substitute for Saccharomyces pombe demonstrates that the
earliest eukaryotic organisms were capable of RNA interference-like processes [8].
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ciation with the RNA-induced silencing
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cut dsRNA into small interfering RNAs

Dicer processes dsRNA into small fragments called short interfering RNAs
(siRNAs) or the microRNAs (miRNAs). The dsRNAs that trigger RNA interference
and Dicer activity are made by the cell in the cytoplasm or the nucleus with
genomic sequences by either transcription through inverted DNA repeats, simul-
taneous synthesis of sense and antisense RNAs, or by viral replication and the
activity of cellular or viral RNA-dependent RNA polymerases. The resulting small
RNAs can subsequently activate epigenetic gene silencing in the cytoplasm and at
the genome level. This is achieved by posttranscriptional degradation of comple-
mentary mRNAs and (at least shown in plants) transcriptional gene silencing by
methylation of homologous DNA sequences or chromatin remodeling [9].

13.3
Viral Infections and Epigenetic Control Mechanisms

13.3.1
RNA Silencing in Plants

The observation that virus-derived siRNAs accumulate in plant and insect infected
tissues strongly suggests that RNA silencing has antiviral roles. Plant viruses are
inducers, as well as targets, of RNA silencing-based antiviral defense. The replica-
tion intermediates or the folded viral RNAs activate RNA interference by the
generation of small interfering RNAs.
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In plants, the antiviral defense is augmented further by the production of dSRNA
from viral templates through the action of RNA-dependent RNA polymerases [10].
In addition, signals to uninfected tissues are sent by mobile silencing molecules
that infer antiviral immunity [11]. However, the whole issue is not yet resolved
because it can be argued that Dicer-like activities suffice to control virus infections
without the need for an RNA silencing complex. Even further complexity of this
mechanism is implicated by the findings that the recovery from virus-induced
symptoms is not necessarily accompanied by a commensurate reduction in viral
RNA levels [12].

For counter protection, viruses obviously try to overcome this defense by pro-
ducing suppressor proteins against these resistance complexes [13]. Many of
the identified silencing-suppressor proteins bind long double-stranded RNA or
siRNAs and thereby prevent assembly of the silencing effector complexes [14].

13.3.2
RNA Silencing in Fungi

The role of RNA silencing in fungi was tested by examining the effects of Dicer
mutations on mycovirus infection of Cryphonectria parasitica. The mutant fungus
strains that lacked Dicer activity were found to be highly susceptible to mycovirus
infections, whereas the wild-type strain was not severely debilitated by the virus.
These results provide direct evidence that a Dicer-like gene is involved in antiviral
defense in fungi [15].

Equally, RNA interference might control virus infections in insects. Two evolu-
tionary diverse viruses were recognized as pathogenic triggers by interaction of
virus dsRNA and Drosophila Dicer and degraded by the RISC complex. Again, both
viruses encode potent expression of suppressors of RNA interference as a counter
defensive strategy [16].

1333
RNA Silencing in Mammals

In mammals, the interferon (IFN) system is a central innate antiviral defense
mechanism, while the involvement of RNA interference to control virus
infection is uncertain. Recent evidence, however, indicates that this defense
machinery controls — to a certain degree — HIV infections, and, in turn, HIV
actively suppresses the expression of certain miRNA clusters of infected cells.
This suppression yet again is required for efficient viral replication [17]. Thus,
Dicer (and Drosha - another RNAse) play a central role in human cells in
defense against HIV, and HIV has evolved mechanisms for counterattack. Also,
in vitro experiments with cells that lack interferon alpha and beta genes show
higher levels of influenza A virus when Dicer was removed from the cells by a
knockdown mechanism [18]. Various promising therapeutic trials are under-
way utilizing synthetic small interfering RNAs in an attempt to inhibit viral
replication.
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13.4
Epigenetics and Adaptive Immune Responses

Another key element in antiviral defense in higher organisms is represented by
the adaptive immune system. Lymphoid cells specialize during their development
from their earliest stages to their later dedication as immune cell types. Various
cell fate choices result in a diverse, but balanced, immune system. These are
dependent on the coordinate acquisition of gene expression programs that favor
one cell type over the other, providing the cells with the potential for differentiation
into alternative lineages. These processes are called lineage priming, and this is
regulated at both the transcriptional and epigenetic level [19]. It is controlled,
among other factors, by specific changes in chromatin structure in the vicinity of
lineage-specific genes by histone modifications. So far, however, the interactions
of the molecular signals that generate and regulate flexible chromatin structures
are not understood in detail. The nucleosome remodeling and deacetylase complex,
together with associated DNA binding factors, are certainly implicated in early
lymphocyte development. Fluctuating concentrations of nuclear factors with dis-
parate activities during development are responsible for transcriptional flexibility
by establishing a balanced equilibrium between activating and silencing compo-
nents. In all, the hematopoeitic system will contribute to future models of epigen-
etic gene regulation because some of the epigenetic states of lineage priming have
already been deduced and a substantial number of transcription regulators of cell
fate identified [20]. In due course, the epigenetic control of this arm of flexible
defense against infections will be understood in greater detail.

Many viruses stay dormant once they have infected their hosts and elicited an
immune response (i.e., herpes viruses). The conferred immunity to further infec-
tions with the same or related virus strains and the resulting consequences to
human health are not yet appreciated in detail. This latency can be regarded as a
(short time) heritable change of the vulnerability toward viral infections—maybe
not at an organismal level but certainly at a cellular level. Because this “heritable”
change happens without involvement of cellular DNA, this process can be consid-
ered epigenetic.

In summary, epigenetic regulation controls the cells defense mechanisms after
attack by a virus but can also be enforced upon the genetic machinery of eukaryotic
cells by invading viruses. Furthermore, the fate of immune competent cells during
their development is regulated by epigenetic factors and viral infections have
epigenetic consequences on future contagions.

References

1 Lander, E.S. et al. (2001) Nature, 409, 860. 4 Han, K. et al. (2007) Science, 316, 238.

2 Smit, A.F. (1996) Curr. Opin. Genet. Dev., 5 Voinnet, O. (2005) Nat. Rev. Genet., 6,
6, 743. 206.

3 Deininger, P.L., and Batzer, M.A. (2002) 6 Saumet, A., and Lecellier, C.H. (2006)
Genom. Res., 12, 1455. Retrovirology, 3, 3.

7



172

13 Viral Infections and Epigenetic Control Mechanisms

7 Bernstein, E. et al. (2001) Nature, 409,
363.
8 MacRae, L]., Zhou, K., Li, F. et al. (2006)
Science, 311, 195.
9 Matzke, M., Matzke, A.J., and Kooter,
J.M. (2001) Science, 293, 1080.
10 Mourrain, P. et al. (2000) Cell, 101, 533.
11 Schwach, F. et al. (2005) Plant Physiol.,
138, 1842.
12 Jovel, J., Walker, M., and Sanfacon, H.
(2007) J. Virol., 81 (22), 12285.

13 Wang, X.H. et al. (2006) Science, 312, 452.

14 Csorba, T. et al. (2007) J. Virol., 81 (21),
11768.

15 Segers, G.C. et al. (2007) Proc. Natl. Acad.
Sci. U. S. A., 104 (31), 12902.

16 Wang, X.H. et al. (2006) Science, 312, 452.

17 Triboulet, R. et al. (2007) Science, 315,
1579.

18 Matskevich, A.A., and Moelling, K. (2007)
J. Gen. Virol., 88 (Pt 10), 2627.

19 Bernstein, B.E. et al. (2006) Cell, 125, 315.

20 Kioussis, D., and Georgopoulos, K. (2007)
Science, 317, 620.



14
Epigenetics Aspects in Gyneacology and
Reproductive Medicine

Alexander Just and Johannes Huber

Abstract

Epigenetics regulates human genotypical activity throughout the entire lifecycle.
Preexisting schemes in our genome’s methylization and acetylization are modified
through interaction with our environment and nutrition. Because the genome is
not static, it is highly adaptable, allowing adjustment to the environment. Further,
pregnancy, birth and early childhood determine our lives themselves. Scientific
knowledge of epigenetics will influence different aspects in medicine care in the
future. Our intention is to describe some special facts in this field. Epigenetics
frees us of the theory of a destiny that is predefined genetically. We have much
more responsibility for our own and our descendants’ daily lives.

Pregnancy, birth and early childhood determine our lives. For a long time our
body’s destiny was assumed to be predetermined in genes. However, the idea of
the genome as an innate constant, an immutable human blueprint, crumbles in
the face of new molecular-biological observations.

The “Ubercode of DNA” does not cause changes in the underlying DNA
sequence but in the transcription [1]. Epigenetics therefore regulates human geno-
typical activity throughout the entire lifecycle. Reversible methylation and acetyla-
tion processes may be the cause of many biochemical and molecular processes.
Pre-existing schemes in our genome’s methylization and acetylization are modi-
fied through interaction with our environment and nutrition. This may lead to
destabilization of the genome and long lasting changes in cellular processes
(Figure 14.1).

US-geneticist MH just compared the genome to a revolving door: “... genes are
constantly arriving, others are leaving ...”

In any case, our genome is not static, it is highly adaptable allowing adjustment
to the environment: sequences cut themselves out of the thread of life and jump to
be inserted in other positions. Genes work and create proteins—depending on their
packaging, which in turn is being perturbed by the environment (Figure 14.2).
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Pregnancy and the first years of life are sensitive to these environmental pertur-
bations, a period during which structures are being determined and the outcome
of any alteration might not manifest itself for decades. We have to live with our
past, even our time in utero.

Regarding infections, long lasting effects are widely accepted facts in medicine.
HPV, HepC and H. pylori may lead to respective malignomes decades after
contamination.

For other diseases like osteoporosis, hypertension and diabetes, such precedent
has not been known for long, however, these too can sometimes be initiated
decades prior to their outbreak, mostly during pregnancy or immediately after.

The responsible molecular-biological mechanism lies in the epigenetical reor-
ganization of the nucleosomes. Pregnancy, birth and early childhood are especially
receptive to these epigenetic changes. These periods are the foundation for human
health and in some ways require decision making which will concern the adult
decades later.

Children with low birth weight should receive special attention. Compensatory
“overfeeding” after being born premature is linked to increased probabilities of
developing high blood pressure, cardiovascular disease or Type 2 diabetes some
decades later [2, 3]. Therefore, pediatric care should prevent excessive upfeeding
of newborns and during the early years the child’s weight should be kept within
the lower third. Similar treatment is required for premature children who show
tendencies to increased insulin resistance and hypertension during puberty.
Therefore, these parameters should be included in screening examinations of
these children during early adolescence [4, 5].

Birth weight presents a surrogate parameter for countless reactions in utero
which finally lead to growth retardation. It understandably influences clinical
consequences of genetic variation. In contrast to underweight children, combined
with normal birth weight the vitamin D-receptor genotype has no influence on
bone density later in life. Coupled with low birth weight, carrying the BB-genotype
is responsible for the outbreak of osteoporosis in later stages of life. Accordingly,
low birth weight should be included in the list of risk factors for osteoporosis
[6, 7].

Experimental data implies even the pre-implantatory phase of the embryo to be
impressionable and to lead to consequences later in life. A low protein diet during
implantation may cause hypertension [8]. The periconceptional period is especially
sensitive to nutritional deficiency in Vitamin B12, folic acid and methionine. The
modifying effect of these substances on the epigenetic code is well known. It
makes sense to pay attention to the vitamins mentioned above in mothers to be,
especially after long-term use of the pill. An imbalance in maternal vitamins
(Vitamin B12, folic acid and methionine) during pregnancy may cause insulin
resistance in later childhood [9].

In particular, the kidney, heart and pancreas can be subject to prenatal growth
disturbances that remanifest in these organs later in life. The inuterine procedure
of predefining the number of nephrones is influenced by dietary imbalance
(protein malnutrition) and also by an elevated maternal level of uric acid (urat).
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The Renin-Angiotensin system appears to play a decisive role, effected by a
diet high in salt as well as by hyperuricemia. This has an adverse effect on
nephrogenesis.

A diminished antiapototic homeobox gene product Pax 2 likewise results in the
reduction of the number of nephrones. Subsequent pancreatic functional deter-
mination is controlled by the balance of beta cell proliferation and apoptosis.
Glucocorticoids, which during pregnancy affect the developing pancreas, constrain
pancreatic transcription factors as well as the urethral homebox 1 in beta-cell
precursors, inducing increased apoptosis and postpartally a lower amount of insu-
lin-producing cells. Combined with a protein restricted diet this entails decreased
expression of insulin regulation (proteins) in skeletal muscles. Proteinkinase C
betaisoform, phosphoinositol -3-kinases’ p85 regulating subunit and most notably
GLUT4 have lower expression. This intrauterine reduction of skeletal muscle
insulin regulation later contributes to an early manifestation of (islet) beta cell
depletion.

Maternal nutrition also affects fetal heart development. Low caloric diet late in
gestation can cause a thickened carotid intima-media layer about a decade into the
child’s life. Foremost, iron deficiency and its associated oxygen undersupply
appears to provoke reduction in cardiomyocytes, generating hypertrophy of the
remaining cells, predetermining for cardiac hypertrophy later in life.

The determination of later stages in life through intrauterine procedures seems
to be caused by epigenetic mechanisms, concerning methylation of CpG islands
unspecific genes promoters, chromatin structure alteration by histone modifica-
tion and micro RNAs, being involved in postranscriptional control of gene expres-
sion. These gene and cell specific epigenetic modifications are driven by DNA-RNA
interaction.

Thus, renal petran50 can be epigenetically modified just as well as the adrenal
angiotensine 2 receptor type 1B, impacting fetal adrenal tissue apoptosis and
hyperteremic glucocorticoid receptor—accordingly affecting stress response.

Epigenetic modifications are in part reversible, PPAR alpha gene hypermethyl-
ation by omega-3 fatty acids, for instance, can be undone.

The safety of in vitro fertilization techniques (IVF) has been frequently discussed
since its introduction by Palermo et al. in 1992. IVF’s long term effects are becom-
ing more and more a focus of interest. Artificial extra-corporal cultivation and
invasive oocyte and fetus manipulation are held responsible for fetal growth retar-
dation, premature birth and low birth weight [10, 11]. Fetal growth retarded girls
for instance, show deficient uteroplacental function during a pregnancy of their
own. Observations like recurrent abortions, nidation disorder, the appearance of
pathological fertilization in the course of intracytoplasmatic fertilization (intracy-
toplasmatic sperm injection (ICSI)) and the incidence of immature or unfertilized
oocytes are feasible only since the application of IVF. Another possibility might
be epigenetic changes as a cause for these observations, maybe even for the under-
lying sterility itself [10].

In every developmental stage, growing organisms pass through phases of
increased sensitivity, being exposed and receptive to inner (DNA) and certain
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external mechanisms of regulation (environmental stress). Development of human
diseases can—in the long term—originate from the relation between delayed and
physiological progression of biological processes [10].

Current animal-experiment-based studies show neuroendocrine behavioral pat-
terns to be impacted epigenetically. Omitted postpartal tactile stimulation effects
increased hippocampal glucocorticoid receptor gene expression in the offspring.
The consequence could be subsequent overshooting stress reactions. Intrauterine
exposure to glucocorticoids, which can also be caused by changes in 11-hydroxys-
teroid-dehydrogenase, produce similar outcomes. There are two isoforms of the
aforesaid enzyme: Type 1, converting cortisone into cortisol and the inverse (cor-
tisol into cortisone). Type 2, unidirectional converting circulating cortisol into
inactive cortisone. This mechanism protects the unborn against excessive gluco-
corticoid concentration, which can also come from the maternal organism. Stress
reactions, malnutrition and exercise repress Type 2 -17 beta hydroxysteroid dehy-
drogenase through epigenetic mechanisms, with ceasing cortisole inactivation.
This leads to subsequent hypercorticism (later in life), changing the balance
between sympathetic and parasympathetic nervous systems and could be jointly
responsible for excessive stress reactions. Epidemiological explorations on humans
that have been conducted so far seem to confirm assumptions of intrauterine
stress influencing infants’ behavior.

Hyperactivity, observed in early childhood, anxiousness and posterior depressive
moods appear to have a close connection to maternal hypercorticism in the last
trimester as well as to (maternal) psychosocial stress.

That the outcome of epigenetic modifications be passed on, as recent results
seem to confirm, is of certain significance. This phenomenon has been investi-
gated on biocides and fungicides, serving as endocrine disruptors (hormonally
active agents) and securing methylation of genes that are crucial for spermatogen-
esis. Thereby sperm quality declines, as measured by quantity and motility. If
pregnancy can be achieved regardless, male offspring show similar defects without
this person ever being in contact with biocides. This epigenetic constraint of sper-
matogenesis is apparently passed on to the next generation [11, 12].

On September 12th, 1809 Darwin was born. The year 2009 marks the 200th
anniversary of his birth. Based on countless observations he was of the opinion
that adaption to the environment leads to development of a species. The subject
of genes and epigenetics was not yet known to him. The dogma that is Charles
Darwin’s theory, for our destiny to be determined in the book of genes, has since
fallen aside.

The clarification of connections concerning genetics and the environment (epi-
genetics) present two fundamental additions to our knowledge of human develop-
ment. On the one hand epigenetic research sheds light on the constant discussion
about the importance of the environment for our physical sickness and health. On
the other hand it leads us to understand our need to not only support our own
health, but also to improve our children’s health.

Epigenetics frees us of the theory of a predefined destiny but in turn burdens us
with much more responsibility, for our own as well as our descendants daily lives.
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Epigenetics and Tumorigenesis

Heidrun Karlic and Franz Varga

Abstract

The last years have seen conceptual and technical advances uncovering epigenetic
pathways which present promising targets for diagnostic and therapeutic strate-
gies in an increasing number of solid tumors and leukemias. Epigenetic modifica-
tions which promote the malignant potential of stem cells or respective progenitor
cells are gaining an increased importance in malignancies of the elderly, when
effects of environmental exposures, lifestyles and metabolism have left their traces
in the genome and the associated protein components of the chromatin. This
explains that besides “classic” tumor suppressor genes (e.g., of the P53 pathway),
expression patterns of hormone receptors such as estrogen receptor and growth
factor receptors, vitamin response, DNA-repair and apoptotic pathways (death
associated protein kinase) are altered by epigenetic mechanisms in tumor cells.
An insight into these complex mechanisms presents the basis for improved
models which outline the chances and risks of therapeutic interventions combin-
ing chromatin-targeting drugs.

15.1
Introduction

Despite major advances in understanding key molecular lesions in cellular control
pathways that contribute to cancer, it remains true that microscopic examination
of nuclear structure is a gold standard in cancer diagnosis. Changes in the nuclear
architecture, which largely involve the state of chromatin configuration, have the
potential to confirm the cancer phenotype in a single cell. The most important
cues are the size of the nucleus, nuclear outline, a condensed nuclear membrane,
prominent nucleoli, dense “hyperchromatic” chromatin and a high nuclear/cyto-
plasmic ratio. Such structural features, visible under a microscope, likely correlate
with profound alterations in chromatin function and resultant changes in gene
expression states and/or chromosomal stability. Linking changes observable at a
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microscopic level with the molecular marks discussed throughout this book
remains one of the great challenges in cancer research.

In this chapter, we review epigenetic marks, typified by changes in DNA cytosine
methylation at CpG dinucleotides and histone modifications, which are abnor-
mally distributed in cancer cells. They are increasingly being linked to events such
as aging that affect the stablity and function of stem-cell genomes and thus con-
tribute significantly to the cancer phenotype (Figure 15.1). Such epigenetic modi-
fications can have significant impact on chromatin structure and transcriptional
activity and, in contrast to genetic aberrations, are reversible phenomena [1].
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Figure 15.1 Epigenetics and genetics in normal or malignant cellular development.
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The extent to which epigenetic change can also be acquired in response to external
stimuli from environment, lifestyle and metabolism represents an exciting dimen-
sion in the “nature versus nurture” debate [2].

Metabolic enzymes supply acetyl groups from acetyl-CoA for histone acetylation
from carbohydrate and fat metabolism [3] and methyl groups from dietary methyl
donors [4]. Acetylation at lysine residues is a widespread posttranslational histone
modification with examples known for histones H2A, H2B, H3, and H4. The levels
of histone acetylation play a crucial role in chromatin remodeling and in the regu-
lation of gene transcription as well as cell cycle progression and DNA repair [5-8].
The presence of acetylated lysine in histone tails is associated with a more relaxed
chromatin state and gene-transcription activation, while the deacetylation of lysine
residues is associated with a more condensed chromatin state and transcriptional
gene silencing [9]. Various histone acetyl transferases (HATSs) have been identified
(for review see e.g., [10]). As typical for protein acetyltransferases, their acetylation
donor is acetyl-CoA, a central molecule of both carbohydrate and fatty acid metabo-
lism (Figure 15.2).

Acetyl-CoA —synthetases producing nucleocytosolic acetyl-CoA directly regulate
global histone acetylation [3]. In contrast to histone acetylation, which is closely
related to energy metabolism, methylation of histones and DNA is associated with
amino acid metabolism: A pathway which is key to many of these reactions is the
metabolic cycling of methionine. Briefly, methionine is converted to the methyl
cofactor S-adenosylmethionine (SAM or AdoMet). Subsequent to methyl donation,
the product S-adenosylhomocysteine (SAH) becomes homocysteine (Hcy), which
is then either catabolized or remethylated to methionine.

The palindromic CpG dinucleotide, which is found in clusters in the regulatory
region of genes, often serves as substrate for DNA methyltransferases (DNMTs)
targeting the 5-carbon position of the cytosine residues. The added methyl group
can interfere with transcription factor binding, thereby regulating transcription
[11]. It can also designate a possible attachment site for methyl-CpG-binding pro-
teins, which in turn effect further regulation by their association with the histone
deacetylase- containing chromatin remodeling complexes. DNMT1, 3a and 3b are
the most thoroughly studied DNMTs, and the activity of these enzymes is often
described as being either maintenance or de novo methylation [12]. The former
process serves to maintain pre-existing epigenetic control status in dividing cells
by methylating hemimethylated sites on newly synthesized strands, whereas the
latter methylates sites in which both strands are unmethylated, for example,
during early embryonic development [13].

It appears possible that the reduced expression of metabolism-associated genes
in aged individuals is based on epigenetic mechanisms. In age-associated diseases
such as myelodysplastic syndrome (MDS) epigenetic changes affect on the one
hand genes which play a role in cell proliferation and differentiation and on the
other hand important tumor suppressor genes, as recently reviewed by our group
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Figure 15.2 Epigenetic impact of energy metabolism.

