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Preface

This book joins two fields, epidemiology and epigenetics, to take advantage of their
respective strengths in creating the science of epigenetic epidemiology. Epidemiol-
ogy is the study of the frequency, distribution, and determinants of health and
disease in humans. As a science fundamental to the study of public health, epidemi-
ology is concerned with the prevention and effective control of disease. Epidemiol-
ogy has early roots with the Greek physician Hippocrates, was and is