[14]. Metabolic changes during the aging process that are associated with an
increased risk of malignancy include both carbohydrate and fatty acid metabolism.
The role of insulin and insulin-like growth factor (IGF-1) signaling in aging is one
of the most extensively studied pathways [15]. Although IGFs might not be con-
sidered classical hematopoietic growth factors, some reports have shown that IGFs
play a crucial role in hematopoiesis regulating proliferation and differentiation via
the IGF-1 receptor (IGF-1R) [16]. Within MDS cases, IGF-1R expression was
higher in advanced than in less advanced subgroups and correlated with blast
counts. IGF-1R overexpression may predict malignant proliferation in hematopoi-
etic cells, such as the transformation of MDS to AML [17]. The above-mentioned
dysregulation of insulin-signaling also affects key enzymes of oxidative metabo-
lism which are essential for energy production from fat. Changes of this enzyme
network at the mitochondrial level are known to be associated with the aging
process, apoptosis, and many diseases. A comparative study quantifying expres-
sion of these enzymes in different age groups showed expected age-dependent
effects. In addition, a MDS-specific reduction of microsomal carnitine palmitoyl-
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transferase is caused by promoter methylation [18, 19]. The reduction in transcrip-
tion of different genes in blood cells, which is well known in different tissues, may
reflect a systemic signaling process, associated with aging, apoptosis, and MDS
[18]. Furthermore, data exist suggesting that changes in relative mRNA levels of
these enzymes could represent the hematopoietic regenerative potential including
evidence for a possible predictive value of such analyses [20].
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The great fidelity with which DNA methylation patterns in mammals are inherited
after each cell division is ensured by the DNMTs. However, the aging cell under-
goes a DNA methylation drift: Early studies showed that global DNA methylation
decreases during aging in many tissue types and it was subsequently observed that
mammalian fibroblasts cultured to senescence increasingly lost DNA methylation
[21]. The decrease in global DNA methylation during aging is probably mainly the
result of the passive demethylation of heterochromatic DNA as a consequence of
a progressive loss of DNMTT1 efficacy or erroneous targeting of the enzyme by
other cofactors (or both) [22]. However, this needs to be confirmed. An increased
expression of the de novo DNA methylase DNMT?3Db, which acts in a rather targeted
manner, could be a natural response of the cell to loss of DNA methylation in
repeated DNA sequences as well. A logical outcome of DNMT3b overexpression
could be that specific regions such as promoter CpG islands, which are commonly
unmethylated in normal cells, become aberrantly hypermethylated, as previously
reported for the genes coding for the human mutL homolog 1 (MLH1), whose
mutated form defines a low penetrance risk for colorectal cancer, and for the
cyclin-dependent kinase inhibitor CDKN2A (p14ARF, p16) that is known as an
important tumor suppressor gene (reviewed in Ref. [23]).

Several specific regions of the genomic DNA become hypermethylated during
aging [24]. For instance, there is an increase in methylcytosines in hepatic Geck
promoter in livers of senescent rats which may represent an important marker for
diabetogenic potential during the aging process [25]. Methylation of promoter CpG
islands in nontumorigenic tissues has been reported for several genes, including
estrogen receptor (ER), myogenic differentiation antigen 1 (MYOD1), insulin-like
growth factor IT (IGF2) and tumor suppressor candidate 33 (N33). In some cases,
such as MLH1 and CDKN2A, which are frequently inactivated in colon cancer,
hypermethylation was also common in normal aged tissues (reviewed in Ref. [26]).
Another study found increasing promoter hypermethylation of the tumor sup-
pressor genes lysyl oxidase (LOX), CDKN2A, runt-related transcription factor 3
(RUNX3), and TPA (tumor promoting agent)-inducible gene 1 (TIG1) in non-
neoplastic gastric mucosa that was significantly correlated with aging [27]). Other
examples of genes with increased promoter methylation during aging include
genes associated with the structural integrity of cells and their transciptional regu-
lators such as collagen a1(I) [28], E-cadherin [29] and fos [30].
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Thus, the accumulation of epigenetic alterations during aging might contribute
to tumorigenic transformation. Although it is possible to associate the accumula-
tion of methylation at the promoters of these tumor suppressor genes during aging
with the predisposition to develop cancer, there is no experimental or mechanistic
evidence of a direct relationship between these genes and the aging process. The
regulation of the CDKN2A locus during aging and tumorgenesis deserves special
attention. On the one hand, the promoter region of CDKN2A gains an increased
number of methylated CpGs in normal gastric epithelia during aging [28]. The
increased hypermethylation within this promoter suggests that CDKN2A
(=p16INK4a) expression is reduced. On the other hand, the expression of CDKN2A
is known to increase with aging in mammals in a tissue-specific manner (reviewed
in Ref. [31]) and, what is more striking, it has been proposed that its upregulation
is directly involved in the decrease of self-renewal potential of some mature stem
cells [32].

15.4
Interaction of Genetic and Epigenetic Mechanisms in Cancer

Cancer is caused by (a mitotically heritable) deregulation of genes, which control
whether cells divide, die, and move from one part of the body to another. During
the process of carcinogenesis, genes can become activated in ways that enhance
division or prevent cell death, or alternatively, they can become inactivated so that
they no longer apply the brakes to these processes. The first type of genes is called
“oncogenes” and the second “tumor suppressor” genes. It is the interaction
between these two gene classes that results in the formation of cancer. Genes can
be inactivated by at least three pathways, including (i) a mutation inducing a dis-
abled function of the gene, (ii) a deletion so that the gene becomes lost and thus
not available to work appropriately, (iii) an epigenetic change. This epigenetic
silencing can involve histone modifications, and inappropriate methylation of
cytosine residues in CpG sequence motifs that reside within control regions which
govern gene expression. As outlined in this book, the basic mechanisms respon-
sible for maintaining the silenced state are quite well understood. Consequently,
we also know that epigenetics has profound implications for cancer prevention,
detection and therapy. A series of approved drugs can reverse epigenetic changes
and restore normal gene activity in cancer cells. In addition, because the changes
in DNA methylation can be analyzed with a high degree of sensitivity, many strate-
gies to detect cancer early rely on finding DNA methylation changes. Detection of
associated changes in the expression profile of (de)methylating enzymes and the
underlying metabolic pathways are gaining importance, both as diagnostic tools
and as targets for therapy and prevention. These data, particularly DNA- and
chromatin-methylation patterns that are fundamentally altered in cancers, have
led to new opportunities for the understanding, detection and prevention of
cancer [33].
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DNA methylation, catalyzed by DMNTSs, involves the addition of a methyl group
to the carbon-5 position of the cytosine ring in the CpG dinucleotide and results
in the formation of methylcytosine [34, 35]. Although CpG dinucleotides are
under-represented in the mammalian genome, CpG rich regions (CpG islands)
are found within the promoter regions of approximately 40-50% of human genes
[36]. Cytosines within CpG islands, especially those associated with promoter
regions, are less methylated in normal cells. This lack of methylation in pro-
moter-associated CpG islands allows gene transcription to occur, providing that
the appropriate transcription factors are present and the chromatin structure is
open [37]. Abnormal DNA methylation patterns [38] have been recognized in
cancer cells for over two decades [39]. Paradoxically, cancer cells are associated
with global hypomethylation but with regional hypermethylation of CpG islands
at gene promoters [39, 40]. Aberrant genome-wide hypomethylation may relate to
tumorigenesis by promoting genomic instability. Methylation of promoter CpG
islands is associated with a closed chromatin structure and transcriptional silenc-
ing of the associated gene [37, 38, 41]. Knudson’s “two-hit” model for cancer
proposed that a dominantly inherited predisposition to cancer entails a germline
mutation, while tumorigenesis requires a second, somatic mutation. Non-
hereditary cancer of the same type requires the same two hits but both are
somatic [42, 43].

The frequency of this process, the variety of genes involved, and the large rep-
ertoire of cancers shown to harbor dense methylated promoter CpG islands all
reflect the critical role of epigenetic mechanisms in cancer initiation and progres-
sion. While certain genes, such as CDKN2A, have been shown to be hypermethyl-
ated in many tumor types, in general, the pattern of genes hypermethylated in
cancer cells is tissue specific [44]. Many fundamental cellular pathways are inacti-
vated in human cancer by this type of epigenetic lesion: DNA repair (MLH1; O-6-
methylguanine-DNA methyltransferase, MGMT; breast cancer 1, early onset,
BRCA1), cell cycle (CDKN2A, pl6INK4a, pl4Arf; CDKN2B, p15INK4b), cell
invasion and adherence (E-cadherin, CDH1; adenomatous polyposis coli APC;
H-cadherin, CDH13; von Hippel-Lindau tumor suppressor, VHL), apoptosis
(death-associated protein kinase 1, DAPK1; caspase 8, CASPS8; FAS; tumor necro-
sis factor receptor superfamily, member 10a, TNFRSF10A, TRAIL-R1) detoxifica-
tion (glutathione S-transferase pi 1, GSTPland hormonal response (retinoic acid
receptor, beta, RARB; estradiol receptor o, ESR1) [44—48]. The deregulation of such
pathways is likely to confer a survival advantage to the affected cell and thus con-
tribute to the step-wise progression of a normal cell to a cancer cell. Altered
DNA methylation patterns in human cancer are not only of importance to our
understanding of the molecular pathogenesis of this disease but may also may
serve as markers for cancer diagnosis and prognosis, and prediction of response
to therapy.
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15.6
Promoter Hypermethylation in Hematopoietic Malignancies

DNA hypermethylation is a common mechanism of gene inactivation in hemato-
poietic malignancies and gains increasing importance as a therapeutic target,
especially when combined with other targeted drugs such as monoclonal antibod-
ies or small-molecule inhibitors [49]. The spectrum of genes inactivated by hyper-
methylation in hematopoietic malignancies differs from solid tumors, although
many cancer-related pathways are known to be deregulated in leukemia/lym-
phoma as a result of DNA hypermethylation [44]. Table 15.1 shows a summary of
those genes commonly hypermethylated in hematopoietic malignancies. In
general, the pattern of promoter methylation found in hematopoietic malignancies
can be considered to be an aberrant and specific phenomenon, with disease-spe-
cific methylation patterns of key CpG islands found for particular genes. Most
investigators have found that normal hematopoietic progenitors are free of such
patterns of gene promoter methylation [50, 51]. However, as discussed previously,
not all promoter methylation is abnormal or disease related. Dynamic changes in
promoter methylation have been shown to play a role in the control of gene expres-

Table 15.1 Genes frequently methylated in hematopoietic malignancies.

Acute myeloid  Myelodysplastic Acute lymphoid  Lymphoma  Multiple
leukemias syndromes leukemia myeloma
DNA repair - - - - MGMT
Hormone Estrogen Estrogen - - -
response receptor receptor
Vitamin response ~ RARB2 - - RARB2 -
Cell cycle p15 p15 p15, pl6 pl6 p15, pl6
P53 network - HIC-1 p73 p73 -
Cell adherence E-cadherin E-cadherin, E-cadherin - -
and invasion calcitonin
Apoptosis DAPK1 DAPK1 DAPK1 DAPK1 DAPK1
(sec AML) (contradictory
results)
Tyrosine kinase SOCS-1 - - - SOCS-1
cascades
Other pathways IGF1, ABL (CML)  GSTP1
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sion levels for growth factor receptors, growth factors and cytokines during normal
myeloid development [52, 53].
15.7
Hypermethylated Gene Promoters in Solid Cancers
Genes commonly hypermethylated in solid tumors are summarized in Table 15.2.
To understand the significance of genes for tumorigenesis and the challenges for
the future in this field, the cancer-related genes which are affected by transcrip-
Table 15.2 Genes frequently methylated in solid tumors.
Gyn. Prostate Gastrointest Lung, Kidney,  Brain
(breast, (esophagus, stomach,  head-neck  bladder
ovary, pancreas, liver, colon)
uterus)
DNA repair BRCA1 MGMT MGMT MGMT
Hormone ER Pgr AR AR ER ER
response (progest
rec, breast)
Vitamin
response
Ras signaling RASSF1A RASSF1A
Cell cycle p16 p15 p16 p15 p16 p15 pl6 p16
P53 network
Cell adherence hMLH1 hMLH1 TIMP-3 TIMP-3 TIMP-3  TIMP-3
and invasion TIMP-3 calcitonin E-cadherin
E-cadherin
Wnt signaling APC SOX7  APC IGFBP-3
Apoptosis DAPK DAPK DAPK
Tyrosine kinase — — TGF2R - - - -
cascades
Other pathways ~ GSTP1 GSTP1 GSTP1 IGF2 (colon) LOX
LOX PTGS2 LOX (colon)

MDR1
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tional inactivation may be divided into three groups: The first comprises those
which were instrumental in defining promoter hypermethylation and gene silenc-
ing as an important mechanism for loss of tumor suppressor gene function in
cancer. These were already recognized as classic tumor suppressor genes which,
when mutated in the germline of families, cause inherited forms of cancer. They
are often mutated in sporadic forms of cancers but can frequently be hypermethyl-
ated on one or both alleles in such tumors [33, 37]. In addition, for these genes,
promoter hypermethylation can sometimes constitute the “second hit” in Knud-
son’s hypothesis by being associated with loss of function of the second copy of
the gene in familial tumors where the first hit is a germline mutation [54, 55]. In
some instances, 5-azacytidine-induced reactivation of these genes in cultured
tumor cells has been shown to restore the key tumor suppressor gene function
which is lost during tumor progression [56]. The second group of epigenetically
silenced genes are those previously identified as candidate tumor suppressor
genes by virtue of their function, but they have not been found to have an appre-
ciable frequency of mutational inactivation. Examples include the putative tumor
suppressor gene Ras association domain family 1 (RASSF1A) and fragile histidine
triad gene (FHIT, encodes a diadenosine 5’,5”-P1,P3-triphosphate hydrolase) on
chromosome 3p in lung and other types of tumors [57, 58]. Others are those known
to encode proteins which subserve functions critical to prevention of tumor pro-
gression, such as the pro-apoptotic gene death-associated protein kinase 1 (DAPK1)
[59]. These genes present an important challenge for the field of cancer in that,
despite their having been identified as having frequent promoter hypermethyl-
ation in tumors, it must be proven-since many of the genes are not frequently,
or not at all, mutated—how the genes actually contribute to tumorigenesis.

The third group of genes is being identified through strategies applied to ran-
domly detect aberrantly silenced genes with promoter hypermethylation [60, 61].
As compared to those genes in the second group, it is a challenge to place these
genes into a functional context for cancer progression because their functions may
be totally unknown.

15.8
Interaction DNA Methylation and Chromatin

Hypomethylated genes in cancer are known to have key histone modifications
associated with their promoter regions [62]. DNA methyltransferases (DNMT),
which catalyzes DNA methylation, also bind histone deacetylases (HDACs) and
have the potential to target these enzymes to regions of gene silencing [63, 64].
Removal of acetyl groups from histone lysine tails (deacetylation) by HDACs is
one of several modifications made to these proteins associated with transcriptional
silencing [62]. Protein complexes of methyl-CpG-binding proteins, transcriptional
corepressors, chromatin-remodelling proteins and HDACs bind to hypermethyl-
ated DNA regions, resulting in a transcriptionally repressive chromatin state in a
heritable manner [64]. Histone deacetylation increases ionic interactions between
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the positively charged histones and negatively charged DNA, which yields a more
compact chromatin structure and represses gene transcription by limiting the
accessibility of the methyl transferases. For example, in DNMT1 knockout cancer
cells there is an increase in the amount of acetylated forms of histone H3 and a
decrease in that of the methylated forms of histone H3. These changes are associ-
ated with the loss of interaction of HDACs and the heterochromatin protein HP1
with histone H3. These data strongly indicate that histone hyperacetylation is not
always the result of a loss of HDAC activity, but that it could be due to a loss of
HDAC targeted to specific DNA sequences. One possible explanation is that
changes in DNA methylation also cause histone modification due to direct interac-
tions between the enzymes regulating different epigenetic modifications [65].
HDAC2 is also involved in the regulation of neuronal differentiation through a
direct interaction with the N-terminal domain of DNMT3b. Treatment of the
pheochromocytoma cell line PC12 with HDAC inhibitors prevents the nerve
growth factor-induced differentiation of this cell line, while the overexpression of
the N-terminal domain of DNMT3D facilitates differentiation [66]. Various mecha-
nisms are involved in histone hypoacetylation. These changes can be explained by
a decrease in HAT activity due to the mutations or chromosomal translocations
characteristic of leukemias, or to changes that result in the increased activity of
HDAGCs.

Focusing on the role of HDACs in cancer, the available data indicate that there
is more than one mechanism by which HDACs function in cancer development.
HDAC:S also participate in gene expression regulation mediated by nuclear recep-
tors. Estrogen receptors (ERs) belong to a large superfamily of nuclear receptors
that modulate the expression of genes regulating critical breast and ovary func-
tions. HDACT interacts with ER-a and suppresses its transcriptional activity. The
interaction of HDAC1 with ER-a is mediated by the activation function-2 (AF-2)
domain and DNA-binding domain of ER-a, and this interaction is weakened in
the presence of estrogens [67]. Furthermore, another study indicates that the ER-
gene transcription is regulated by a multiprotein complex that includes HDACs,
DNMTs, and retinoblastoma protein Rb [68]. There are a number of studies
showing altered expression of individual HDACs in tumor samples. For example,
there is an increase in HDAC1 expression in gastric [69], prostate [70], colon [71]
and breast [72] carcinomas. Overexpression of HDAC2 has been found in cervical
[73] and gastric [74] cancers, and in colorectal carcinoma with loss of APC expres-
sion [75]. Other studies have reported high levels of HDAC3 and HDACG6 expres-
sion in colon and breast cancer specimens, respectively [71, 76]. Several examples
of the roles of chromatin-modifying activities are also known in hematologic
malignancies [1]. For example, acute myeloid leukemia (AML), chronic myeloid
leukemia (CML) and acute promyelocytic leukemia (PML) are caused by chromo-
somal translocations altering the use of HDACs and consequently DNA methyla-
tion. In PML, the PML gene is fused to the retinoic acid receptor (RAR). This
receptor recruits HDAC activity and DNA methylation, and causes a state of tran-
scriptional silencing, as shown with experimental promoter constructs. It has been
suggested that this targeting of chromatin change can potentially lead to tumor

189



190

15 Epigenetics and Tumorigenesis

suppressor gene silencing, which participates in a cellular differentiation block
[77]. In AML, The DNA-binding domain of the transcription factor AML-1 is fused
to a protein called ETO, which interacts with an HDAC. Repression of cellular
differentiation by the mistargeted HDAC contributes to aberrant gene expression
and, ultimately leukemia [78]. These are just two examples of the direct involve-
ment of chromatin modifications in the oncogenic phenotype. It has, however,
become clear that chromatin modifications can directly and indirectly alter the
patterns of cytosine methylation, an epigenetic change of the DNA which can
either “initiate” or “lock in” silencing of key genes leading to heritable perturba-
tions in key cellular pathways.
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Epigenetic Approaches in Oncology
Sabine Zéchbauer-Miiller and Robert M. Mader

Abstract

Until recently, the contribution of epigenetic mechanisms to the development of
cancer has been underestimated. This shortcoming was favored by the observation
that the overall cancer genome is hypomethylated, whereas hypermethylation is
restricted to particular regions of the cancer genome. The insight that this hyper-
methylation does not occur on a random base, but may selectively affect essential
cellular functions, paved the way for a different approach to cancer epigenetics. In
parallel to the development of appropriate laboratory methods, diagnostic tools in
tumor entities such as lung cancer are currently validated focusing on biologic
fluids, including easily accessible blood samples. These results may indicate future
therapeutic strategies as epigenetic targeting is envisaged. For the time being,
derivatives of aza(deoxy)cytidines or the histone deacetylase inhibitor vorinostat
have already been approved for the treatment of myelodysplastic syndrome and
cutaneous T-cell lymphoma, respectively. These achievements show that epigen-
etic diagnostics and therapeutics are fuelling biomedical research in parallel. In
order to fully exploit the potential of epigenetic modulators in cancer therapy,
compounds able to selectively target epigenetic mechanisms by interfering with
specific drug-promoter interactions are a challenging but extremely promising
next step.

16.1
Introduction

Epigenetics has become a hot topic in several disease entities in recent years,
among them malignant diseases. The impressive amount of knowledge accumu-
lated in this time points toward a fruitful exploitation of epigenetics in terms of
both diagnostic tools and therapeutic interventions. With regard to epigenetic
regulation, the inner contradiction of the malignant cell is illustrated by the coex-
istence of two states of DNA methylation, which differ profoundly from the normal
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cell. In a normal cell, the pericentromeric heterochromatin is hypermethylated,
whereas controlling functions such as tumor suppressor genes are actively tran-
scribed, that is, the CpG islands on the corresponding promoter are hypomethyl-
ated (Figure 16.1). In contrast, the pericentromeric heterochromatin becomes
hypomethylated, resulting in genomic instability caused by recombinatorial events
during mitosis. In parallel, epigenetic silencing at specific sites such as tumor
suppressor genes contributes to tumorigenesis by relieving the physiologic mecha-
nisms aiming at the control of hyperproliferative phenotypes [1]. This event is
believed to occur very early during the development of tumors, as synthesized in
the model of an epigenetic progenitor origin of cancer proposed by Andrew Fein-
berg and colleagues in 2006 [2]. This model is supported by a wealth of observa-
tions and may serve as a starting point for the development of innovative strategies
in diagnostics and therapy.

16.2
DNA Methylation, Chromatin and Transcription

With regard to the epigenetic imbalance observed during the malignant transfor-
mation, the central question for our understanding was: How and under which
conditions, such as environmental stress or a pre-malignant cellular background,
does DNA methylation lead to gene silencing? The primary event, methylation of
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Figure 16.1 DNA methylation and cancer. result in the transcriptional silencing of

In tumor cells, repeat-rich heterochromatin growth-regulatory genes. These changes in
becomes hypomethylated and this contributes methylation are early events in tumorigenesis.
to genomic instability, a hallmark of tumor Reprinted by permission from Macmillan
cells, through increased mitotic recombina- Publishers Ltd: Nat Rev Genet (2005), 6,

tion events. De novo methylation of CpG 597-610, copyright 2005.

islands also occurs in cancer cells, and can
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the DNA at the CpG islands, is accomplished by DNA methyltransferases (DNMT)
1, 3A, and 3B. In order to modulate gene expression, the methyl-CpG binding
domain proteins (MBDs) bind to methylcytosines, which subsequently inhibit
gene transcription [3, 4]. Two of these MBDs, MeCP2 and MBD2, participate in
protein complexes that recruit transcriptional co-repressors and histone deacety-
lases (HDAC) [5-7]. Mediated by these complexes, sites of methylated DNA can
target the formation of chromatin, including deacetylated sites of histones, which
is typical for transcriptionally repressive domains [3-7]. These results suggest a
concerted action of DNA methylation and histone deacetylation in gene silencing
and may therefore explain the synergistic effect of methylation inhibitors and
HDAC inhibitors on re-expression of silenced genes in tumors [8]. In addition,
DNMT1 can directly bind to HDACs and to transcriptional co-repressors, resulting
in a direct suppression of gene transcription in a partially HDAC-dependent
manner [9-11].

As a paradigm for the central role of DNA methylation in early lesions of the
colon, the mRNA expression of three DNA methyltransferases has recently been
the subject of investigations in the colorectal adenoma—carcinoma sequence by
our group [12]. We compared the expression of DNMT1, DNMT 3A, and DNMT
3B with that of methyl-CpG binding domain protein 2 (MBD2), recently described
as the only active DNA demethylase [13]. RNA was isolated from normal colonic
mucosa, aberrant crypt foci, benign adenomas, and malignant colorectal carcino-
mas and analyzed by reverse transcriptase-PCR with subsequent quantification by
capillary gel electrophoresis. In contrast to MBD2, pairwise comparisons between
tumors and matched, adjacent healthy mucosa tissue revealed that expression of
all three genes encoding DNA methyltransferases were increased by two- to three-
fold, suggesting a relevant role of all investigated DNA methyltransferases during
colorectal tumorigenesis (Figure 16.2). This increase was not counterbalanced by
enhanced expression of MBD2, which emphasizes increased DNA methylating
activity rather than suppressed demethylation as the primary event of epigenetic
regulation in the adenoma—carcinoma sequence.

16.3
Methods for Detecting Methylation

Several laboratory methods have been described for detecting DNA methylation,
for example, bisulfite genomic sequencing, methylation-specific PCR (MSP), real-
time polymerase chain reaction PCR-based assays and restriction enzyme digest.
In the MSP assay, originally described by Herman and coworkers [14], treatment
of genomic DNA with sodium bisulfite converts unmethylated, but not methyl-
ated, cytosines to uracil. During subsequent PCR cycles, uracil bases are converted
to thymidine, resulting in sequence differences between methylated and unmeth-
ylated DNA. These differences can be detected either by DNA sequencing, as the
most specific way of detecting methylation, or by MSP using PCR primers which
distinguish between methylated and unmethylated DNA sequences. By using this
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Figure 16.2 Expression of MBD2, DNMTT, signals, showing ~two- to ~three-fold higher
DNMT3A, and DNMT3B in matched expression of DNMT encoding genes in
mucosa-tumor samples. Box-plot of tumor/ tumor samples. The dashed gray line
mucosa log2-ratios, calculated from the indicates the two-fold change threshold.

corresponding PCR product fluorescence

approach, 0.1% of methylated DNA present in an unmethylated DNA sample can
be detected, a finding confirmed later by other authors [15]. These results suggest
that MSP is a very sensitive and fast method and is suitable to detect methylation
in a large number of samples. A disadvantage of this method is, however, that the
obtained results are qualitative but not quantitative in nature.

Contemporary quantitative PCR approaches to detect DNA methylation often
rely on real-time quantitative PCR [16-18]. By using fluorescence-based, real-time
quantitative PCR the authors reported an even 10-fold higher sensitivity of this
method compared with MSP. The disadvantage of using a variety of different labo-
ratory assays to detect DNA methylation may be an assay bias, which is probably
a major reason for the different frequencies of DNA methylation of certain genes
reported in the literature.

16.4
The Paradigm of Lung Cancer

Causing over 1 million deaths worldwide each year, lung cancer is the leading
cause of cancer deaths in the world [19], mostly provoked by tobacco smoking as
the main risk factor, which is responsible for approximately 90% of lung cancer
deaths [20]. The major histologic types of lung cancer are non-small cell lung
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cancers (NSCLC), which are further subclassified into squamous cell carcinomas,
adenocarcinomas, large cell carcinomas, and mixed types as well as small cell lung
cancers (SCLC).

16.4.1
Frequently Methylated Tumor Suppressor Genes and Other Cancer-Related Genes
in Lung Carcinomas

In agreement with the relevant contributions of epigenetic silencing during
tumorigenesis, several genes which are frequently methylated in lung carcinomas
have been identified. Of note, the methylation pattern is tumor type-specific with
differences between NSCLCs and SCLCs. The RAS association domain family 1A
(RASSF1A) gene is a candidate tumor suppressor gene located at the chromo-
somal region 3p21.3. RASSF1A plays a role during G,/S-phase cell cycle progres-
sion [21, 22]. The frequency of methylation of RASSFIA in primary NSCLCs
ranges between 30 and 40% [23-26] and is of prognostic impact in NSCLC patients
[24]. Patients with tumor DNA methylated at RASSF1A sites had a shorter overall
survival compared with patients with unmethylated RASSF1A sites in tumor DNA.
These observations have been confirmed in stage I lung adenocarcinoma patients
[27]. As a phenomenon contributing to malignant transformation, starting ciga-
rette smoking at an early age is associated with RASSF1A methylation, which was
associated with a poor prognosis in patients suffering from NSCLC [25]. Smokers
who started smoking before the age of 19 were 4.23 times more likely to have
RASSF1A methylated lung tumors than smokers starting thereafter [25].

Another gene interacting with cell cycle progression is the p16 gene, which is
located at chromosome 9p21. Its product, p16™** binds to cyclin-dependent
protein kinase 4 (CDK4) and inhibits the ability of CDK4 to interact with cyclin
D1 [28]. Methylation of p16 has been reported by several authors to occur fre-
quently in NSCLCs [26, 29-31]. Moreover, methylation of p16 is significantly
associated with pack-years smoked, duration of smoking, and negatively correlated
with the time since quitting smoking [32].

The tumor suppressor in lung cancer 1 (TSLC1) gene was cloned from a region
where frequent allelic loss was observed in lung carcinomas, the chromosomal
region 11q23.2. The regulatory function of TSLC1 is frequently lost in lung carci-
nomas by DNA methylation at rates as high as 79% of primary NSCLC samples,
which showed allelic loss at the TSLC1 locus [33]. With regard to cell—cell contact,
the cadherin CDH13 (H-cadherin) is a cell surface glycoprotein responsible for
homophilic cell recognition and adhesion. CDH13 is methylated in 43% of primary
NSCLCs. DAL-1 (differentially expressed in adenocarcinoma of the lung-1,
EPB41L3), is localized in the chromosomal region 18p11.3 and is a candidate
tumor suppressor gene. This chromosomal region is affected by LOH in different
types of cancer, including NSCLC. We observed methylation at the DAL-1 pro-
moter in 55% of primary NSCLCs [34]. In parallel to disease progression, DAL-1
methylation occurs more frequently in tumors from patients with diseases stage
II-I1I when compared with stage 1.
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16.4.2
Monitoring of DNA Methylation in Blood Samples

In lung cancer patients, methylation of genes of interest can not only be detected in
tumor tissues, but also in serum/plasma samples and in exfoliative material of the
aerodigestive tract [35]. It has been shown that cancer patients have increased levels
of free DNA in their sera, which is thought to derive from lysed cancer cells [36].

This was first shown by Esteller and coworkers who investigated the presence
of DNA in serum from lung cancer patients by methylation-specific PCR [37]. This
group analyzed primary NSCLCs and matched serum samples from 22 patients
for the methylation pattern of 4 different tumor suppressor genes (DAPK, GSTP1,
p16, MGMT). Methylation of at least one of these genes was detected in 68% of
samples from patients with NSCLCs. When comparing primary tumors with
methylation and matched serum samples, 73% of the matched serum samples
were found to be methylated. In addition, none of the sera from patients with
tumors not demonstrating methylation was positive. Usadel and coworkers
investigated the frequency of APC methylation in primary NSCLCs and paired
preoperative serum or plasma samples of these patients by semiquantitative meth-
ylation-specific real-time PCR with fluorophores [38]. 47% of serum and/or plasma
samples from patients with APC methylated tumors carried detectable amounts
of methylated APC promoter DNA. In contrast, no methylation at the APC pro-
moter site was detected in serum samples from 50 healthy controls. Ramirez’
group observed a close correlation between methylation of the genes RASSFIA,
DAPK and TMS1 in tumors and in serum samples from NSCLC patients by
using methylation-specific PCR [39], which was also a feasible approach to
study the methylation of p16 in serum and plasma samples from NSCLC patients
[40].

16.5
Epigenetics and Therapy

The already mentioned epigenetic progenitor model of tumorigenesis involves as
series of early epigenetic events as a major driving force of the process [2]. This
definition understands cancer as a polyclonal epigenetic disruption of stem/
progenitor cells, involving specific tumor progenitor genes (Figure 16.3). The
cooperation with genetic lesions—as, for example, proposed by the colorectal ade-
noma—carcinoma sequence—is driving tumor progression further. This coopera-
tion is referred to as genetic and epigenetic plasticity emphasizing (i) the central
role of early epigenetic events together with (ii) genetic instability as driving forces.
If this model turns out to be correct, one might expect lines of intervention by
interference with the DNA methylating machinery, either by direct inhibition of
DNA methyltransferases or by inhibition of histone deacetylases. Of note is that
the therapeutic interventions may target early lesions in the process of malignant
transformation, paving the way for novel upfront strategies.
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Figure 16.3 The epigenetic progenitor model increases the risk of cancer when such a

of cancer. According to this model, cancer mutation occurs and the frequency of

arises in three steps. First is an epigenetic subsequent primary tumors (shown as
alteration of stem/progenitor cells within a separately arising tumors). Third is genetic
given tissue, which is mediated by aberrant and epigenetic instability, which leads to
regulation of tumor-progenitor genes (TPG) increased tumor evolution. Note that many of
within the stem cells themselves, due to the properties of advanced tumors (invasion,
the influence of the stromal compartment, metastasis and drug resistance) are inherent
or environmental damage. Second is a properties of the progenitor cells that give rise
gatekeeper mutation (GKM) (tumor- to the primary tumor and do not require other
suppressor gene (TSG) in solid tumors, and ~ mutations (highlighting the importance of
rearrangement of oncogene (ONC) in epigenetic factors in tumor progression).
leukemia and lymphoma). Although these Reprinted by permission from Macmillan
GKMs are themselves monoclonal, the Publishers Ltd: Nat Rev Genet (2006), 7

expanded or altered progenitor compartment ~ 21-33, copyright 2006.

16.6
Epigenetic Alterations Under Cytotoxic Stress

There is little evidence that cytotoxic treatment interferes directly with the methyla-
tion status at DNA promoter sites. Theoretically, one might expect epigenetic
silencing as one of the prompt mechanisms to react to cytotoxic stress in order to
acquire drug resistance. For 6-thioguanine, this has been demonstrated by bisul-
fite sequencing of CpG-rich promoter regions with regard to two genes associated
with response to the compound, that is, HPRT and CDX1 [41]. The authors
observed a significant increase of the DNA methylation in the HPRT promoter
region (control: 1.7%; after exposure to 6-thioguanine: 4.7%). With regard to
CDX1, the increase was not significant when considering the complete promoter
region of 570 CpG-sites. Remarkably, a four CpG-subregion was particularly
involved with a highly significant increase from 7% methylation to 27% after
exposure to the drug. This CDX1 promoter subregion is strongly correlated with
gene expression [42], which suggests a directed DNA methylation mechanism.
This investigation leaves us with several open issues which need to be addressed
in the near future: Is this a general mechanism, which refers to other metabolic
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genes too? Is this in vitro observation also relevant in vivo? If so, what is the predic-
tive power of this phenomenon for anticancer treatment?

16.7
Therapeutic Applications of Inhibitors of DNA Methylation

The well known compounds 5-azacytidine (5-aza-CR) and 5-aza-2’-deoxycytidine
(5-aza-CdR) are potent inhibitors of DNA methylation as well as inducers of cel-
lular differentiation [43]. While 5-azacytidine is incorporated into both DNA and
RNA, 5-aza-2’-deoxycytidine is incorporated in DNA only. Incorporation of these
compounds into cellular DNA leads to rapid loss of DNMT1 activity, because the
enzyme becomes irreversibly bound to the 5-aza-nucleotide [44]. As a consequence
of the inhibition of the maintenance DNA methyltransferase DNMT1, genes
silenced by methylation can be re-expressed in vitro after treatment with these
agents [24, 45-47]. This concept has been developed to treatment strategies in
humans, resulting in the successful application and approval of 5-azacytidine
(Vidaza®) by the FDA in 2005 for the treatment of myelodysplastic syndrome. This
was primarily based on the encouraging results of the landmark studies performed
by the Cancer and Leukemia Group B (better known as CALGB). In these and
other clinical trials, 5-azacytidine was well tolerated, even by elderly patients, mild
nausea, vomiting, and reactions at the injection site being the most common
adverse effects. The sister compound 5-aza-2’-deoxycytidine has received its
approval for the treatment of the same disease by the FDA one year later and is
marketed under the brand name Dacogen® [48].

Besides the myelodysplastic syndrome, 5-azacytidine has been administered to
patients with chronic and acute myeloid leukemia and selected solid tumors.
However, the number of clinical trials of 5-azacytidine and 5-aza-2’-deoxycytidine
in patients with solid tumors is small and responses are low when directly com-
pared with the efficacy of conventional therapy. Momparler and coworkers obtained
very interesting results in a pilot clinical trial on 5-aza-2’-deoxycytidine in patients
with stage [V NSCLC [49]. Patients without prior chemotherapy were administered
an 8h i.v. infusion of 5-aza-2’-deoxycytidine for one or more cycles at intervals of
5 to 7 weeks, depending on recovery of the granulocyte count. Although only seven
patients were included, for all but one the survival time increased in parallel to
the number of cycles of 5-aza-2’-deoxycytidine administered. Interestingly, one
patient survived more than 6years. In this study, the authors observed a delayed
action of 5-aza-2’-deoxycytidine on tumor growth, which became manifested after
one or more cell divisions. If this observation turns out to be a general principle,
it suggests that patients require several treatment cycles before antitumor activity
becomes evident.

Because side effects of 5-azacytidine and 5-aza-2’-deoxycytidine such as nausea,
vomiting, diarrhea, myelosuppression include also the ability to form mutagenic
lesions, the search for new methylation inhibitors with less toxic side effects is
underway. Alternative inhibitors of DNMT1 have been described, but not reached
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the state of maturity necessary for approval in the use in humans [50, 51]. Among
them, antisense oligonucleotides directed against DNMT1 mRNA and hairpin-
structured oligonucleotide substrate mimics may be suitable approaches.

The pipeline for epigenetic interference seems to be definitely richer with regard
to the inhibitors of histone deacetylases. Among them, suberoylanilide hydroxamic
acid or vorinostat has proven to be efficient in the treatment of cutaneous T-cell
lymphoma, followed by FDA approval in 2007 (Zolinza®). Vorinostat is an oral
inhibitor of both classes of histone deacetylases, namely class I and class II [48].
Other examples of clinical studies include depsipeptide or sodium phenylbutyrate
as single agents or these agents in combination with other antineoplastic thera-
pies. For example, valproic acid is under investigation in hematologic malignan-
cies as well as in advanced solid tumors.

Of interest is that a synergistic effect in reactivating gene expression between
5-aza-2’-deoxycytidine and the histone deacetylase inhibitor trichostatin A has been
demonstrated [8]. The combination of these agents has shown promising results
on both cell kill and cancer-related gene reactivation in cancer cell lines [8, 52].
The exact underlying mechanism for this synergy has not yet been unraveled.
Nevertheless, these data offer the opportunity for strategies with increased thera-
peutic efficiency with concomitant reduction of the dose of 5-aza-2’-deoxycytidine
used in clinical studies. When proven in humans, this approach could establish
the combination of histone deacetylase inhibitors with 5-aza-2’-deoxycytidine,
resulting in potentially less side effects. However, clinical trials are urgently
needed to prove this concept.

16.8
How May Methylation Become Relevant to Clinical Applications?

So far, several authors have reported a prognostic impact of methylation of selected
genes which are detected in primary tumors from lung cancer patients, such as
RASSF1A, APC, CDH1, and MGMT 16, 24, 27, 53, 54]. With regard to lung cancer
patients, the definition of genes with prognostic impact methylated in tumors
would allow for the individualization of therapy for those patients. These patients
might potentially benefit from the epigenetic diagnostic strategy by several means:
either by early detection of the malignant process at stages where curative strate-
gies are likely to succeed or from a more aggressive treatment strategy in advanced
disease. In terms of personalized medicine, the use of methylation inhibitors,
either alone or in combination with cytotoxic therapy, may be envisaged. In the
future, the combination of methylation inhibitors with histone deacetylase inhibi-
tors will be tested in cancer patients, thus further enlarging our therapeutic
options. Completely out of reach for the time being is the development of targeted
epigenetic strategies, which lead to the selective re-expression of silenced genes
by specific interactions with silenced promoter subregions, either by inter-
action with methyl-CpG binding domain proteins or active demethylation of
CpG-islands.
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Because methylation is tissue-specific, the methylation pattern of several genes
may serve to distinguish different tumor histologies [29]. Moreover, a different
methylation pattern is not only found in various tumor entities but also between
histologic subtypes of lung carcinomas [55, 56].

Besides that, methylation may also be used in lung cancer risk assessment and
early lung cancer detection. Methylation can be detected in the bronchial epithe-
lium from cancer-free smokers and has already been observed up to three years
prior to the diagnosis of overt lung cancer [57]. As the frequencies of gene meth-
ylation in the bronchial epithelium differ, the identification of the best prognostic
battery of genes associated with increased lung cancer risk will take some more
time. By this approach, it would be possible to assess the “individual” disease risk
instead of that of cohorts. The data currently available suggest the requirement for
rigorous testing in order to identify individuals at high risk of developing lung
cancer.

Once individualized, this subgroup of people could undergo diagnostic proce-
dures for early detection of lung cancer, such as spiral computer tomography scan,
which would help to identify the ideal candidates for chemoprevention trials.
Within therapeutic settings, methylation patterns of relevant genes could serve as
surrogate biomarkers of the efficacy of chemoprevention. In overt disease, meth-
ylation patterns may be indicative for response to therapy in advanced disease,
because the material tested for epigenetic aberrations in smokers has to be avail-
able in an easy, non-invasive and cheap way. In accordance with these require-
ments, we reported that the frequencies of methylation of certain genes were
comparable between bronchial brushes and sputum samples obtained from heavy
smokers, suggesting that sputum samples are an ideal specimen for this kind of
study [35].

16.9
Conclusions

Epigenetics are here to stay in the field of experimental and clinical oncology.
There is already vast evidence for an epigenetic involvement in the early stages of
tumorigenesis. The understanding of this involvement needs to be detailed in the
coming years. In contrast to the usual scenario, it is the therapeutic application
that has preceded diagnostic tools in the clinic. Nevertheless, we expect relevant
contributions in this field in the very near future. As a possible route of develop-
ment and forward-looking approach in cancer therapy, compounds able to target
selected epigenetic mechanisms by specific drug—promoter interactions are defi-
nitely a worthwhile goal to achieve.
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Epigenetic Dysregulation in Aging and Cancer

Despina Komninou and John P. Richie

Abstract

The strongest risk factor for most types of cancer is aging. Numerous aging-
dependent genetic and epigenetic events as well as metabolic alterations are likely
to be major contributors to increased cancer susceptibility in old age promoting
a pro-tumorigenic tissue microenvironment. Epigenetic-mediated changes in
response to dietary and other environmental triggers throughout the course of life
dictate epigenetic “signatures” that alter metabolic pathways linking the process
of aging with cancer risk. A wide spectrum of multiple age-related epigenetic
“hits”, from promoter hypermethylation, histone deacetylation and gene silencing
to impaired NF-«B signaling with up-regulation of cytokines and chronic inflam-
mation, may account for predisposition to age-associated malignancies such as
colon, breast (postmenopausal) and prostate cancer. The cancer-prone phenotype
of old age is associated with insulin resistance and its related metabolic syndrome
which elicits many of the signs of early aging. In fact, longevity studies have often
implicated genes that regulate lifespan through insulin or insulin-like signaling
pathways. Interestingly, a family of epigenetic enzymes with histone deacetylase
(HDAC) activity, known as sirtuins, are involved in the extension of lifespan medi-
ated by caloric restriction (CR) regulating gene expression, DNA repair, insulin
sensitivity, NF-kB signaling and apoptosis. CR exerts protective effects on carci-
nogenesis by maintaining an insulin-sensitive phenotype characterized by
lifelong maintenance of optimal levels of key fat-derived cytokines (lipokines).
Mechanistic studies with models of CR or with “CR-mimetics” may provide insight
on how the aging-related insulin resistance and subsequent chronic inflamma-
tion might modulate epigenetic processes that affect age-associated diseases
such as the development and progression of cancer. A greater understanding of
the interrelations among diet, aging, insulin resistance, inflammation and
cancer at the epigenetic level of regulation will help us design new dietary/phar-
macological preventive strategies specifically targeting key epigenetic signaling
networks.
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17.1
Introduction

The American Cancer Society has reported that cancer is by far the leading cause
of death among men and women aged 60 to 79 [1]. This striking relationship
between cancer and age is often overlooked and understudied. It has been esti-
mated that the rates of spontaneous mutations (genetic changes) over a lifetime
could not account for the cancer-prone phenotype of old age unless other specific
age-related (epigenetic) changes are brought into the equation as they become
critical in the control of cell growth, constructing a pro-tumorigenic tissue micro-
environment [2, 3].

Epigenetic events result in changes that do not affect the gene’s sequence of
DNA (genotype), but alter the gene expression (phenotype), affecting susceptibility
to complex diseases including cancer and other aging-related conditions such as
cardiovascular disease, type II diabetes and obesity [4-6]. Epigenetic alterations are
propagated through cell division, accumulate over lifetime and are influenced by
environmental/dietary triggers dictating epigenetic “signatures” with important
implications for human biology and disease process [7]. Diet-induced changes in
epigenetic regulators during the course of life may precipitate the metabolic/
inflammatory dysregulation governing the strong association between aging and
cancer development [8].

One epigenetic modification that has been postulated to play a role in both
processes, carcinogenesis and aging, is hypermethylation, the addition of methyl
groups in certain regions of DNA, which reduces the expression of genes with
subsequent disruption of normal gene function [9]. Specifically, hypermethylation
of promoter-associated CpG islands is a gene silencing epigenetic modification
which is common during aging and often involves genes that are hypermethylated
in cancer [10]. For example, the estrogen receptor (ER) gene is not methylated in
young individuals, but it is partially methylated in older individuals, and hyper-
methylated in colonic, breast and prostate tumors [11].

In this chapter, we focus on aging-related epigenetic alterations and their bio-
logical significance in the cancer-prone phenotype of old age which is character-
ized by metabolic decline and dysregulation of key fat-derived cytokines resulting
in impaired NF-kB and insulin signaling that promote an inflammatory microen-
vironment predisposed to neoplasia. Anti-aging models, such as caloric restriction
(CR) and methionine restriction (MR), along with CR “mimetics” have been useful
experimental tools to explore the interconnection between diet, insulin resistance,
chronic inflammation and disease progression through modulation of epigenetic
signaling common in aging and cancer development.

17.2
The Cancer-Prone Metabolic Phenotype of Aging

Aging is associated with a metabolic decline characterized by the development of
changes in fat distribution, obesity, mainly abdominal obesity, and insulin resis-
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tance [12-14]. It is becoming clear that the increased adipose tissue is not simply
a reservoir for energy, but rather an active and dynamic endocrine organ capable
of expressing several cytokines and other fat-derived peptides (lipokines). Increased
accumulation of this metabolically active fat mass (visceral adiposity) is a common
and typical change in body composition during aging and is associated with
increased plasma insulin levels, impaired glucose tolerance and chronic low-grade
inflammation [15-17]. Visceral/abdominal obesity occurs despite the decreased
subcutaneous fat and progressive sarcopenia typical of aging, and has been associ-
ated with greater risks for age-related diseases. The lipokines produced by this type
of adipose tissue include TNF-q,, IL-6, leptin and adiponectin, which are implicated
in the pathogenesis of diabetes and cancer [18-20].

These adipocytokines are being studied as inflammatory regulators as well as
possible modifiable markers of the increased risk and even predictors of cancers
associated with the metabolic phenotype of aging. In addition, factors such as diets
high in fat, simple carbohydrates and total calories, physical inactivity and abdomi-
nal obesity, are associated with increased risk for aging-associated conditions such
as insulin resistance and cancer development [21-23].

Insulin resistance elicits many of the signs of early aging and is a common
condition in older animals and humans [14, 24], suggesting that insulin-
signaling pathways mediate aging processes. Longevity studies often implicate
genes that regulate lifespan through insulin or insulin-like signaling pathways
[25, 26]. Several key players, such as insulin, IGF-1, leptin and adiponectin, have
been investigated for their involvement in cancer development [15, 27-29].

An important mediator of insulin sensitivity with anti-inflammatory and anti-
cancer properties is adiponectin, the most abundant gene product secreted by fat
cells, which is significantly reduced in obese/diabetic animals and humans [30—
32]. Leptin, which exerts effects opposite to those of adiponectin, is an important
factor for the growth of normal and tumor cells, but it enhances cell invasion and
migration only in malignant cells [33]. Expression of leptin is induced by insulin
and both hormones are proposed as biomarkers of breast cancer progression [34].
While leptin and TNF-alpha activate the inflammation/oxidative stress responsive
transcriptional factor nuclear factor kappaB (NF-kappaB), adiponectin inhibits
NF-kB signaling [35]. Adiponectin production is stimulated by agonists of peroxi-
some proliferator-activated receptor gamma (PPAR), such as thiazolidinediones (a
class of antidiabetic drugs), which improve insulin action by enhancing the expres-
sion and secretion of adiponectin and antagonizing the suppressive effect of
TNF-a on adiponectin production [36]. PPARs are nuclear receptors that dimerize
with retinoid receptors to act as transcription factors and have been implicated in
lipid, glucose and energy homeostasis providing a molecular link between nutri-
tion and gene expression [37]. They also seem to exert antiproliferative, proapop-
totic and antiinflammatory effects that may be mediated, in part, by antagonizing
the activities of NF-kappaB [38]. Furthermore, compounds such as hypolipidemic
drugs, certain NSAIDs and antioxidants, which are found to activate PPARs, can
also correct the abnormal NF-kB signaling associated with age-related inflamma-
tory dysregulations [39].
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Although the cancer-prone metabolic phenotype of old age involves a diversity
of genes which become differentially expressed during the process of aging, the
underlying mechanisms are not well understood. As this phenotype contributes
to the age-related increase in morbidity and mortality [40], the importance of epi-
genetic regulations represents a research area of growing interest in the post-
genomic era. Several investigations suggest that environmental factors, including
diet, play a role as key regulators of epigenetic processes linking the aging-related
insulin resistance and metabolic syndrome with cancer susceptibility. Accumulat-
ing evidence provides support for the effects of diet on epigenetic modulations
such as DNA methylation and histone acetylation [8].

17.3
Age-Related Epigenetic Silencing Via DNA Methylation

The best-known epigenetic modification that gradually and selectively leads to
gene silencing during aging is the enhanced methylation of CpG-rich areas (CpG
islands) at the promoters of the involved genes [41]. It seems that some cells in
older individuals progressively lose the expression of certain genes via increased
frequency of methylation in their promoter area. It is estimated that several hun-
dreds of genes are affected by this age-related hypermethylation. The type and
number of silencing genes are likely influenced by different environmental, life-
style, dietary and metabolic effectors throughout the life course of an individual.
When the affected genes include tumor-suppressor genes, DNA-repair and apop-
tosis genes, which are important regulators of the neoplastic phenotype, a poten-
tially critical mechanism for cancer may have been triggered. Indeed, promoter
hypermethylation is a common event in human neoplasia that affects several
hundred genes of a tumor in a “multiple hit” and stepwise fashion contributing
to the multistep carcinogenesis model proposed by Fearon and Vogelstein [42].

There is strong evidence that promoter hypermethylation of several genes,
including ER, IGF-2, MYOD1, MLH1, MGMT (O%methylguanine-DNA methyl-
transferase) and CDKN2A (the gene encoding p16), occurs early in neoplasia,
preceding malignant transformation. This cancer-prone epigenetic alteration is
detected in normal tissues as an age-related trend, in normal-appearing tissues of
cancer patients, and also in pre-malignant and malignant tissues to a higher
degree. Specifically, the MGMT (DNA-repair enzyme) gene silencing by promoter
hypermethylation is found in up to 40% of colorectal cancers [43] and also in
normal-appearing colorectal mucosa adjacent to the tumor, suggesting a marker
of field effects useful for early detection and risk assessment in colon cancer [44].
In addition, the ER gene is not methylated in young individuals, but it appears to
be partially methylated in older individuals, and hypermethylated in 100% of
colonic tumors [10].

In breast cancer studies, the lack of evidence for mutational inactivation of ER
led to investigations examining the role of epigenetic alterations in ER loss of
expression [45, 46]. The ER is unmethylated in normal breast tissue and most ER
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positive breast tumor cell lines, while it is methylated in approximately 50% of
unselected primary breast cancers and most ER negative breast cancer cell lines
[47]. Loss of ER expression during breast cancer progression has been associated
with hypermethylation of the ER gene that was evident in 34% of ductal carcinoma
in situ lesions and increased significantly, to nearly 60%, in metastatic lesions [48].
Furthermore, demethylation of the ER gene in ER negative human breast cancer
cells treated with DNA methylation inhibitors resulted in ER re-expression and
activation [49, 50]. Hypermethylation of other genes involved in breast cancer
progression is also reported, including E-cadherin and retinoic acid receptor beta
48, 50].

A number of genes are reported to be hypermethylated in prostate cancer,
including the ER gene [51] as well as genes essential for apoptosis, suggesting an
epigenetic “signature of apoptotic silencing” for this cancer [52]. DNA methylation
and its role in aberrant apoptosis as part of the survival mechanisms in cancer
represent a significant finding with potential use in diagnostic, prognostic and
therapeutic settings [52].

Another interesting observation is that aberrant hypermethylation has been
detected in conditions of chronic inflammation such as ulcerative colitis [41], Bar-
rett’s esophagus [53] and chronic hepatitis [54, 55], which are associated with
cancer development in the affected tissues over time. Epigenetic alterations are
also involved in other pathologies such as atherosclerosis [56] and rheumatoid
arthritis [57], characterized by uncontrolled cell proliferation in an inflammatory
micro-environment. It has been proposed that chronic inflammation dictates
“accelerated” silencing via DNA methylation changes in an age-related fashion
affecting onset of disease and disease progression [41].

Diet may affect DNA methylation patterns through availability of methyl donors
(folate, choline, methionine) and related cofactors (vitamins B12, B6, B2), as well
as through changes in the activity of DNA methyltransferases [58, 59]. The contri-
bution of dietary factors in combination with methylene tetrahydrofolate reductase
(MTHFR) gene polymorphisms to cancer susceptibility [60] represents an interest-
ing area of research to explore interactions between nutrients, genetics and
epigenetics that modulate cancer development and progression in high-risk popu-
lations, particularly when they get older. Since epigenetic changes are potentially
reversible, dietary interventions in high-risk groups may reduce the age-related
DNA methylation and its associated cancer risk.

As mentioned above, DNA methylation is an early event in carcinogenesis,
contributing to continuous positive selection for cancerous and metastatic pheno-
types in an age-related fashion. It can also be easily detected in human samples
and has been suggested as a useful marker for early detection and prognosis, as
well as for monitoring patient response to treatment [61]. The practical idea of
reversing age-related DNA hypermethylation has a great impact on cancer p
revention and other age-associated diseases. Besides dietary interventions, demeth-
ylating agents such as 5-azacytidine, decitabine and antisense DNA methyltrans-
ferase, may eventually be effective in cancer prevention and disease progression
(62, 63].
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17.4
Inflammatory Control of Age-Related Epigenetic Regulators

The “oxidative stress/inflammation” hypothesis of aging, stating that overpro-
duced or uncontrolled reactive oxygen species contribute to the proinflammatory
states of the aging process [64], represents a significant advance in aging research
as it suggests that interventions targeting the inhibition or delay of these processes
can ameliorate age-related pathologies, including cancer. For example, accumulat-
ing evidence indicates that the upregulation of a redox responsive transcriptional
factor, nuclear factor kappa B (NF-kB), which activates the expression of proin-
flammatory genes, is involved in both cancer and aging processes [39, 65]. NF-xB
is also found to be activated by increased levels of insulin, IGF-1 and leptin and
inhibited by increased levels of GSH and adiponectin [35, 66-68].

Consistent with the “oxidative stress/inflammation” hypothesis of aging, ROS
generation is found to be gradually increased with age in the rat heart, liver and
brain [69, 70]. In addition, the DNA-binding activity of the NF-kB factor is increased
during aging in all tissues of the rats and mice tested [71-73], and COX-2, an
NF-kB responsive inflammatory gene product, is found to be upregulated in rat
kidney during aging [74].

The cancer-prone metabolic phenotype of aging promotes insulin resistance and
chronic, low-grade inflammation via fat-derived cytokine production, such as
TNF-a and IL-6, which is stimulated by progressive macrophage infiltration of
adipose tissue [17]. Diets high in energy, fat and high glycemic index carbohydrates
enhance insulin resistance which deteriorates metabolic homeostasis and pro-
motes an inflammatory microenvironment in tissues predisposed to neoplasia
[27]. One mechanism through which these factors may elicit their effects is activa-
tion of NF-kB. Therefore, cell growth and antiapoptotic effects of insulin are
apparently mediated through both IGF-1 and NF-xB signaling. The notion that
NF-kB is a key mediator in insulin resistance was strongly supported by studies
demonstrating that high doses of salicylates, which inhibit its activity, reversed
hyperglycemia, hyperinsulinemia and dyslipidemia in obese rodents and humans
with type-2 diabetes, by sensitizing insulin signaling [66, 75]. Notably, this effect
of salicylates was independent of COX inhibition by salicylates. Interestingly,
aspirin and other non-steroidal anti-inflammatory agents (NSAIDs) which reduce
the risk of colon cancer by about half are also found to mediate their chemopre-
ventive action through similar signaling pathways [76].

An interesting, new bioinformatic approach systematically examined fourteen
predicted motifs of major regulators of age-dependent gene expression in nine
human and mouse tissue types [77]. The regulator most strongly associated with
aging was NF-kB. Inhibition of NF-xB in the skin of old mice changed the tissue
characteristics and gene expression patterns to those of young mice. This study
shows that NF-kB regulates age-related gene expression signatures (aging epi-
genetics) and its constitutive activation is required for many of the aging pheno-
types. Of special interest, Vanden Berghe et al. discuss the crucial role of NF-xB
in inflammation-triggered epigenetics as epigenetic regulators themselves become
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susceptible to inflammatory control, and vice versa [78]. Indeed, NF-kB-induced
IL-6 was found to elicit epigenetic changes via regulation of DNA methyltrans-
ferases [79, 80], while impaired DNA methylation was found to increase IL-6
levels [81].

It seems that NF-kB activation and DNA hypermethylation are both important
mediators of aging, inflammation and carcinogenesis. The role of these two media-
tors in the inhibition of apoptosis makes them key players in positive selection for
the survival of cells that maintain the metabolic/inflammation phenotype of aging,
which gradually accumulates additional epigenetic “hits” (alterations) accelerating
cancer development and progression in a tissue-specific manner. This phenom-
enon of antiapoptosis is enforced by two distinct mechanisms. One is the suppres-
sion of the TNF-o-induced apoptosis by NF-xB [82], and the other is the silencing
of key apoptotic genes by DNA hypermethylation, leading to alterations in the
“apoptotic methylation signatures” [52]. Sabotaging the process of apoptosis is one
of the principal mechanisms in the evolution of cancer that characterizes the
aggressive nature of the malignant phenotype. Therefore, it will be interesting to
explore whether dietary and/or pharmacological manipulations can modulate the
epigenetics of impaired DNA methylation and NF-xB signaling during aging and
prevent cancer development.

17.5
Lessons from Anti-Aging Modalities

In experimental animal systems, strategies that prolong life span prevent both the
metabolic and the tumorigenic phenotypes of aging. For example, caloric restric-
tion (CR), a well-accepted aging-delay modality, retards or inhibits aging-associated
changes, including increased insulin sensitivity [83] body fat accumulation [84],
cholesterol and triglyceride levels [85]. When, in a non-insulin-dependent diabetes
model, rats were subjected to 30% food restriction, their body weight, intra-
abdominal fat, plasma triglycerides, insulin and glucose, and tissue triglyceride
accumulation were all decreased [86]. CR also inhibits carcinogenesis and the
development of both, spontaneous and chemically induced tumors (including
colon and mammary) in experimental models [87, 88]. A possible mechanism for
the CR anti-aging and anti-tumor effects is a decrease in ROS production and an
enhancement of antioxidant defense systems [89]. It has been reported that CR
suppressed ROS generation during aging and NF-kB upregulation in the kidney
of old rats [64]. CR also limited oxidative stress, as assessed by rapid recovery in
GSH levels and inhibited NF-kB DNA binding activity in rat myocardial ischemia-
reperfusion injury model [90].

Another dietary intervention that enhances maximum longevity in rats and mice
is methionine restriction (MR), which shares many of the metabolic phenotypes
of CR without a restriction in energy intake [91-93]. MR prevents the development
of age-related pathologies such as colon carcinogenesis, spontaneous testicular
tumors and chronic progressive nephropathy [94]. MR also leads to remarkably

215



216

17 Epigenetic Dysregulation in Aging and Cancer

increased blood glutathione levels and prevents its depletion during aging [92].
Interestingly, decreased blood levels of glutathione, a major regulator of oxidative
stress, are often found in the elderly [95] and have been associated with the patho-
genesis of diabetes [96] and cancer [97]. In addition, MR profoundly decreases
mitochondrial ROS production and oxidative damage to mitochondria DNA and
proteins, without decreasing oxygen consumption [98]. These changes are similar
to those observed in CR and emphasize the role of mitochondrial function and
efficiency in anti-aging mechanisms.

The formation of efficient mitochondria is linked to sirtuin 1 (SIRT1), the mam-
malian ortholog of Sir2 (silent information regulator 2) and a member of a family
of epigenetic enzymes with NAD*-dependent histone deacetylase (HDAC) activity,
known as sirtuins [99]. Sirtuins play a key role in the extension of lifespan medi-
ated by CR, regulating gene expression and cell signaling involved in insulin
sensitivity, metabolism, mitochondria function, stress responses, inflammation
and aging [100]. SIRT1 deacetylates and activates PPARY coactivator 1o (PGC-1a),
a nutrient sensing factor that increases mitochondria biogenesis and efficiency
shifting fat oxidation from incomplete to complete with decreased leak and ROS
generation. Interestingly, 25% caloric restriction in overweight men and women
(25-50 year) for six months resulted in increased expression of SIRT1 and PGC-
la, the two genes contributing to mitochondria efficiency and nutrient sensing
[101]. This finding raises the exciting possibility for diet-epigenetic interactions
that can dictate the beneficial metabolic signatures of CR in humans, during adult-
hood and within a short period of time.

Another important consideration is the role of adiponectin in mediating diet—
epigenetic regulation. It seems that adiponectin signaling is involved in the regula-
tion of the SIRT1-PGC-1a pathway by inducing SIRT1 expression [101]. Notably,
MR increased plasma adiponectin levels twofold and CR twofold [102]. This
remarkable diet-induced increase in adiponectin, a major regulator of insulin
sensitivity, was observed in MR rats as early as 8 weeks on the dietary intervention.
It is an intriguing finding, considering that the main phenotypic change in CR
and MR is a substantial decrease in fat mass. Thus, mechanistic studies exploring
the specific diet-induced epigenetic changes in adiponectin expression may lead
to a better understanding of the metabolic benefits of these anti-aging models.

As was mentioned above, NF-xB activity is continually required to maintain the
cancer-prone metabolic phenotype of aging. In this regard, anti-aging strategies
interrupt cross-talk pathways where NF-kB signaling is significantly involved. For
example, upregulation of SIRT1 may, in part, explain the cancer preventive effects
of CR through inhibition of NF-B activity and subsequent decrease in cell survival
signals restoring TNF-o-induced apoptosis [103]. SIRT1-induced deacetylation and
inhibition of NF-kB may also be responsible for the CR-like effects of resveratrol
(the red wine polyphenol) which was found to enhance metabolism and survival
of mice on a high-caloric diet [104]. This study showed that resveratrol shifted
expression patterns of mice on a high-caloric diet toward those on a standard diet,
suggesting a nutrient-epigenetic interaction. In addition, an interesting, recently
published, mechanistic study revealed that the function of another sirtuin, SIRT6,
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prevents hyperinduction of NF-kB-dependent gene expression (including those
involved in aging), as it interacts with chromatin-bound NF-kB, deacetylating it
and destabilizing NF-kB binding to chromatin [105].

Altogether, these findings suggest that attenuation of NF-kB signaling via
SIRT1, or SIRT6, or even adiponectin-enhancing manipulations, by dietary or/and
pharmacological interventions, has the potential to delay the aging process and
prevent cancer and other age-related pathologies. To this end, a new area of
research has evolved that focuses on the development of “CR-mimetics”, identify-
ing compounds that mimic CR effects, including PPARs and sirtuins activators,
as well as plant-derived polyphenols (resveratrol) and insulin action enhancers.

17.6
Conclusions

During the process of aging, a metabolically declined phenotype accelerates epig-
enomic dysregulations and selectively maintains those that promote cancer risk.
There is strong evidence for the involvement of NF-kB signaling as a major regula-
tor of the cancer-prone metabolic phenotype of aging. DNA hypermethylation,
sirtuins and lipokines are also important modulators of this phenotype (Figure
17.1). A clear view of the busy crossroads between metabolism, chronic inflam-
mation, aging and cancer and a better understanding of the underlying mecha-
nisms for epigenetic regulations/dysregulations are essential for the design of
targeted therapies to prevent, or even reverse, the pathologic phenotypes that attack
the rapidly growing, overweight and obese aging population.

Strikingly, the proportion of all deaths from cancer that is attributed to over-
weight and obesity in the United States among people at age 50 or older may be
as high as 14% in men and 20% in women [106]. It is estimated that 90000 cancer
deaths could be prevented each year if people could maintain normal weight
(BMI < 25) throughout life. Along these lines, there is sufficient evidence of a
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Figure 17.1 Aging and cancer predisposition model.
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cancer-preventive effect of avoidance of weight gain for aging-related cancers,
including cancer of the breast (in postmenopausal women), colon, endometrium,
prostate, kidney and esophagus. The magnitude of this major public health
problem is likely to grow as the percentage of elderly people is expected to double

by the year 2025 [107].

Therefore, it will be a great challenge for future anti-aging and anticancer thera-
pies to selectively target key signaling networks and intervene with safe epigenetic
modulators, including dietary factors and/or pharmaceutical agents, protecting
against multiple “hits” common in aging and cancer development. Since these are
long-term processes, specific dietary manipulations would present the most suit-
able, mainstream approaches for lifelong and non-toxic practices recommended
to the general public and enhanced by selective epigenetic-altering agents for high-

risk populations.
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The Impact of Genetic and Environmental Factors in
Neurodegeneration: Emerging Role of Epigenetics
Lucia Migliore and Fabio Coppedé

Abstract

In this chapter we provide an overview of recent advances in our understanding
of genetic and environmental factors in complex neurodegenerative diseases such
as Alzheimer’s disease, Parkinson’s disease and Amyotrophic Lateral Sclerosis.
The discovery of several genes responsible for the familial forms has lent new
insights into the molecular pathways involved in the selective neuronal degenera-
tion which is specific for each of these disorders. Nevertheless, the vast majority
of the cases occur as sporadic forms, likely resulting from complex gene-—gene
and gene—environment interplay. Several environmental factors, including metals,
pesticides, head injuries, lifestyles and dietary habits have been associated with
increased disease risk or with protection. Hundreds of genetic polymorphisms
have been investigated as possible risk factors for the sporadic forms, but results
are often conflicting, not confirmed or inconclusive. It is likely that the level of
expression of genes that have a fundamental role in age-related diseases, including
neurodegenerative ones, can be altered due to the methylation status of their
promoters. Until now only a limited number of environmental agents affecting
the epigenome have been identified. Dietary modification can indeed have a pro-
found effect on DNA methylation and genomic imprinting. Recent evidence sup-
ports the importance of modifications of our epigenome by environmental agents
acting as ROS producers. Many of the processes with a key role in neurodegenera-
tion, can be now analyzed in the light of the new epigenetic knowledge to facilitate
the implementation of future disease prevention strategies.

18.1
Neurodegenerative Diseases

Neurodegenerative diseases are a heterogeneous group of pathologies of
the nervous system which includes complex multifactorial diseases, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD) and amyotrophic lateral
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sclerosis (ALS), monogenic disorders such as Huntington’s disease (HD), and
others for whom inherited, sporadic and transmissible forms are known.

AD, PD and ALS are the three major neurodegenerative diseases, affecting
several million people worldwide. They are defined as complex multifactorial
disorders since both familial and sporadic forms are known. Familial forms
represent a minority of the cases (ranging from 5 to 10% of the total), whereas
the vast majority of AD, PD and ALS occurs as sporadic forms, likely resulting
from the contribution of complex interactions between genetic and environ-
mental factors superimposed on slow, sustained neuronal dysfunction due to
aging. Several causative genes for the familial forms have been discovered in
recent years, they are inherited as Mendelian traits and their discovery has led
to a better comprehension of the molecular pathways responsible for the
selective neuronal degeneration which is specific for each of these disorders
(Table 18.1).

AD represents the most common form of dementia in the elderly, characterized
by progressive loss of memory and cognitive capacity severe enough to interfere
with daily functioning and the quality of life. The cardinal histopathologic lesions
of AD are senile plaques, composed of extracellular deposits of amyloid beta (Af)
peptides and neurofibrillary tangles, composed of intraneuronal tau protein aggre-
gates [1]. PD is the second most common neurodegenerative disorder after AD.
Pathologically, PD is characterized by progressive and profound loss of neuromela-
nin containing dopaminergic neurons in the substantia nigra with the presence
of cytoplasmic inclusions termed Lewy bodies (LB) and containing aggregates of
o-synuclein as well as other substances [2]. ALS, also known as motor neuron
disease (MND), is a progressive disorder characterized by the degeneration of
motor neurons of the motor cortex, brainstem and spinal cord. The course of ALS
is inexorably progressive, with 50% of the patients dying within 3 years of onset
[3]. HD is a monogenic disorder transmitted as an autosomal dominant trait,
meaning that all the cases result from mutations of a single gene. However, a
contribution from other genes and environmental factors to age at onset and
progression of the disease is indicated by several studies. The disease is character-
ized by selective degeneration of medium spiny GABAergic neurons in the stria-
tum, resulting in a progressive atrophy of the caudate nucleus, putamen and
globus pallidus [4].

18.2
The Role of Causative and Susceptibility Genes in Neurodegenerative Diseases

AD is a genetically complex and heterogeneous disorder. Rare, fully penetrant
mutations in three genes (APP, PSEN1 and PSEN2) are responsible for familial
early onset (<65 years) autosomal dominant forms (EOAD) (Table 18.1). The
amyloid precursor protein gene (APP) encodes for the amyloid precursor protein
(APP). APP is an integral membrane protein and its cleavage mediated by B- and
Y-secretases results in the production of AP peptides denoted as AB40 and AB42.
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Table 18.1 Causative genes for familial forms of neurodegenerative diseases.

Designation Locus Gene Inheritance  Function or probable function
AD1 21q21.2 Amyloid AD Precursor protein of AP peptides
precursor
protein

AD3 14q24.3 Presenilin 1 AD Component of the y-secretase complex

AD4 1q31-q42 Presenilin 2 AD Component of the y-secretase complex

PARK1 and 4q21 o-Synuclein AD Presynaptic protein, component of

PARK4 Lewy Bodies

PARK2 6q25.2-q27 Parkin AR Ubiquitin E3 ligase

PARK3 2p13 Unknown AD Unknowm

PARKS 4pl4 UCH-L1 AD Ubiquitin C-terminal hydrolase

PARK6 1p35-36 PINK1 AR Mitochondrial kinase

PARK7 1p36 DJ-1 AR Mitochondrial protein, antioxidant
defence

PARKS 12p11.2 LRRK2 AD Protein kinase

PARK9 1p36 ATP13A2 AR Lysosomal 5 P-type ATPase

PARK10 1p32 Unknown AD Unknown

PARK11 2q36-37 Unknown AD Unknown

PARK12 Xq21-q25 Unknown Unknown Unknown

PARK13 2p12 OMI/HTRA2  Unknown Mitochondrial serine protease

ALS1 21q21 SOD1 AD Superoxide dismutase, Antioxidant
defense

ALS2 2q33 Alsin AR Guanine nucleotide exchange factor
for RAB5A

ALS3 18q21 Unknown AD Unknown

ALS4 9q34 Senataxin AD DNA/RNA helicase, DNA repair

ALS5 15q15.1-q21.1  Unknown AR Unknown
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Table 18.1 Continued.

Designation Locus Gene Inheritance  Function or probable function

ALSG6 16q12.1-q12.2  Unknown AD Unknown

ALS7 20pter Unknown AD Unknown

ALS8 20q13.3 VAPB AD Vesicle associated membrane protein

ALS and FIDP  17q21 MAPT AD Assembly of microtubules

MND, dynactin ~ 2p13 Dynactin 1 AD Promotion of synapse stability

type

HD 4p16.3 IT15 AD Huntingtin, proposed role in vesicular
trafficking

Mutations in the APP gene either increase total AP levels, or just AB42 alone,
which is the major component of senile plaques. The presenilin genes (PSEN1
and PSEN2) encode for presenilin proteins 1 and 2, respectively. Presenilins are
components of the y-secretase complex and mediate the cleavage of APP that leads
to the production of AP peptides. PSEN1 and PSEN2 mutations all result in an
increased production of the AB42 peptide [5]. In a minority of cases PD is inherited
as a Mendelian trait (Table 18.1). Studies in PD families have led to the identifica-
tion of eight causative genes (o-synuclein, parkin, UCH-L1, PINKI, DJ-1, LRRK2,
ATP13A2, and OMI/HTRA2) and four additional loci of linkage across the genome
(PARK3, PARK10, PARK11 and PARK12) pending characterization and/or replica-
tion. The understanding of the function of proteins encoded by PD causative genes
suggests that the selective loss of dopaminergic neurons and the accumulation of
o-synuclein are influenced by defects in the ubiquitin-proteasomal system, mito-
chondrial dysfunction, and the impairment of mechanisms protecting from oxida-
tive stress and apoptosis [2].

Studies in ALS families have led to the identification of different genes respon-
sible for familial or atypical forms (SODI, alsin, SETX, VAPB, DCTN1, MAPT)
and potential ALS loci (ALS3, ALS5, ALS6 and ALS?7) still pending characterization
(Table 18.1). Even if the exact mechanisms leading to selective motor neuron
degeneration are still not completely clear, the understanding of the function of
ALS causative genes has led to the comprehension that the compromising of
antioxidant defense and DNA repair mechanisms, as well as aberrant vesicle traf-
ficking and recycling and synapse stability, are critical to ALS development [3].

HD is caused by a CAG repeat expansion within exon 1 of the gene encoding
for huntingtin (IT15). In the normal population the number of CAG repeats is
maintained below 35, while in individuals affected by HD it ranges from 35 to
more than 100, resulting in an expanded polyglutamine segment in the protein.
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The age of onset of HD is inversely correlated with the CAG repeat length, and it
has been hypothesized that the expanded polyglutamine segment confers a domi-
nant “gain of function” to the protein, ultimately leading to neurodegeneration [6].
Significant variance remains, however, in residual age of onset, even after CAG
repeat length is factored out. Many polymorphic genes have previously shown
evidence of association with age of onset of HD in several different populations,
among them the GluR6 kainate glutamate receptor (GRIK2), APOE, the trans-
criptional coactivator CA150 (TCERG1), UCHLI, TP53, caspase-activated DNase
(DFFB), and the NR2A and NR2B glutamate receptor subunits (GRIN2A,
GRIN2B) [7].

Despite the discovery of several causative genes for the familial forms, the major-
ity of AD, PD and ALS occur as sporadic forms resulting from the contribution of
several interactions between exogenous environmental factors and the individual
genetic background. Over one thousand polymorphisms in almost three hundreds
different genes have been analyzed in recent years as candidate AD susceptibility
factors, but only the e4 allele of the Apolipoprotein E (APOE) gene has clearly
emerged as an AD risk factor. The APOE-e4 variant is associated with higher
plasma cholesterol levels, and is supposed to enhance AP deposition and the for-
mation of neuritic plaques [8]. For the remaining hundreds of putative AD sus-
ceptibility genes results are often conflicting, obtained in small sample-sized
groups or limited to one or two papers reporting association. A recent pooled
analysis of those polymorphisms which had been studied in at least three inde-
pendent association studies [9], revealed few of them as possible AD risk or protec-
tive factors (Table 18.2). As for AD, several hundreds of association studies have
been published in recent years claiming or denying association between variants
in candidate genes and the risk of PD. Results published so far are often conflict-
ing and inconclusive, reflecting the genetic heterogeneity of the studied popula-
tions, inadequate sample size and the possible contribution of environmental
factors. The major genes which have been analyzed in PD association studies are
those related to dopamine transport and metabolism (e.g., DAT, DRD2, COMT,
MAO-B), detoxification of xenobiotics (e.g., CYP2D6, GSTs, NAT2) and oxidative
stress (e.g., NOS, SOD2). Moreover, common variants of PD causative genes (e.g.,
SNCA, LRRK2, UCHLI) have been largely studied for their role as possible PD
susceptibility factors. Details are shown in Table 18.2.

Almost 95% of ALS occurs as sporadic forms; however, although several genes
have been studied in recent years as possible ALS susceptibility factors, no single
gene has been definitively shown to be consistently associated with disease risk.
Recent data support a role for the DNA repair genes APE1 and hOGG1 in sporadic
ALS based on their protective roles against oxidative stress [10, 11]. Conflicting or
inconclusive results have been obtained for angiogenesis genes ANG and VEGF
[10]. Other candidate genes are those coding for neurofilaments (NEFL, NEFM
and NEFH), paraoxonases (PON1, PON2 and PONS3), survival motor neuron
(SMN1 and SMN2) and the hemocromatosis (HFE) gene. Recent pooled analyses
suggest a role for the HFE H63D variant and for increased copy numbers of the
SMNT1 gene [10]. Details are shown in Table 18.2.
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Table 18.2 Some of the proposed susceptibility genes for neurodegenerative diseases.

Genetic variant(s)

Associated with

Alzheimer’s disease

APOE-e4

SORL]I variants

ACE intron 16 (ins/del)

ACE rs1800764, rs4291, rs4343
CHRNB2 rs4845378

CST3 5’UTR-157, 5’UTR-72
CST3 A25T

ESR1 Pvull, Xbal

GAPDHS 1rs12984928, rs4806173
IDE rs2251101

MTHFR A1298C

NCSTR 119 intron 16

PRPN M129V

PSENT1 15165932

TF P570S

TFAM 152306604

TNF 154647198 (-1031)

GOLPH2 rs10868366°, rs7019241°
Rs 9886784 (Chromosome 9)

Rs 10519262°

Parkinson’s disease

SNCA Repl

LRRK2 G2385R

MAPT H1 haplotype

UCHL1 S18Y

GSTM1 null genotype

GSTP1 variants

CYP2D6 variants

FAM 79B Rs 1000291°
UNCS5C Rs 2241743

Rs 3018626 (Chromosome 11)*

Amyotrophic lateral sclerosis

APE]1 D148E

ANG G110G

hOGG1 Ser326Cys

VEGF variants

HFE H63D

SMNT1 variable copy number
DPP6 variant®

Increased risk
Increased risk
Increased risk
Decreased risk
Decreased risk
Increased risk
Increased risk
Increased risk
Decreased risk
Decreased risk
Decreased risk
Increased risk
Decreased risk
Decreased risk
Increased risk
Decreased risk
Increased risk
Decreased risk
Increased risk
Increased risk

Increased risk
Increased risk?
Increased risk
Decreased risk®
Increased risk?’
Increased risk®
Increased risk®
Increased risk
Increased risk
Increased risk

Increased risk®
Increased risk*

Increased risk in males
Inconclusive results

Increased risk
Increased risk
Increased risk

an o e

From WGA studies.
Only in Asiatic populations.
Conflicting results.

In combination with environmental factors (*' = solvents, *? = pesticides and herbicides,

# = pesticides, tobacco smoking).
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Despite hundreds of association studies based on the “candidate gene” approach,
the hottest new tool in genetics is whole-genome association (WGA) studies;
geneticists scan patient’'s DNA for half a million or more single nucleotide poly-
morphisms (SNPs), and then compare the results with those from a healthy
control group. Unfortunately, almost none of them has highlighted genes already
under suspicion by the “candidate-gene” approach, moreover, results from WGA
studies are often conflicting and not replicating [12, 13]. Some variants associated
with AD, PD or ALS by WGA studies are listed in Table 18.2.

18.3
The Contribution of Environmental Factors to Neurodegenerative Diseases

Several environmental factors have been largely studied in recent years as possible
risk factors for neurodegeneration; among them metals, solvents, pesticides, elec-
tromagnetic fields, brain injuries and physical activity, as well as drugs and dietary
factors (Table 18.3).

Metals have been extensively studied as potential AD risk factors and even if a
direct causal role for aluminum or other transition metals such as zinc, copper,
iron and mercury in AD has not yet been definitively demonstrated, epidemiologi-
cal evidence suggests that elevated levels of these metals in the brain may be linked
to the development or the progression of the disease. Ingestion of aluminum in
drinking water was associated with an increased risk of AD; however, other studies
failed to find such association [14, 15]. Another risk factor for AD is inorganic
mercury, often present in dental amalgam applications, and a role for APOE as a
mediator of the toxic effect of mercury has been largely suggested [16]. Human
exposure to metals has been the focus of several epidemiological studies aimed at
evaluating their possible contribution as PD risk factors. A recent large sample-
sized study failed to find association between iron, copper and manganese expo-
sure and PD risk [17]. However another consistent report based on 110000
individuals in two Canadian cities suggests that environmental manganese air
pollution might contribute to neuronal loss in PD [18]. Occupational lead exposure
also seems to be a risk factor for PD [19]. Increased ALS risk was observed among
individuals occupationally exposed to lead [20].

A recent analysis of 24 published studies assessing the role of occupational AD
risk factors revealed a statistically consistent association only for pesticides [21].
The available evidence indicates that rural environment and pesticide exposures
are associated with PD, however, no one agent has been consistently identified,
likely because associations with specific agents may be confounded by exposure
to other pesticides, making it difficult to identify the causative agent [22]. There is
also evidence suggesting that human exposures to agricultural chemicals, such as
pesticides, are at increased ALS risk [23]. To support this hypothesis there is a
recent report of a motor neuron disorder simulating ALS induced by chronic
inhalation of pyrethroid insecticides [24]. Moreover, increased post-war risk of ALS
has been observed in military personnel who were deployed to the Gulf Region
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Table 18.3 Some of the proposed environmental factors for neurodegenerative diseases.

Environmental factor(s) Associated with

Alzheimer’s disease

Metals (iron, copper, zinc, mercury, aluminum) Increased risk, inconclusive results
Pesticides Increased risk

Solvents Increased risk, inconclusive results
Electromagnetic fields Increased risk, inconclusive results
Caloric restriction Protection

Antioxidants Protection

Mediterranean diet, fruit and vegetables Protection

Fish and omega-3 fatty acids Protection

Traumatic brain injuries Increased risk

Infections and inflammation Increased risk

Parkinson’s disease

Metals (iron, copper, manganese, lead) Increased risk, conflicting results
Rural environment (pesticides, herbicides) Increased risk

Tobacco smoking Protection

Caffeine (coffee and tea drinking) Protection

Fruit and vegetables, legumes, nuts Protection

Fish Protection

Head injuries with loss of consciousness Increased risk

Amyotrophic lateral sclerosis

Metals (lead) Increased risk
Pesticides and insecticides Increased risk
Electromagnetic fields Increased risk
Some sports (soccer, football) Increased risk
Head injuries Increased risk
Tobacco smoking Increased risk, in women

during the first Gulf War period, suggesting exposure to neurotoxins as an envi-
ronmental risk factor [25]. There is also evidence for an increased ALS risk among
welders and other workers exposed to electromagnetic fields [26, 27].

Among other factors, accumulating evidence implicates traumatic brain injury
and inflammation as a possible predisposing factor in AD development [28].
Repeated traumatic loss of consciousness is also associated with increased PD risk
[17, 29]. An increased ALS risk for Italian professional soccer players [30] and also
for National Football League players in the United States, was observed [31].
Several hypotheses have been formulated trying to explain the causative agent of
ALS among soccer players, including as possible candidates excessive physical
activity, drugs and doping, dietary supplements, pesticides used on the play-
grounds, and traumas to the head and to other body parts [32]. Recent evidence
suggests that repeated head injuries might increase ALS risk [33].
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Dietary factors have been largely studied as possible contributors of neurode-
generation; among them antioxidant compounds seem to exert a neuroprotective
role (Table 18.3).

In transgenic HD mice models the environmental enrichment with several new
different objects seems to delay the onset of motor symptoms [4].

18.4
Epigenetics, Environment and Susceptibility to Human Diseases

Epigenetics deals with the heritable modifications of DNA that can influence the
phenotype through changing gene expression without altering primary DNA
sequence. The epigenetic modifications include DNA methylation, histone mod-
ifications, and RNA-mediated pathways from non-coding RNAs, notably silenc-
ing RNA (siRNA) and microRNA (miRNA). Epigenetic modifications are key
regulators of important developmental events, including X-inactivation, genomic
imprinting and neuronal development. Accumulating evidence indicates that
variations in gene expression due to variable modifications in DNA methylation
and chromatin structure in response to the environment also play a role in dif-
ferential susceptibility to diseases. Consistent with these fundamental aspects,
an increasing number of human pathologies have been found to be associated
with aberrant epigenetic regulation, such as mental retardation, syndromes
involving chromosomal instabilities, obesity, infertility, respiratory diseases,
allergies, and a great number of age-related diseases including cancer, hearing
loss and neurodegenerative diseases [34-38].

Epigenetic modifications have been compared, in terms of phenotypic conse-
quences, to genetic polymorphisms resulting in variations in gene function [39].
Recent data suggest that the epigenome is dynamic and is, therefore, responsive
to environmental signals not only during the critical periods in development but
also later in life. It is postulated also that not only chemicals but also exposure to
social behavior, such as maternal care, could affect the epigenome [40]. Exposures
to different environmental agents could lead to interindividual phenotypic diver-
sity as well as differential susceptibility to disease and behavioral pathologies [39].

The common disease genetic and epigenetic hypothesis [35] argues that, in addi-
tion to genetic variation, epigenetics provides an added layer of variation that
might mediate the relationship between genotype and internal and external envi-
ronmental factors. This epigenetic component could help in understanding the
marked increase in common diseases with age, as well as the phenotypic discor-
dance between monozygotic twins [41]. It is likely that the activity of proteins that
have been proved to be involved in epigenetic modifications, e.g. DNA methyl-
transferases, could be potentially modulated by environmental factors such as diet,
alcohol, cigarette smoke or environmental toxins such as heavy metals, known to
disrupt DNA methylation and chromatin [42]. The fungicide vinclozolin, an endo-
crine disruptor that decreases male fertility, alters DNA methylation, and changes
are inherited by subsequent generations [43].
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Despite a growing consensus on the importance of epigenetics in the etiology
of chronic human diseases, the genes most prone to epigenetic dysregulation are
incompletely defined. Moreover, until now only a few environmental agents affect-
ing the epigenome have been identified (for a review, see Ref. [44]) and much
remains to do to adequately characterize environmentally induced epigenetic
alterations [45, 46].

18.5
Epigenetics and Neurodegenerative Diseases

DNA methylation is dynamically regulated in the brain throughout the lifespan,
a genome-wide decline in DNA methylation occurs during normal aging, which
coincides with a functional decline in learning and memory with age [47, 48]. The
emerging field of studies on DNA methylation of specific brain regions may help
account for region-specific functional specialization [49]. Although AD manifests
in late adult life, it is not clear when the disease actually starts and how long the
neuropathological processes take to develop AD. To explain the etiology of AD
from an epigenetic point of view, one should consider the neuropathological fea-
tures, such as neuronal cell death, tau tangles, and amyloid plaque formation, as
a function of epigenome variations induced by environmental factors that have
until now been associated with AD, such as diet components, or toxicological
exposure (see Table 18.3).

In Alzheimer’s disease, as previously discussed, AP peptides or fragments are
the major components of amyloid plaques and are produced by the amyloidogenic
cutting of the amyloid precursor protein APP. APP can be alternatively processed
by y-secretases [presenilinl (PSEN1) and 2 (PSEN2)] and o- secretases (ADAM10
and TACE) producing non-amyloidogenic peptides, or by y- and B-secretases
(BACE) producing AP peptides [50]. Therefore, the balance between different
secretase activities is very important in the maintenance of the physiologic levels
of non-amyloidogenic and amyloidogenic fragments.

We know that accumulation of oxidative stress-induced damage in brain tissue
plays an important role in the pathogenesis of normal aging and neurodegenera-
tive diseases, including AD. Because of its high metabolic rate the brain is believed
to be particularly susceptible to reactive oxygen species (ROS), and the effects of
oxidative stress on neurons might be cumulative. At the time oxidative damage
was observed in AD, it was supposed that amyloid aggregates were the main
source of oxidative stress; however, recent evidence suggests that oxidative stress
is one of the earliest events in AD [51, 52] and that AP peptides might be produced
to function as scavengers of reactive oxidative species. Only with the persistence
of oxidative stress, does the production of AP peptides overcome their cellular
turnover, so that they start to aggregate and their anti-oxidant function evolve into
pro-oxidant, ultimately leading to neuronal death [53]. The connection between
epigenetic mechanisms of transcriptional silencing of genes important to ROS
such as MnSOD has been firmly established [54]. Increases in ROS can also effect
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glutathione levels which in turn can change S-adenosylmethionine (SAM) synthe-
sis and hence DNA methylation patterns. There are additional ROS-related mecha-
nisms involving hydrogen peroxide that can lead to further changes of the
chromatin structure. Interestingly Hitchler and Domann [55] proposed an epigen-
etic perspective on the free radical theory of development. This theory proposes
that oxygen has a key role in development by influencing the production of meta-
bolic oxidants that would influence in turn the antioxidant capacity of cells
throughout the production of glutathione (GSH). Increased GSH production influ-
ences epigenetic processes including DNA and histone methylation by limiting
the availability of S-adenosylmethionine, the cofactor utilized during epigenetic
control of gene expression by DNA and histone methyltransferases [55]. Glutathi-
one is thus an important endogenous antioxidant, found in millimolar concentra-
tions in the brain. GSH levels have been shown to decrease with aging and, in
particular, are decreased in affected brain regions and peripheral cells from AD
and also PD patients. Tabaton and Tamagno [56] reviewed the role of oxidative
stress as a molecular link between the B- and the y-secretase activities, and pro-
vided a mechanistic explanation of the pathogenesis of sporadic late-onset AD: the
overproduction of AP, dependent on the upregulation of BACE1 induced by oxida-
tive stress, would contribute to the pathogenesis of the common, sporadic, late-
onset form of AD, a major risk factor for which is aging. These authors suggest
that an increase in the y-secretase cleavage of APP mediated by oxidative stress
(sporadic AD), or by PSENI mutations (FAD), fosters BACE1 expression and
activity.

In general, genes involved in several pathways including antioxidant defense,
detoxification, inflammation, etc., are induced in response to oxidative stress and
in AD. However, genes that are associated with energy metabolism, which is
necessary for normal brain function, are mostly down-regulated. The PGC-1alpha
role in regulation of ROS metabolism makes it a potential candidate player between
ROS, mitochondria, and neurodegenerative diseases: down-regulated expression
of PGC-1alpha has been implicated in Huntington disease and in several Hun-
tington disease animal models [57]. Lahiri et al. [58] proposed a “Latent Early-Life
Associated Regulation” model, which postulates a latent expression of specific
genes triggered at the developmental stage. According to this model, environmen-
tal agents (e.g., heavy metals), intrinsic factors (e.g., cytokines), and dietary factors
(e.g., cholesterol) perturb gene regulation in a long-term fashion, beginning in the
early developmental stages, but with pathological outcomes significantly later in
life. For example, such actions would perturb APP gene regulation at a very early
stage via its transcriptional machinery, leading to delayed overexpression of APP
and subsequently of AP deposition. According to this model, promoter activity of
specific genes, such as methyl-CpG-binding protein 2 (MeCP2) and the transcrip-
tion factors Sp1, can be altered by changes in the primary DNA sequence and by
epigenetic changes through mechanisms such as DNA methylation at CpG dinu-
cleotides or oxidation of guanosine residues [58].

By genome scan studies increased levels of gene expression are now being
discovered within specific classes of genes. This can be linked to a possible
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modulation of the methylation of promoters, such as in a study on differential
expression of the ornithine transcarbamylase (OTC) gene, a key enzyme of the
urea cycle, found expressed in AD but not in controls [59]. Currently, genome-wide
technologies are available and have been utilized to examine the methylation state
of cytosine bases throughout a genome (methylome). Studies involving several
physiological and disease states, mainly cancer, have been performed. Although
early in the process, DNA methylation is being explored as a biomarker to be used
in clinical practice for early detection of disease, tumor classification and for pre-
dicting disease outcome or recurrence [60]. It has become increasingly evident in
recent years that development is under epigenetic control. Prenatally or early life
dietary and environmental exposures can have a profound effect on our epig-
enome, resulting in birth defects and diseases developed later in life [61]. Studies
in rodents have shown that exposure to lead (Pb) during brain development pre-
determined the expression and regulation of the amyloid precursor protein and
its amyloidogenic AP product in old age. The expression of AD-related genes (APP,
BACE]) as well as their transcriptional regulator (Spl) was elevated in aged
monkeys exposed to Pb as infants. Developmental exposure to Pb altered the
levels, characteristics, and intracellular distribution of AP staining and amyloid
plaques in the frontal association cortex, furthermore, it induced a decrease in
DNA methyltransferase activity and higher levels of oxidative damage to DNA,
indicating that epigenetic imprinting in early life influenced the expression of
AD-related genes and promoted DNA damage and pathogenesis [62].

Wu et al. [63] propose that environmental influences occurring during brain
development alter the methylation pattern of the APP promoter which results in
alatent increase in APP and AR levels. Increased AP levels promote the production
of ROS which damage DNA. Epigenetic changes in DNA methylation impact both
gene transcription and the ability to repair damaged DNA and thus imprint sus-
ceptibility to DNA damage. This susceptibility plus the programmed increase in
AR levels, via a transcriptional pathway programmed by environmental exposures
in early life, exacerbates the normal process of amyloidogenesis in the aging brain,
thus accelerating the onset of AD.

Few attempts have been so far made to demonstrate the occurrence of epigenetic
silencing of genes that have a fundamental role in other neurodegenerative dis-
eases, such as ALS and HD. In an epigenetic context it is likely that the level of
expression of several genes is altered in age-related diseases, including neurode-
generative ones, due to the methylation status of their promoters. In particular,
methylation levels dysregulation have been involved to explain the variable phe-
notypic espressivity (age of onset, the severity and or penetrance of the pathological
phenotype) [48]. Sporadic amyotrophic lateral sclerosis (SALS) results from the
death of motor neurons in the brain and spinal cord. It has been proposed that
epigenetic silencing of genes vital for motor neuron function could underlie SALS.
Oates and Pamphlett [64] therefore examined the methylation status of two genes,
SOD1 and VEGF, which are implicated in ALS. Methylation in the promoters of
these genes was determined in white cell DNA and brain DNA of ALS patients.
However the promoter regions were found to be largely unmethylated in all
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patients [64]. The metallothionein (MT) family of proteins are the primary detoxi-
fication mechanism for heavy metals and MT-Ia and MT-IIa are the most common
human isoforms. It was hypothesized that inappropriate methylation at the pro-
moters of these genes could lead to silencing of transcription and reduce the
availability of MTs. The level of methylation in the promoters of genes encoding
MT-Ia and MT-IIa in leukocyte and brain DNA samples from SALS patients was
measured and compared with controls, but again no promoter methylation of
these genes was evident in any SALS or control samples [65].

18.6
The Epigenetic Role of the Diet in Neurodegenerative Diseases

Various environmental and dietary agents and lifestyles are suspected to be impli-
cated in the development of a wide range of human cancers through epigenetic
changes (for a review see Ref. [44]). Very few data are available in this regard in
the field of neurodegeneration. Dietary modification can indeed have a profound
effect on DNA methylation and genomic imprinting. DNA methylation is regu-
lated through cellular levels of S-adenosyl-methionine. The conversion of homo-
cysteine (HCY) to methionine requires folate metabolites and is an essential step
in the production of SAM. Recent studies of fundamental importance have shown
that a variation of the diet can lead to an alteration of the phenotype in mice or in
their offspring. Deficiency in folate and methionine, necessary for normal biosyn-
thesis of SAM, the methyl donor for methylcytosine, leads to aberrant imprinting
of insulin-like growth factor 2 in mice [66], maternal methyl donor supplementa-
tion during gestation can alter the offspring phenotype by methylating a transpos-
able element in mice with silencing of the nearby agouti coat-color gene [67].
Moreover, the same maternal dietary supplementation, with either methyl donors
like folic acid or the phytoestrogen genistein, showed a protective role in counter-
acting the DNA hypomethylating effect of bisphenol A, a chemical with carcino-
genic properties, used in the manufacture of polycarbonate plastic [68]. Genetic
polymorphisms can alter the response to dietary components (nutrigenetic effect)
by influencing the absorption, metabolism, or site of action. Analogously, variation
in DNA methylation patterns and other epigenetic events that influence overall
gene expression can influence the biological response to food components and
vice versa [69].

AD is characterized by high HCY and low folate blood levels, meaning that the
conversion of HCY to methionine is altered in AD, as is the production of SAM.
DNA methylation is regulated through cellular levels of SAM. The conversion of
homocysteine to methionine requires folate metabolites and is an essential step
in the production of SAM. Fuso and collaborators [50] studied the levels of meth-
ylation of CpG islands in the promoters of the APP and the PSEN1 gene (PSEN1
is one of the components of the y-secretases which cleave APP, producing amyloid
fragments), on human neuroblastoma cell lines, observing that, in conditions of
folate and vitamin B12 deprivation from the media, the status of methylation of

237



238

18 The Impact of Genetic and Environmental Factors in Neurodegeneration

the promoter of the PSEN1 gene was changed, with a subsequent deregulation of
the production of PS1, BACE (the B-secretase) and APP proteins [50]. This experi-
ment has provided evidence that some of the genes responsible for the production
of AP fragments in AD can be regulated through epigenetic mechanisms which
are regulated by the cellular availability of folates and B12 vitamins, and involve
the production of SAM and the status of methylation of CpG islands in the DNA.
More recent results by the same authors indicate that homocysteine accumulation
induced through vitamin B deprivation could impair the “methylation potential”
with consequent presenilin 1, BACE and amyloid-beta upregulation. Moreover,
they found that homocysteine alterations had an effect on neuroblastoma but not
on glioblastoma cells; this suggested a possible differential role of the two cell
types in Alzheimer’s disease [70]. Studies in vivo, on a murine model of
Alzheimer’s disease, confirmed that a combined folate, B12 and B6 dietary defi-
ciency induced hyperhomocysteinemia and imbalance of S-adenosylmethionine
and S-adenosylhomocysteine. This effect was associated with PSEN1 and BACE
up-regulation and amyloid-f deposition [71].

Folate deficiency seems to contribute to a variety of age-related neurological and
psychological disorders, including amyotrophic lateral sclerosis. Key nutritional
deficiencies could potentiate the impact of enrivonmental neurotoxins. The envi-
ronmental neurotoxin arsenic has recently been linked with decreased neurofila-
ment (NF) content in peripheral nerves. Supplementation with S-adenosyl
methionine (SAM) attenuated the impact of folate deprivation on arsenic neuro-
toxicity, consistent with the decrease in SAM following folate deprivation and the
requirement for SAM-mediated methylation for arsenic bioelimination [72].

18.7
Concluding Remarks

Many of the processes with a key role in neurodegeneration, such as the formation
of senile plaques, the accumulation of ROS, the cleavage of APP by neuroscretases,
can now be analyzed in the light of the new epigenetic knowledge, to facilitate the
implementation of future disease prevention strategies. Since epigenetic altera-
tions are reversible, modifying epigenetic marks contributing to disease develop-
ment may provide an approach to designing new therapies such as the use of
inhibitors of enzymes controlling epigenetic modifications [73].

However, we have to take into account that epigenetic therapy has its limitations,
such as the non-specific activation of genes and transposable elements in normal
cells, and also has the potential for mutagenicity and carcinogenicity. It is also
possible that corrected epigenetic modifications may revert to their previous state
because of the reversible nature of DNA methylation and histone modification
patterns, although this may be prevented with continued treatment, or corrected
again with retreatment [34].

The emerging field of environmental epigenomics deals with the study of meta-
stable epialleles as epigenetically labile genomic targets [74]. Among those alleles
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Table 18.4 Environmental factors with epigenetic mechanisms for neurodegenerative diseases.

Environmental factor(s) Associated with

Folate and vitamin B12 deprivation Increase of methylation of key genes for AD (PS1,
BACE, APP) in neuronal cells in vitro and in mice

Metals (lead) Increased risk amiloid plaques (rats, monkeys)

See the text for references

it is predictable that the role of key genes responsible for neurodegenerative dis-
eases will soon be identified and this will allow new insights into the etiology of
these diseases. Comparing Tables 18.3 and 18.4 it is evident that there is still a lot
to do in the advancement of the knowledge of environmental factors that, through
an epigenetic mechanism, can influence the individual susceptibility to develop a
neurodegenerative disease.
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Epigenetic Biomarkers in Neurodegenerative Disorders

Borut Peterlin

Abstract

Neurodegenerative disorders like Parkinson’s, Alzheimer’s, and Huntington’s dis-
eases generally begin late in life and are characterized by a presymptomatic phase.
Therefore, biomarkers are needed for early, accurate and specific diagnosis and to
provide surrogate endpoints for new drug efficacy testing. Inherited neurological
and neurodegenerative disorders with mutation in genes that modify epigenetic
marks, the current evidence of epigenetic dysregulation in neurodegenerative
disorders and the beneficial effect of histone deacetylases (HDACs) inhibitors in
models of neurodegenerative disorders imply that epigenetics abnormalities con-
tribute to neurodegeneration. Bioinformatic analysis of differentially transcribed
genes predicted to have CpG islands in the promoter regions support this concept.
It could be therefore argued that epigenetic biomarkers might be useful for
diagnostic purposes and the development/testing of new drugs as well as for
improvement of our understanding of the complex interaction between genetic
predisposition and environment in neurodegenerative disorders.

19.1
Introduction

Neurodegenerative disorders are caused by the death and dysfunction of brain cells
and range from common to rare diseases. Indeed, diseases like Parkinson’s
disease (PD), Alzheimer’s disease (AD) and Huntington’s disease (HD) pose
serious public health challenges and are a major burden to patients, families and
society. These diseases generally begin late in life and are characterized by a pre-
symptomatic phase which may last for several years before clinical symptoms
appear. Additionally, the first symptoms of neurodegenerative disorders are rarely
specific and may therefore imply several diseases with different prognosis. Finally,
development and testing of new drugs is a high risk endeavor and failed clinical
trials litter the path to success. Therefore, major goals of clinical research are to
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improve early detection of diseases, to enhance the accuracy and specificity of
diagnosis and to provide surrogate endpoints for new drug efficacy testing. Bio-
markers are tools to achieve these goals and could be defined as characteristics
that can be objectively measured and evaluated as indicators of normal biological
processes, pathological processes, or pharmacological responses to a therapeutic
intervention [1]. Several categories of biomarkers are emerging in the neurode-
generation field including genomic, neuroimaging, clinical and biochemical bio-
markers. Genomic biomarkers, such as mutation testing in genes responsible for
monogenic forms of PD, AD or HD, already enable specific symptomatic or pre-
symptomatic diagnosis of these disorders. However, mutation identification in an
individual has a very limited implication for prediction of prognosis or response
to new drugs. Various global “omic” approaches to the development of new bio-
markers such as transcriptomics or proteomics have already proved useful in the
cancer area and raised expectations in the neurodegenerative field as well. Epig-
enomics is the genome-wide study of epigenetic features which is beginning to
provide new understanding of the global role of epigenetic changes during devel-
opment, differentiation and disease processes. Epigenetic marks span a spectrum
from covalent modification of DNA (DNA methylation) to modification of DNA-
packaging histones (acetylation, phosphorylation) and finally to the reflection of
these modifications in altered chromatin structure. Another level of epigenetic
mechanism is associated with gene regulation by small non-coding RNA mole-
cules. These include long-chain non-coding RNA playing a role in cis-regulation
of gene clusters as well as whole chromosomes and small interfering RNA (siRNA)
and miRNA, which mainly exert their influence in the post-transcriptional level
of gene expression regulation [2]. Epigenetic marks may, in contrast to genotype,
vary in three principal dimensions: within a cell type; as a function of time (e.g.,
during development and aging) and between cell types. In addition, epigenetic
marks are susceptible to modification by environmental factors including phar-
macological agents. As the field of epigenomic biomarkers in neurodegenerative
disorders is still in an early phase of development, it is our purpose to present
some current evidence which supports the need for further research.

19.2
Epigenetic Marks in Inherited Neurological and Neurodegenerative Disorders

The etiology of several neurological inherited disorders has been directly linked to
epigenetic abnormalities [3]. Fragile X syndrome, the most common hereditary
form of mental retardation, is associated with tri-nucleotide expansions. The muta-
tion, expansion of CGG (>200) repeats in the 5-UTR of the FMR1 gene, results
in gene silencing [4] through DNA methylation of the expanded CGG tract and
binding of methyl CpG binding proteins as well as recruitment of histone deacety-
lases and other transcriptional repressors [5]. Moreover, pre-mutation (expansion
of CGG in the range of 60-200 repeats) in the FMR1 gene is associated with a
neurodegenerative disease, fragile X tremor and ataxia syndrome (FXTAS), which
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is characterized by tremor and ataxia [6]. FRAXE is caused by expansion of CCG
(>200) repeats in the 5-UTR or within the FMR2 gene, while another form of
mental retardation is associated with a deletion of the FMR3 gene, a putative non-
coding RNA (ncRNA) transcribed from the opposite DNA strand to the FMR1 and
FMR2 genes [7]. Several other non-syndromic and syndromic forms (Rett syn-
drome, Krabbe disease, Werner syndrome, Rubinstein—Taybi syndrome, ICF syn-
drome) of mental retardation have been linked to mutations affecting genes
involved in the epigenetic control of gene expression [3] including DNA helicases
(ATRX, CHD?7), Kruppel-type zinc finger proteins, transcription regulators (BCOR,
PQBP1) genes involved in chromatin remodeling and methylation (MeCP2, RSK2,
DNMT3B, H3K9, FTSJ1, SMCX). Angelman and PraderWilli syndromes are the
best known imprinting syndromes, being caused by either deletion or epigenetic
abnormalities of the same chromosomal region (15q11-q13) involving IPW,
ZNF127 and UBE3A genes.

19.3
Epigenetic Dysregulation in Neurodegenerative Disorders

A common theme in neurodegenerative disorders such as HD, PD and AD is the
concept that intraneuronal aggregates, such as plaques, interfere with transcrip-
tion and cause deficits in plasticity and cognition [8].

Transcriptional dysregulation and aberrant chromatin remodeling are central
features in the pathology of Huntington disease. There is evidence of altered
transcriptional homeostasis associated with increased histone methylation and
decreased acetylation status in both human and animal models [9, 10]. The mutant
huntingtin gene localizes primarily to the nucleus where it forms aggregates of
mutant polyQ protein, which bind and functionally impair transcription factors
and coactivators such as CREB-binding protein [11]. Moreover bioinformatic analy-
sis of microarray datasets of brain tissue and blood has shown that transcription
is deregulated in large genomic regions and that altered chromosomal clusters in
the two tissues are remarkably similar [12].

In Parkinson disease it was shown that nuclear targeting of alpha-synuclein
promotes its toxicity and that sequestration of alpha-synuclein to the cytoplasm is
protective in the Drosophila model of PD. It was further demonstrated that
alpha-synuclein binds directly to histones, reduces levels of acetylated histone
H3, and inhibits histone acetytransferases (HAT)-mediated acetyltransferase
activity [13].

Similarly it has been shown that amyloid-beta, which is the core component of
senile plaques, the pathological markers for Alzheimer’s disease and cerebral
amyloid angiopathy, may induce global hypometylation while increasing neprily-
sin (NEP) methylation and further suppressing the NEP expression in the cerebral
endothelial cells model [14]. As NEP is one of the enzymes responsible for amy-
loid-beta degradation these results support the concept of the epigenetically associ-
ated vicious cycle.
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Further evidence on the epigenetic contribution to neurodegenerative diseases
comes from the experiments with histone deacetylases (HDACs) inhibitors.
HDACs remove acetyl groups from lysine/arginine residues in the amino-
terminal tails of core histones and other proteins, thus shifting the balance
toward chromatin condensation and consequently silencing of gene expression.

It was demonstrated in HD that HDAC inhibitors rescue lethality and photore-
ceptor neurodegeneration in the Drosophila model of polyglutamine disease as
well as attenuate neuronal loss, increase motor function and extend survival in the
R6/2 mouse model of HD [15-17].

Administration of HDAC inhibitors rescued alpha-synuclein toxicity and pro-
tected against dopaminergic cell death both in vitro and in the Drosophila model
of PD [13, 18].

In the mouse model of AD and tauopathies, SIRT1 and andresveratrol, a SIRT1-
activating molecule reduced neurodegeneration in the hippocampus, prevented
learning impairment, and decreased the acetylation of the known SIRT1 substrates
PGC-1alpha and p53. SIRT1, which belongs to the Silent information regulator 2
(Sir2) family of sirtuin class III histone deacetylases (HDACs) was shown to be
upregulated in mouse models for AD [19].

It was also demonstrated that HDAC inhibitors restore acetylation status as well
as learning and memory in a mouse model of neurodegeneration [20].

Finally, increased levels of plasma homocysteine (hyperhomocysteinemia) have
been reported in several neurodegenerative disorders, including PD, AD and HD
[21]. Homocysteine is metabolized to methionine after activation to S-adenosyl-
methionine, which is known to act as a methyl donor. Furthermore, homocysteine
itself influences global and gene promoter-specific deoxyribonucleic acid (DNA)
methylation [22]. Therefore hyperhomocysteinemia and, consequently, dysregula-
tion of epigenetic-DNA methylation may be one important pathophysiological
mechanism of neurodegenerative disorders.

19.4
Gene Candidates for Epigenetic Biomarkers

Available evidence suggests that epigenetic dysregulation contributes to differ-
ences in gene expression and consequently to the etiology of neurodegenerative
disorders. Differential gene expression could result directly from differences of
methylation in promoter-associated CpG islands of the respective genes. CpG
islands located in the promoter regions of genes can play important roles in the
regulation of gene expression.

Global gene expression profiling with DNA microarrays measures the transcrip-
tional activity of thousands of genes. There are several reports demonstrating the
difference in brain gene expression in neurodegenerative disorders [23-25].
However, findings from brain genomic profiling cannot be directly considered as
a potential biomarker due to the difficulty in obtaining brain tissue for diagnostic
purposes. It is therefore of great interest that transcriptomic changes have been
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Table 19.1 Number of genes differentially expressed and predicted to have CpG islands.

Type of experiment/ Differentially Differentially transcribed/
comparison transcribed CpG islands

HD brain 130 48

HD blood 983 326

PD brain 830 244

PD blood 8 3

HD brain/blood 13 5

PD brain/blood 2 1

HD/PD brain 17 9

HD/PD blood 1 1

reported when blood was analyzed in patients with neurodegenerative disorders.
These changes could reflect dysregulation of gene expression in the brain (common
pathological pathways), involvement of blood cells in the pathophysiology of
neurodegenration (e.g., immune system) or non-specific reaction to damage in the
brain.

We therefore hypothesize that we can identify potential epigenetic biomarkers
on the global scale by intersection of genes identified in transcriptomic studies of
neurodegeneration with genes predicted to have CpG islands in promotor regions
and which are therefore susceptible to methylation dysregulation.

To identify genes with CpG islands we mined the data management system
BioMart (CG content >265%, observed CpG, expected CpG 265%, percentage
CpG >20%) and found 4.314 genes.

Selected transcriptomic studies in the brain and blood of HD, PD (at p < 0.001)
[23, 24, 26, 27] are shown in Table 19.1. Our analysis show that about one third
of differentially expressed genes in HD and PD in both analyzed tissues (brain
and blood) are predicted to have CpG islands. There was also limited overlap
between tissues in a given disease and in the same tissue across the two diseases.
These results indirectly imply that differences in transcription marks specific for
HD and PD might be at least partially a consequence of methylation changes in
the respective genes. Further analysis is in progress to evaluate candidate genes
as epigenetic biomarkers for both neurodegenerative disorders.

19.5
Conclusions

Both a literature review and our analysis of gene candidates imply that epigenomic
changes might potentially be used as biomarkers for neurodegenerative disorders.
Candidate gene/mechanism approaches could be supplemented by global methy-
lome and miRNA microarray analysis in the future. In this way epigenomic
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biomarkers have the potential to contribute, along with other types of biomarkers,
to diagnostic and staging purposes and to be used as surrogate endpoints for new

drug efficacy testing. Additionally, epigenomic biomarkers could contribute to our

understanding of the complex interaction between genetic predisposition and

environment in etiology and prognosis of neurodegenerative disorders and could

be utilized as potential drug targets for this group of disorders.
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Epigenetic Mechanisms in Asthma
Rachel L. Miller and Julie Herbstman

Abstract

Recent advances have provided critical clues for how environmental exposures
may interact with asthma genes without changing their coding sequences to alter
their transcription and expression, and, hence, the asthma phenotype. Epigenetic
mechanisms, including DNA methylation, histone modifications, and noncoding
RNAs may modify the transcription of genes involved in the metabolism of envi-
ronmental compounds, the ensuing proinflammatory response, or even the effi-
cacy of pharmacological treatment. Evidence supporting this hypothesis includes
both epidemiological studies that associate prenatal exposures with later disease,
as well as molecular studies that suggest DNA methylation and histone modifica-
tions may be important in asthma immunopathogenesis. Another promising area
of research involves the recognition that epigenetic patterns may occur differen-
tially across specific asthma effector cell types. In this chapter, we will address the
basis for considering epigenetic mechanisms in asthma, including both supportive
epidemiological data and mechanistic-based work that have emerged over recent
years. Future asthma research has the potential to link environmental and epide-
miological findings to mechanistic asthma epigenetic pathways.

20.1
Introduction

Our appreciation of the role of the environment in the pathogenesis of asthma
dates back to Galen (130-200 A.D.) who cautioned about the toxic effects of air
pollution and advised his readers to “take care of cleanliness of the surrounding
air which enters the body [1].” In the 12th century, Moses Maimonides appreciated
the importance of environmental triggers such as a common cold, the rainy season
and air pollution to the development of asthma [1]. With time and great scientific
strides, a more modern 20th century paradigm recognized that the onset of
asthma involves an interaction between genetic susceptibility and environmental
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exposures. Twin and family studies clearly identified the genetic contribution to
the disease many years ago [2]. Recently, many studies have documented specific
gene—environment interactions. These include studies that found associations
between the presence of polymorphisms in the ,-adrenergic receptor and smoking
on asthma development [3], and in the CD14 gene and smoking on asthma severity
[4]. Polymorphisms in the interleukin (IL)-1 antagonist gene as well as glutathione
S-transferase M1 have each been associated with the development of childhood
asthma when occurring in association with prenatal exposure to cigarette exposure
[5, 6].

But perhaps it is time once again to revise our view about the interaction of
genes and the environment in the development and severity of asthma. While the
mechanisms underlying this interface are not entirely understood, recent advances
have provided critical clues for how environmental exposures may interact with
genes without changing their coding sequences to alter the transcription and
expression of genes associated with the asthma phenotype. Epigenetic mecha-
nisms, including DNA methylation, histone modifications, and noncoding RNAs
may modify the transcription of genes involved in the metabolism of environmen-
tal compounds, the ensuing proinflammatory response, or even the efficacy of
pharmacological treatment (Figure 20.1). In this chapter, we will address the basis
for considering epigenetic mechanisms in asthma pathogenesis, including both
supportive epidemiological data and mechanistic-based work that have emerged
over recent years.

Genetic Environmental 3
Susceptibility+ Exposures . Asthma

Epigenetic marks affecting transcription
of genes involved in:
inflammation, xenobiotic (environmental
and pharmacological) metabolism

Figure 20.1 Role of epigenetics in asthma. Epigenetic
mechanisms, including DNA methylation (shown here), may
modify the transcription of genes involved in inflammation
and the metabolism of xenobiotic compounds following
environmental exposures.



20.3 Fetal Basis of Adult Disease

20.2
Epigenetic Mechanisms

DNA methylation and histone modifications represent two distinct, but related,
mechanisms of epigenetic modification. DNA methylation has been shown to
occur in mammals at the cytosine residue of 5’-CpG-3’ dinucleotides in a reaction
catalyzed by DNA (cytosine-5)-methyltransferases [7]. A methylation group from
S-adenosyl-L-methionine (SAM) is covalently transferred to the fifth carbon of
cytosines [8]. CpG methylation inhibits gene transcription by either blocking the
ability of transcription factors to bind to the recognition sites on the CpG dinucleo-
tides or by attracting methyl-binding proteins, obstructing or entirely silencing
gene transcription [7, 9, 10]. CpG dinucleotides, under-represented in the genome,
are present in a nonuniform pattern approximately once per 80 dinucleotides [7,
10]. A large proportion of the CpG dinucleotides are located in intergenic and
intronic DNA regions and are constitutively methylated to prevent the transcrip-
tion of these regions [11]. CpGs present at a higher frequency relative to the bulk
of the genome are called CpG islands (CGIs) [12]. Lying in the promoter regions
of transcribed genes, CpGlIs are typically unmethylated [13].

Post-translational modifications of histones by means of acetylation, methyla-
tion, and phosphorylation are key elements in the chromatin packaging of DNA.
The DNA is wrapped twice around an octomer core of histones (H2A, H2B, H3
and H4, two molecules each) [14]. As a result of this tight packaging, RNA poly-
merase II and transcription factors cannot reach their recognition sequences and
turn on transcription. During acetylation, the DNA around the histone core
unwinds, activators of transcription obtain access to DNA, and gene expression
can then proceed [14, 15]. DNA methylation and histone modification mechanisms
can operate independently or together to determine whether a gene or set of genes
is transcribed or silenced [16]. Furthermore, microRNA may regulate asthma gene
expression by inducing the degradation of target messenger RNA and blocking
the translation of target proteins [17].

20.3
Fetal Basis of Adult Disease

Based on human data indicating that early or prenatal environmental exposures
are associated with later disease, and data generated from animal models demon-
strating that xenobiotic exposure during development alters epigenetic patterns,
there is growing recognition that some adverse health effects associated with early
exposures may be epigenetically regulated [18-21]. Early support for these claims
has emerged from studies that found associations between lower birth weight and
a greater risk for adult onset of cardiovascular disease [22], type 2 diabetes mellitus
[23], osteoporosis [24], depression [25], and cancer [26]. In addition, prenatal expo-
sures to allergens, antibiotics, and tobacco smoke have been implicated in the later
life development of allergies, diabetes, as well as neurological and cardiovascular
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disorders [20, 27, 28]. Combined, these studies suggest that later childhood and
adult disease may originate as a result of the fetal response to developmentally
disruptive environmental stimuli.

Among the earliest and most seminal reports of epigenetic regulation in vivo
were the publications of Cooney et al. and Waterland and Jirtle. Through their
experiments with agouti mice, they demonstrated that supplementation of the
maternal diet during pregnancy with methyl donors such as folic acid and vitamin
By, was associated with greater levels of CpG methylation of the region upstream
of the agouti gene that regulates coat color. As a result, the coat color distribution
of the offspring was affected [29, 30]. Exposure of mice to xenobiotic chemicals,
endocrine disruptors, low dose radiation, and maternal stress have all been asso-
ciated with epigenetic-induced phenotypic changes in the offspring (reviewed in
31, 32)).

Following this work, several groups have suggested that epigenetic mechanisms
may play a role in the development of complex immune diseases such as asthma.
Exposures associated with asthma occurring during susceptible prenatal and post-
natal periods may coincide with time windows during which epigenetic modifica-
tions may be more likely to develop. As described in the next section, evidence
supporting this hypothesis includes both epidemiological studies that associate
prenatal exposures with later disease, as well as laboratory experiment studies that
suggest DNA methylation and histone modifications may be important in asthma
pathogenesis.

20.4
Fetal Basis of Asthma

Large prospective epidemiologic studies have provided the most convincing evi-
dence that prenatal environmental exposures can influence the risk for subsequent
asthma [33, 34]. For example, prenatal exposure to environmental tobacco smoke
(ETS) has been associated with wheezy illnesses and asthma, reduced lung func-
tion, and respiratory infections in children [35, 36]. Moreover, prenatal air pollu-
tion exposure may augment the respiratory symptoms reported following postnatal
exposure to ETS, as described by our group [37]. Possible transgeneration effects
of ETS exposure have also been observed in an epidemiologic setting as well. In
a study by Li et al., researchers assessed the grandmaternal smoking histories of
338 children with asthma and 570 matched controls and found that children of
mothers who had been exposed in utero to tobacco smoke were at an increased
risk for developing asthma, independent of maternal smoking status. If both the
mother and the child were exposed in utero to tobacco smoke, the child’s risk of
developing asthma was increased further [38]. A prenatal diet that is high fat also
has been shown to predispose a child toward developing asthma. Most recently,
this relationship was shown by Chatzi and colleagues who demonstrated that a
Mediterranean diet in pregnancy is protective for childhood wheeze and atopy [39].
Other dietary influences, such as low maternal intake of foods containing vitamin
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E, vitamin D and zinc [40, 41], as well as antibiotic use during pregnancy [42], have
been associated with greater likelihoods that the children will develop asthma.

Other sets of studies linking prenatal exposure to asthma risk are those that
show stronger associations of maternal, compared to paternal, inheritance of
asthma-related phenotypes. For example, among children less than 5 years old,
maternal, but not paternal, history of asthma placed children at increased risk for
development of childhood asthma [43]. Also, maternal, but not paternal, immu-
noglobulin E (IgE) predicted elevated IgE levels in cord blood and at age 6 months,
which are well-recognized biomarkers associated with allergy and asthma risk [44].
Finally, there are a number of maternally-inherited polymorphisms, including the
B-chain of the high-affinity receptor for IgE and glutathione-S-transferase P1, that
are more highly associated with childhood asthma markers (i.e., positive allergy
skin prick tests, higher allergen-specific IgE levels [45], and reduced lung function
in children [46], respectively.

20.5
Experimental Evidence

Animal models have confirmed that prenatal events and intrauterine exposures
may influence the risk for airway inflammation in offspring. For example, oft-
spring of female mice sensitized to ovalbumin exhibited greater airway hyperre-
sponsiveness and allergen-specific IgE production that was blocked with antibodies
against the proallergic cytokine IL-4 [47]. However, a similar phenotype was also
found following prenatal exposure to the unrelated protein casein, suggesting
these responses may not be allergen-dependent [47]. The same group also exposed
female mice during pregnancy to residual oil fly ash (ROFA; extracted from a
precipitator unit that removes particulate contaminates of an oil fired power plant).
These offspring demonstrated greater levels of airway hyper-responsiveness and
eosinophillic inflammation [48]. In another mouse model, prenatal exposure of
female mice to lipopolysaccharide (i.e., endotoxin) suppressed the development of
allergic immune responses and airway inflammation [49]. This group also showed
similar responses in the offspring following a prenatal maternal diet supple-
mented with probiotic bacteria [50].

20.6
Epigenetic Mechanisms in Asthma

A growing body of literature implicates specific epigenetic mechanisms in asthma-
related molecular pathways. These include several studies showing that DNA
methylation can influence the regulation of T helper (Th) differentiation and
cytokine production, and thus the polarization toward or away from a more allergic
state. For example, Shin et al. showed that transcription factor STAT 4 expression
in human T cells is regulated by DNA promoter methylation, resulting in impaired
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Th1 responses [51]. In addition, hypomethylation at the proximal promoter and
conserved intronic regulatory element of the proallergic interleukin (IL)-4 gene
induced IL-4 production and Th2 polarization [52-55]. Hypermethylation of sites
in the counter-regulatory interferon (IFN) y promoter also upregulated Th2 dif-
ferentiation. [55]. In contrast, hypermethylation of the DNasel-hypersensitive
region at the 3" end of the IL-4 gene promoted Th1 differentiation [52]. Moreover,
methylation of a CpG island that overlapped with a cyclic-AMP response element
binding protein/activating transcription factor (CREB/ATF) site is inversely cor-
related with CREB binding and FoxP3 expression, which are important for regula-
tory T cell-mediated immune responses [56].

Histone acetylation and deacetylation also appear to be important epigenetic
mechanisms involved in airway inflammation. In general, acetylation of histones
is associated with gene induction, and deacetylation is associated with gene silenc-
ing [57]. In one study, stable patients with asthma possessed greater levels of
histone acetyltransferase (HAT) and reduced levels of histone deacetylases
(HDAC:S) in their bronchial biopsies. Levels normalized following treatment with
inhaled corticosteroids [58]. Another group recently found that inhibition of endog-
enous HDAC and the resulting hyperacetylation using trichostatin A treatment of
CD45RO+ T cells increased Th2-cytokine-associated (IL-13, IL-5), reduced Thl
cytokine-associated (IFNY) recall responses, and increased expression of the tran-
scription factor GATA-3 and spingosine kinase 1 [59]. Furthermore, under Th2
polarizing conditions, hypomethylation of several CpG sites of the proximal IL-13
promoter were identified; histone H4 acetylation levels were also higher. Hence,
epigenetic regulation of the proallergic IL-13 gene seems to occur as well [60].

Furthermore, 2 adrenoreceptor agonists and glucocorticoids selectively inhib-
ited tumor necrosis factor (TNF)-o induced histone H4 acetylation at the eotaxin
promoter, and in vivo promoter binding of NF-kB, in human airway smooth
muscle cells. This inhibition abrogated proallergic eotaxin transcription and gene
expression. Therefore, inhibition of histone acetylation appears to be a mechanism
by which two asthma medications influence inflammatory gene expression [15].
In subsequent work, IFNy inhibited TNF-o-induced expression of proinflamma-
tory genes (IL-6, IL-8, eotaxin) by modulating HDAC function and thereby NF-kB
transactivation [61]

Finally, an intriguing paper by Cao and colleagues documented altered chroma-
tin modification following exposure to the urban pollutant diesel particles. Expo-
sure of human bronchial epithelial cell lines to diesel exhaust particles increased
acetylation of histone H4 associated with the cyclooxygenase (COX)-2 promoter,
leading to selective degradation of HDAC 1. Diesel exposure also induced recruit-
ment of HAT p300 to the COX-2 promoter [62]. As a result, HDAC1 expression
was downregulated at the post-transcriptional level. Cyclooxygenase is a key rate-
limiting enzyme in the conversion of arachidonic acid to prostaglandins, and its
expression is associated with airway inflammation [63]. Combined, these findings
suggest that acetylation is an important regulator of the airway response to diesel
exposure, linking a specific environmental exposure associated with asthma trig-
gers with a specific epigenetic mechanism.
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20.7
Cell-Specific Responses

Another promising area of research involves the recognition that epigenetic pat-
terns may occur differentially across specific asthma effector cell types. A few
examples from the literature have been published. In one, human alveolar mac-
rophages exhibited reduced HDAC activity levels. Comparable effects were not
observed when HDAC was measured in peripheral blood mononuclear cells
derived from asthma patients [64]. The correlations between DNA methylation
levels and the human high affinity receptor for leukotriene B4 receptor gene
expression levels also varied according to cell type [65]. Most recently, this pattern
has been observed in studies of the A disintegrin and metalloprotease (ADAM33)
gene, associated with severe asthma [66]. The promoter CpG island (-362-+80) was
hypermethylated in epithelial cells and hypomethylated in ADAM33-expressing
fibroblasts. The methylation state in turn affected ADAM33 gene expression in a
cell type-specific manner [67].

20.8
Conclusion

The etiology of asthma has long been recognized as extremely heterogeneous. The
natural history of asthma, including the incidence and remission of symptoms, is
also variable and often unpredictable. Yet, because the majority of asthma preva-
lence rates seem rooted in early and prenatal exposures, hypotheses implicating
epigenetic mechanisms fit the clinical observations about the disease. Now, sup-
portive experimental data are emerging as well. Nonetheless, many fundamental
questions such as how genetic and epigenetic mechanisms interact to influence
the risk of developing disease need to be answered. How do we know which
individuals are susceptible to epigenetically-mediated mechanisms? Do we all
potentially possess a diagnostic epigenome that will mark our risk? Perhaps indi-
vidually-designed environmental interventions and asthma pharmacological thera-
pies someday will take advantage of our epigenetic make-up. Future asthma
research has the potential to link environmental and epidemiological findings to
mechanistic asthma epigenetic pathways. As new research emerges, hopefully
these questions will eventually be answered.
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Abbreviations

ADAM33 A disintegrin and metalloprotease

CGI CpG islands

CoX cyclooxygenase

CREB/ATF cyclic:AMP response element binding protein/activating
transcription factor

ETS environmental tobacco smoke
HAT histone acetyltransferase
HDAC histone deacetylase

IFN interferon

IgE immunoglobulin E

IL interleukin

MiRNA microRNA

NF-kB nuclear factor—kappa B
ROFA residual oil fly ash

SAM S-adenosyl-L-methionine
Th T helper

TNF tumor necrosis factor
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Public Health Genomics - Integrating Genomics and
Epigenetics into National and European Health Strategies
and Policies
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Abstract

In recent years epigenetic factors have been increasingly recognized as important
determinants of health. The genomic research of the last decade has seen an
important change of direction, from the high penetrance genes to the gene-
environment interactions. So far Public Health and health policy makers are
struggling to translate these emerging understandings of disease etiology into
policies and practices. In this paper we argue that the different professions involved
in this discourse are operating with different concepts. The analysis and recogni-
tion of small relative risks does not provide policy makers with the scientific base
that they need to modify health policies. Relative risks may only be useful if
researchers are able either to translate the relative risks into attributable risks or
if they initially set up study designs which aim to identify attributable risks. In the
language of law and policy makers these attributable risks are modifiable, therefore
allowing collective and individual actions to be taken. Translating emerging sci-
entific knowledge into policies is one of the main tasks of Public Health Genomics.
Public Health Genomics is an emerging field of translational research which
organizes the effective and responsible application of genome-based knowledge
and technologies. In Europe the Public Health Genomics European Network
(PHGEN), a DG SANCO-funded network of researchers, policy makers and
their institutions is organizing this process. It has set up communications pro-
cesses which ensure that epigenetic factors are increasingly recognized both by
researchers and by policy makers.

21.1
Public Health and Genomics

The Human Genome Project, the development of new genetic tests, DNA chip
technologies and related technologies offer new opportunities for the promotion
of population health which will lead to fundamental challenges in the healthcare
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delivery systems. Medicine and Public Health get an increasing insight into the
biological factors which drive disease mechanisms, in particular in the field of
cancer [1]. The emerging genome-based knowledge calls for a paradigm shift in
Public Health as we can see a clear need to adjust concepts of prevention and
health service delivery. As a consequence we can describe a dichotomy: Genomics
needs to understand how it can include Public Health aspects in its work program
while Public Health needs to analyze how genomics changes the concepts of
Public Health. The second approach is seen as the core task of Public Health
Genomics. Still there is an interdependence between the two directions; for
example, Public Health Genomics is also concerned about the organization of
genetic services and the genetic health literacy of the population.

A comprehensive health care which regards, besides environmental, social and
life style factors, genetic determinants will become essential as it creates new
opportunities for individualized strategies in preventive medicine and early detec-
tion of illnesses. The integration of genome-based knowledge will change primary,
secondary and tertiary prevention. Inter alia, disease prevention programs and
clinical interventions will be specifically targeted at susceptible individuals and
sub-entities of populations based on their genomic risk profile. So far health care
systems, policy makers and industries are not prepared for the conceptual change
and all stakeholders are struggling to transfer the emerging knowledge into clini-
cal and technological applications. Public Health Genomics advocates the inter-
disciplinary discourse on and the understanding of genomics; it fosters progress
in translational research and supports the introduction of new concepts of risk
stratification and prevention.

21.2
The Bellagio Model of Public Health Genomics

Public Health Genomics (PHG) is an emerging multidisciplinary scientific
approach which aims to integrate genome-based knowledge in a responsible and
effective way into public health (Figure 21.1).

With the avalanche of emerging knowledge it is time to question whether we
are offering the “right” health interventions (health promotion, prevention, therapy
and rehabilitation), not only in the public health sector but also in the health care
system as a whole for the benefit of population health. If we question the old
concepts, we also have to ask whether our present and future public health strate-
gies are evidence-based [2].

In the past 20 years, the advances in genetic and genomic research have revo-
lutionized knowledge of the role of inheritance in health and disease. Nowadays,
we know that our DNA determines not only the cause of single-gene disorders,
but also predispositions to common diseases, responses to therapies as well as the
onset and progression of diseases.

Whereas medicine is presently taking a breathtaking development from its
morphological and phenotype orientation to a molecular and genotype orientation
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“Knowledge Generation” and the overall Foundation Study and Conference Center,
goal “Improvement in Population Health”. Bellagio, Italy, 1420 April 2005).

promoting the importance of prognosis and prediction, public health practice has
to date concerned itself with environmental determinants of health and disease
and has paid scant attention to genomic variations between individuals, within
populations and between populations [3, 4]. In particular, the advances brought
about by the Human Genome Project, HapMap or Systems Biology are changing
these perceptions [5, 6]. Many predict, that this knowledge will enable health pro-
motion messages and disease prevention programs to be specifically directed
toward families and individuals at risk, or to subgroups of the population, based
on a genomic risk stratification—a paradigm shift in public health from subgroups
to individual heath information management. This does not mean that we do not
need public health as an interdisciplinary and inter-institutional task for translat-
ing basic research into policy and practice. The opposite is true, the management
of individual health information and guidance for major individual and
collective health risks needs to be organized as our health care system is not yet
prepared.
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The new technologies will allow researchers to examine genetic mutations at
the level of the functional units of genes, and to better understand the significance
of environmental factors such as noxious agents, nutrition and personal behavior
for the cause of diseases such as cardiovascular diseases, psychiatric disorders or
infectious diseases.

The new knowledge about pleiotropic effects of susceptibility genes in complex
diseases being associated to more than one disease (“disease clusters”), about the
role of individual genomic profiling, about the role of a genomic variant being a
protective factor for some diseases and a risk factor for others, and about epig-
enomic effects will require a modification of both clinical and Public Health
strategies. The post-genomic era also calls for a new knowledge base, inter alia for
the integration of genome-based biobanks into public health surveillance systems
as a tool for generating evidence on genome—environment interactions as well as
for understanding diseases. The challenges we currently face can only be tackled
by an interdisciplinary and systematic approach regarding the evaluation of the
future impact of genome-based knowledge and technologies on health care
systems [7]. Public Health follows the Trias which guides the assessment, policy
development and assurance of Public Health actions (Figure 21.2).

Assure
Competent
Workforce !
Link Inform,
to / Provide Educale,
Empowel

I
Mobilize a

’
Enforce Community °

Laws P,;.-.'r:w:-:hr,"::-: \\
Develop (2]

Policies

™ . o‘»

Figure 21.2 The integration of genomics into public health
by using the Public Health Trias as an all-embracing
methodology (adapted from IOM, 1998).
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Obviously, the integration of genomics into public health research, policy and
practice will be one of the most important future challenges for all health care
systems. Clarifying the general conditions under which genomic knowledge can
be put to best practice in the field of public health, and [8] particularly considering
the economic, ethical, legal and social implications, is presently the most pressing
task of the emerging field of public health genomics (PHG) [9], defined as the
application of genetic and molecular science to the promotion of health and pre-
vention of disease through the organized efforts of society [10]. Policymakers now
have the opportunity to protect consumers, to monitor the implications of genom-
ics for health, social, and environmental policy goals, and to assure that genomics
advances will be used not only to treat medical conditions, but also to prevent
disease and improve health. Policy must find an acceptable balance between pro-
viding strong protection for individuals’ interests while enabling society to benefit
from genomics [11].

The next decade will provide a window of opportunity to establish infrastruc-
tures, both in the health care sector and on a policy level across Europe and glob-
ally, that will enable the scientific advances to be effectively, efficiently and socially
acceptably translated into evidence-based policies and interventions that improve
population health.

The need for new products and processes is a major opportunity and a major
risk at the same time. According to the Bellagio Model, Public Health Genomics
wants to ensure the effective translation of genome-based knowledge. Health
technology assessment (HTA) in combination with the concepts of health needs
assessment (HNA) and health impact assessment (HIA) has the potential to assist
Public Health Genomics fulfill these tasks. On the other hand, these methodologi-
cal approaches themselves are challenged by genome-based knowledge and tech-
nologies and have to be developed further.

21.3
The Public Health Genomics European Network

Experts from the different fields and stakeholders have urged the EC to set up a
European network on Public Health Genomics. In 2006 the EU-funded Public
Health Geomics European Network (PHGEN) started its operations and has suc-
cessfully implemented both working groups on a European level and National Task
Forces on Public Health Genomics. The network will develop a comprehensive set
of policies which will serve as a framework for the future implementation of Public
Health Genomics [12]. Together with partner networks and projects, PHGEN will
ensure the consistency and coherence of European policies.

Public Health Genomics has made substantial progress in recent years and is
now seen as an integral part of Public Health. So far it has not fully reached its
main goal, the transfer of genomic knowledge into all areas of Public Health. Still,
the last two network meetings have proven the increasing acceptance of the
challenge deriving from genomics. With the increasing genomic literacy of the
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population and the training of the workforces Public Health Genomics will con-
tinue to diffuse into all Public Health actions.

21.4
From Public Health Genomics to Public Health and Epigenetics/Epigenomics

In a recent paper Rothstein et al. called epigenetics the “Ghost in our genes”,
describing how genetic and environmental factors affect the well-being of individu-
als and their offspring [13]. Rothstein et al. focused on ethical and legal aspects of
epigenetics and if we assess the Public Health dimension of epigenetics we move
forward in a similar direction. Epigenetics was described by Conrad Waddington
in 1942 as “the interaction of genes with the environment, which brings the phe-
notype into being” [14]. Today epigenetics is rather understood as the modification
of the genome which does not require a modification of the DNA itself. In this
chapter we will not analyze the biological factors which modify the expression of
genes, rather we will try to transfer this knowledge to the Public Health domain.
Epigenetics, from a “positive” perspective, allows the individual to react to the
environmental factors, to develop the organism. If we look at the risk factors as
well as protective factors which determine common complex diseases we see huge
Public Health issues such as diet, lifestyle, toxic substances, stress and other
exposures to environmental factors. So far the scientific community has been
striving for an understanding of the interaction of the different determinants of
health; as this knowledge becomes more systematic we see a need to assess poten-
tial consequences for Public Health and health policies.

Much ethical and legal reasoning will be needed to highlight all aspects of indi-
vidual freedom and the responsibility for third persons and the offspring. Before
we can determine the concordance between freedom and responsibility we should
first question how we measure risks in epigenetics and whether these risk catego-
ries are able to help us when we shape policies which aim to reduce epigenetic
risks. Setting up policies which refer to epigenetic knowledge may sound futuristic
but it is not. The European Commission is following a “Health in all Policies”
approach which is based in Articles 95 and 152 of the EC Treaty. As Health in all
Policies is based on emerging genome-based knowledge it can serve as a viable
tool for the transformation of knowledge into practice.

21.5
Health in All Policies—Translating Epigenetics/Epigenomics into Policies and Practice

Within the last decade the European Commission has paid increasing attention
to both genomics and health regulations. The efforts of the European Commis-
sion, the WHO and the Finnish government have resulted in a new doctrine
named “Health in all Policies” [15]. According to the “inventors” of this new
approach “Health in all Policies” shall stimulate health regulations outside the
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traditional field of health law. The European Commission should not be perceived
as a completely altruistic institution as it follows this path; due to Art. 152 of the
EC Treaty the Commission has no competence in the field of health law and health
systems. Using the “Health in all Policies” initiative and the increasing importance
of cross-border health care this strict separation of competences seems to come to
an end. At first it looks like a specifically European problem, but if we look at areas
like tobacco policies, infectious diseases, obesity and chemicals we see a global
expansion of health oriented policies in areas other than health law. Still, if we
address regulatory bodies or politicians they would at least look surprised (if not
deny) that these policies are part of the enterprise of Public Health Genomics.
Legislatory projects like the European program on chemicals “REACH” address
directly the interaction between the human genome and toxic substances. The
same pattern applies when the City Council of South Los Angeles places a mora-
torium for new fast-food restaurants within the city limits [16]. The City Council
argues that 30% of the male population is obese, more than double the average
figures in California. Politicians and legal experts are often not aware when we
speak about gene—environment interactions, and if we look at the way they per-
ceive health risks, and the way scientists communicate health risks, we can under-
stand better why Public Health Genomics has not yet reached the mainstream of
the legal and political discourse.

21.6
Health in All Policies as a Guiding Concept for European Policies

The Health in all Policies (HiAP) concept was developed under the Finnish EU
presidency in 2006. Following the Nordic experience with alcohol and tobacco
policies the Finnish government supported a joint research program of the Finnish
health authorities STAKES [17] and KTL [18], the WHO Europe and its Observatory
and the EC. The concept has already been reflected in the Amsterdam recast of
the EC Treaty; both Art. 95 and Art.152 of the EC Treaty demand the Commission
to strive for a high level of health protection and to assess the health impact of EC
policies. Still, the consequences of the new wording of the Treaty have been of
minor importance. Following the Finnish presidency the European Commission
set up a new health strategy in the year 2007 named “Together for Health” [19].
Health in all Policies plays a prominent role in the new strategy and many efforts
have been made to translate the concept into practice. In particular Art. 95 para.
3 of the Treaty encourages the Commission to integrate the upcoming knowledge
from genomics into health policies as it reads: “ [The Commission].. will take as
a base a high level of protection, taking account in particular of any new develop-
ment based on scientific facts”. The scientific evidence base is the key to the
concept, but it must also be ensured that the evidence base can be translated into
health policies. The norms must have a definable addressee or a target group,
negative side effects must be excluded. With the ongoing individualization of
genomics, law is challenged to find an answer to these technical difficulties in the
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regulation of genomics and health determinants. Law may limit itself as it focuses
on the governance of processes rather than delivering content-oriented norms.
Still, procedural laws are often seen as insufficient if we want to reduce health
risks for major parts of the population. Therefore it needs to be analyzed how
Public Health Genomics can filter the available evidence and how it can provide
normative sciences with an aggregated knowledge which can be translated into
coherent health policies.

21.7
Relative Risk and Risk Regulation — A Model for the Regulation
of Epigenetic Risks?

Public Health Genomics is teaching us that we can only understand health prob-
lems if we look at both genetic and environmental (including lifestyle and social)
factors systematically. If we transfer this idea to the area of epigenetics we need
to discuss whether these categories are able to structure a regulatory discourse
which aims to minimize epigenetic risk factors. In the field of genomics we may
describe a ladder of risk, starting with high genetic risks in rare diseases and
ending with small genetic contributions in many common complex diseases. Still,
these risks are not so small if we look into subgroups or if we try to understand
disease clusters (“diseasomes” or “disease nodes”) [20]. The assessment of health
risks comprises the study of inherited genetic variation, epigenetic changes,
various fields of “-omics” and systems biology. But can we really expect that
lawyers, ethicists and politicians will understand this?

Sceptical scientists tend to argue that genetics is useless if we look at common
complex diseases and this is currently the message that politicians do understand.
We know that we have to be physically active, that we should eat healthy food and
that we must not smoke a single cigarette. We do not really need genetics to come
to these conclusions. So, what is the additional benefit of Public Health Genomics?
It seems to depend on the concept of risk! Colleagues from epidemiology have a
clear focus on relative risks (RR) [21]. Individuals can have a high genomic pre-
disposition or they may have a low genomic predisposition (high or low RR). From
a legal point of view it looks like we do not have to care about both groups. If a
person has a high relative risk (for a rare disease), the genetic predisposition
reaches a level which is often technically equated with a disability in law. We aim
to soften the condition, we offer help in the social security system and we protect
the person from discrimination. If a person has a low relative risk law does
not tend to accept the need for action as we are all affected by low relative risks
and we would need an unpractical matrix of regulations to cover all these risks.
In addition, legal instruments are not flexible enough to cover the interaction
between different risks and the potentially protective side effects of certain genomic
risks. Thus, we may assume that lawyers and politicians cannot work with the
concept of individual relative risks as they fail to translate these into political
actions.
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21.8
Attributable Risks and Risk Regulation

To determine whether a certain disease is associated with a certain exposure we
must determine, using data obtained in case-control or cohort studies, whether
there is an excess risk of the disease in persons who have been exposed to a certain
(epigenetic) agent. Whereas the concept of relative risks is primarily important as
measuring the strength of the association between a risk factor and a disease and
a concept of the medical setting, the attributable risks (AR) are relevant for deci-
sion making in Public Health [22]. The attributable risk is defined as the amount
of proportion of disease incidence (or disease risk) that can be attributed to a
specific risk factor. This “specific” risk factor does not necessarily need to consist
of one factor, it can also be a group of risk factors which form a risk “bundle”.
Public Health faces a similar dilemma as lawyers and politicians if it is confronted
with relative risks. Public Health aims to offer: the right interventions, at the right
time, for the right population, in the right way. Therefore, the question of genetic
susceptibility to environmental factors and the possible interaction of risks need
to be addressed in terms of the magnitude of the “genomic predisposition” or
“genomics risk fraction” in patients and the whole population. While the RR tells
us something about the association of a risk factor and the disease, the AR helps
Public Health to opt for the right interventions for the right target groups as well
as to set priorities for action. The question is: how much of a disease can be
attributed to a certain risk factor? How much of the disease incidence can we
prevent if we are able to eliminate the exposure?

21.9
Translating Attributable Risks into Policies

After this excursion to the concept of risk in Public Health Genomics and the
methods which are used to quantify risks, we should come back to the initial ques-
tion: how are genomics and epigenetics affecting the “health in all policies”
approach and how can law translate the emerging knowledge in these fields? We
separated the relative risks from the attributable risks as the concept of the attribut-
able risks empowers Public Health to choose the right intervention for the right
target group. Thus, attributable risks are the bridge from Public Health to health
policies. In the legal discourse we may probably not use the term attributable risk,
instead we would rather differentiate between modifiable and non-modifiable risks.
Health in all Policies aims to lower modifiable risks as it encourages policy makers
to assess the health impact of policies in sectors other than the health sector itself.
“Health is an outcome of a multitude of determinants, including those relating to
individual, genetic and biological factors, and those relating to individual lifestyles,
as well as those relating to the structures of society, policies and other social factors.
The term is used much more in the context of addressing structural rather than
individual, genetic or biological determinants of health, but public policies also

275



276

21 Public Health Genomics

influence or guide individual behavior and lifestyle choices” [23]. Still, it would be
unacceptable to set up policies without a sound evidence base.

Within the scope of this chapter we can only briefly determine how law can
participate and possibly support the translational research in the field of Public
Health Genomics. As we are dealing with new and emerging technologies legal
scholars should take a closer look at the political and legal instruments which
govern the implementation of genome-based knowledge and technologies in
Europe. The implementation of innovations in the health system and in markets
follows different concepts, from market diffusion to state controlled approval
systems. This issue has a significant impact on the Single Market in Europe;
therefore we touch a field of major interest for the EC Commission and the
Member States as the new Art. 152 of the Lisbon Treaty does not clarify the uncer-
tainties of the prior version. As many Member States control the access of innova-
tive technologies to the publicly funded part of the health care sector, these
Member States control the implementation of genome-based technologies such
as high-throughput, low-cost sequencing, which are being applied to increasingly
large human genome and phenotypic data sets [24]. If we discuss the regulation
of modifiable risks and the evidence base of health policies we should also note
that the state control may turn out to be a starting point of a vicious circle. As
policy makers and health systems do not apply emerging genome-based knowl-
edge, they obstruct the generation of a solid evidence base for genome-based
applications. Thus, genomics is used, like in the tobacco politics, but it is not part
of the label. Researchers in the life sciences and politicians tend to forget that
these processes are legally pre-structured and that adoption decisions may hamper
both progress and markets. Still, these control mechanisms also enable Member
States to consider the ethical and social consequences of innovations and their
impact on the “ordre public”.

As we have discussed earlier the borderlines between the traditional medical
setting and the lifestyle decisions of individuals are changing as we analyze the
interaction between modifiable and non-modifiable risks. To exploit the full poten-
tial of Public Health Genomics it might be necessary to set up a coherent system
which addresses all types of risks and risk factors as well as protective factors. We
see such developments already in areas like nutrigenomics or toxicogenomics and
we may see broader applications in fields like cancer, type 2 diabetes, etc. The
integration of genome-based knowledge, the increasing complexity and the diffu-
sion of “health in all policies” will challenge the current governance of innovation.
The methodology of “Health Technology Assessment (HTA)” has been developed
to structure the processes which generate the evidence for evidence-based health
policies [25]. This procedural equity could turn out to be an important step but it
may also hamper genome-based innovations as HTA requires an evidence base
that many new technologies are not even able to generate. The current legal dis-
course seems to be too premature to propose any solutions for the manifold
problems and challenges in the area of health innovations and their regulation.
With the new Art. 152 of the Lisbon Treaty this field will remain as problematic
as it has been in the past 15 years.
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21.10
Limits to the Concept of Health in All Policies in Genomics and Epigenetics

Directly linked to the issue of innovations and their implementation is a more
conceptual and more complex issue. Legal decision-making does not generate
evidence in the field of genomics; instead it depends on the existing evidence
which is provided by researchers and Public Health experts. Yet, in the field of
genomics we see a lot of preliminary evidence; sceptics may even say promises.
Once the new evidence emerges it should be applied immediately for the benefit
of affected or at risk individuals. For the legal discourse we see a dilemma arising
as legal and political health care decision making has the potential to hinder or
delay the implementation of upcoming genome-based knowledge. The core
dilemma exists due to the uncertainty of genome-based innovations, the risk of
adverse reactions, insufficient information and inappropriately educated profes-
sionals. The Health in All Policies approach can only reach its full potential if risks
can be identified and erased. Technically, the regulation can hardly work with soft
principles which need to be balanced. Instead the “Health in All Policies” approach
requires clear norms and technical standards which can be applied throughout
Europe. Thus, the advances in genomics may require preparatory and procedural
legal governance which balances a priori the potential individual and societal legal
positions which may be at odds with each other [11].

While ethical reasoning may work sufficiently with scenarios, many legal schol-
ars will insist that decisions which affect fundamental rights of individuals need
to be sufficiently evidence based and justified by reasons of general public interest.
Thus, the complexity of the evidence and the probabilistic nature of much genome-
based information is a regulatory problem of its own account. In the genetic
setting ethical and legal scholars have discussed how law should handle the
dichotomy of hopes and fears in genetics and predictive medicine. Within the
traditional medical context, medical law has adapted the concept of “indication”
as a scientific “benchmark”. Within the context of genomics it needs to be dis-
cussed whether indication as a “scientifically good reason to act” is still the concept
which we should or could apply. The normal legal reaction to this degree of uncer-
tainty would be the application of the precautionary principle [26]. Depending on
the concept of risk and the translation of evidence into health policies, the precau-
tionary principle may have adverse consequences: either we put the burden of
definite proof on genomics before we allow any application in practice or we
advocate the application of genomics as any delay would put patients and risk
groups at risk.

With the combination of genomics and Public Health we see new layers of the
discourse arising which need to be further analyzed by all professions involved.
Individuals are directly affected by Public Health decisions, in particular in areas
like education of professionals or the allocation of funds. These Public Health
policies are not yet evidence-based and concepts like HTA may not be sufficient
to take account of the exploratory nature of genomics. Genomics is rapidly
advancing and new knowledge is generated every week. The half life of genomic
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knowledge is a major burden for the translation of genome-based knowledge into
health policies.

21.11
Conclusion

We see a need to foster the communication between discourse in law, ethics, poli-
tics and all other relevant stakeholders of the PHG enterprise. While the long term
perspective is rather clear, less certainty exists in terms of the immediate and
mediate time line. In the long run, Public Health Genomics, epigenetics and the
normative sciences shall support individuals and society at large to understand
diseases, to reduce health risks and to combat the major burden of disease in
Europe. The Health in All Policies approach of the EC is one cornerstone in this
strategy as it demonstrates that health goals may not be achieved if health policies
do not leave the traditional domain of health law. Still, the task ahead is rather the
integration and legal management of interfaces. Law can be one tool when stake-
holders from all profession in this enterprise try to organize coherent and consis-
tent policies in all areas of health care and prevention. As a first step, we need to
explore these interfaces and offer procedural solutions for the management of
genome-based knowledge and technologies and the societal trade-offs which seem
to be inevitable as stakeholders pursue progress under the condition of scientific
uncertainty. As a second step it will be necessary to improve the analysis and
communication of health risks (including risks as positive and negative disease
or health outcome modifiers). Health in All Policies can only reach its full
potential if science is able to identify modifiable risks which are open for regula-
tory efforts.
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Taking a First Step: Epigenetic Health and Responsibility
Astrid H. Gesche

Abstract

Confronted with epigenetic challenges, individuals are likely to opt for a number
of possible responses: they could ignore potential risk, avoid detrimental triggers,
maximize risk reduction measures, seek out pharmacological interventions, or
take the opposite approach and pursue strategies for epigenetic enhancement.
After introducing these responses, the chapter reflects on the interplay between
response and responsibility. We continue by recommending the establishment of
an integrated public health policy framework that is capable of protecting the
public interest as well as guiding a process of transformational change toward
assigning greater responsibility to individuals for their and their family’s short and
long-term epigenetic health outcomes.

22.1
Introduction

The methods by which phenotypes are created, sustained or modulated by heredi-
tary and epigenetic mechanisms have been of intense interests to scientists for
some time. In contrast, until recently, public knowledge of epigenetics has been
scant. In the public domain, there have been few discussions regarding the impact
and consequences of epigenetics. However, Brand et al. report that currently sig-
nificant inroads are being made with initiatives taken by the Public Health Genom-
ics Foundation (PHG Foundation, UK) in Cambridge, the Public Health Genomics
European Network (PHGEN) stationed in Bielefeld (Germany), and the US
National Office of Public Health Genomics in Atlanta [1]. Their efforts and those
of others will gradually see a shift toward greater awareness. Such a shift entails
that scientists, health care providers and governments not only educate citizens
about yet another facet of genetics, but, perhaps more importantly, requires them
to motivate their citizens to engage with the new epigenetic knowledge in ways
that avoid or reduce possible detrimental outcomes for themselves and their
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offspring and to accept a share of that responsibility. How a given society and the
individuals embedded within react to epigenetic findings will be influenced by
different world views, personal and cultural values, economic resources, govern-
ment structures, and socio-economic realities. They in turn will shape expectations
and responses. Here we can only introduce one such set of preconditions.

22.2
Responding to Epigenetic Challenges

As public knowledge of epigenetics increases together with a growing awareness
that at least some adverse epigenetic modifications might be preventable or revers-
ible, different reactions from individuals can be expected. By and large, individuals
are likely to respond to epigenetic challenges in two ways: they can either remain
passive or become active. Remaining passive and ignoring potential risks could
lead to potential ill health. Choosing a more proactive path instead might result
in more satisfactory health outcomes.

Different proactive options are possible. A first option is avoidance of detrimen-
tal triggers. If certain environmental influences, such as excessive stress, are
known to cause unfavorable changes to the genome/epigenome interface, a simple
strategy would be to deliberately avoid them. A second option is to take actions
that minimize potential or known risks. As evidence is growing that nutritional
factors can modulate epigenetic outcomes (reviewed by Jirtle and Skinner [2]),
affected individuals may seek to actively down-modulate or reverse known detri-
mental influence(s). Eating healthy, highly specific, even targeted foods is emerg-
ing as a key interventionist strategy for trying to modulate the genome/epigenome
interaction [1]. Achieving and maintaining a healthy body weight before and
during pregnancy is another. For example, maternal undernutrition or malnutri-
tion during critical periods of fetal development has been associated with obesity
[3, 4] and subsequent metabolic disturbances in the offspring, such as an increased
risk of cardiovascular disease and type 2 diabetes. In contrast, maternal overnutri-
tion, obesity or abnormal weight gain during pregnancy have been implicated in
both fetal hyperinsulinemia and larger than normal neonates (LGA), potentially
leading to obesity or the metabolic syndrome in the offspring later in life [5].

A third option with which to counteract negative epigenetic influences is using
pharmacological substances (reviewed by Szyf [6]). Not every individual can be
motivated to lead a stress-reduced lifestyle and to consume healthy foods. Not
every individual has the capacity to be an active partner in such health care mea-
sures and disease prevention and therapy strategies. In these cases, pursuing
pharmacological possibilities may shape up as an alternative option with which to
modify deleterious genes or adverse environmental influences. Although “epigen-
etic therapy” approaches using pharmacological agents are still in their infancy,
they may one day offer new opportunities for directing epigenetic outcomes.

A fourth option pertains to taking advantage of epigenetic processes. Instead of
seeking countermeasures to minimize potentially harmful outcomes, some indi-
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viduals could pursue the opposite. Their goal could be to take advantage of the
epigenetic potential for human enhancement of physical and mental traits, cos-
metic attributes, adaptive fitness, or others. For example, epigenetic enhancement
might improve an organism’s adaptive fitness and chance of survival, perhaps by
strengthening its capacity to adjust more readily to a particular internal or external
environment. Bjorklund [7], reporting on research on cognition that used chim-
panzees as animal model, notes that parental adaptive behavior, precipitated by
long-term changes in the environment, can lead to epigenetic modifications in the
mother that are passed on to her offspring and provide them with a significant
boost to their adaptive fitness [2]. Another scenario which could be exploited for
epigenetic enhancement pertains to how an animal responds to stress. Research
in the rat model has demonstrated that close mother—infant interactions, especially
during the immediate postpartum period, produce offspring that are less anxious
in novel environments and have a weaker stress response compared with offspring
of mothers whose postpartum maternal care was low [8].

223
Responsibility and Public Health Care Policy

In its simplest form, responsibility can be understood as being accountable for
one’s actions and decisions. However, responsibility can also be equated with free
will, a sense of duty, or an awareness of obligation. Acting informed and respon-
sibly presupposes that affected individuals as well as associated health care profes-
sionals have access to information based on scientific evidence, to risk and impact
assessments, to economic forward estimates, and so forth, so that they can make
informed decisions and exercise choice. It also presupposes that they have the
capacity to act, that they are able to influence epigenetic regulatory mechanisms
and, through them, their health and the health of their offspring.

The responses and examples above indicate that considering epigenetic factors
in public health strategy and management is likely to become an important focus
of not only preventative medicine, but also for ethical deliberation and social and
fiscal policy in the future. Will failing to act on epigenetic data be viewed in the
future as failing to prevent likely harm? Will it be treated as negligence? If govern-
ments attempt to prevent epigenetic harm from occurring by exerting financial or
other pressure on the individual to, for example, conform to known nutritional
standards, would this erode the principle of individual freedom? Will it lead to
discrimination and stigmatization, should the individual fail to act in the best
interest of his or her own or offspring’s genome or, if asked to pay, be unable or
unwilling to make a monetary contribution? Rothstein alerts us to further ethical
issues and mentions environmental justice, equity, privacy and confidentiality [9].

As individuals ponder epigenetic implications and respond or do not respond to
options, and as health care costs continue to soar, a near future seems likely in which
civil society, industry, regulatory bodies and government link together and demand
greater personal accountability for health outcomes and request individuals to
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share some of the responsibility for actions taken. Indeed, given the current climate
of fiscal constraint, there might be an expectation that at risk individuals, who have
the capacity to deal with epigenetic risk, but ignore their responsibility, could be
found negligible and asked to substantially contribute to those health costs that rea-
sonably can be assumed to have arisen from their negligence.

How desirable is such a future? Is it not true that states of health and disease
are multi-factorial and epigenetic factors are just one set of determinants (even if
they are strong) among many others? Is it thus preferable to follow the path of
solidarity and relational care and co-responsibility, not least because epigenetic
modulation reaches back into the generational past (over which we have no influ-
ence) and stretches far into an unknowable future? If we ignore this reality and
ask for co-contributions and a sharing of responsibility, do we further close the
door to an “open future” for many individuals and their families whose biological,
social, and economic realities limit their options?

When social and ethical factors of concern to the public collide with govern-
ment’s concerns about financial expenditure and an already heavily strained public
health budget, the likelihood of discontent on both sides can be considerable. It
is at this junction that ethical principles could guide decisions, especially the
principles of transparency, equity, distributive justice and procedural fairness.
Public health officials usually invite the community to participate in the process
of formulating public health policy. One of the benefits of community participa-
tion in public health policy formulation is that it promotes a sense of ownership
of decisions taken and might lead participants to a greater understanding of why
sharing responsibility might constitute the best option. The financial pressure on
governments to rein in their spending on public health might, however, compli-
cate deliberations and could be exacerbated by public argument that meaningful
participation and sustainable transformation can only develop within an environ-
ment where options are grounded in real capacity and are based on genuine
choices, which might sometimes be difficult or impossible to attain without finan-
cial support.

As with so many complex issues emerging in science and technology, it is desir-
able to have an integrative approach to strategy and policy development that is
based on scientific evidence and characterized by an overarching, ethically sound,
co-operative policy framework. Such framework should be underpinned by con-
tinuous feedback loops that combine emerging knowledge and expertise with
stakeholder input and expectations for risk analysis processes that include ongoing
monitoring, assessment and evaluation processes, and should have the necessary
quality control mechanisms in place that foster ethically fair, equitable and sustain-
able outcomes.

22.4
Conclusion

A web of complex and finely tuned interactions of hereditary and epigenetic
mechanisms plays a pivotal role in gene expression. Unfavorable environments
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can negatively influence epigenetic regulation, leading to a higher risk of develop-

ing chronic diseases. In addition, epigenetic changes can be passed on to succes-

sive generations. There is a growing awareness that each individual may be able

to partially influence epigenetic events and minimize particular negative epigen-
etic outcomes. Public health needs to respond to these emerging challenges by
taking a first step and building an integrated, ethically sound policy framework
from which to deal with emerging social, ethical and legal issues in the rapidly
expanding area of epigenetics. A health policy framework is desirable that not only
protects the public interest, but is also capable of guiding a process of transforma-
tional change that has at its center a commitment to share responsibilities and

obligations sustainably and fairly.
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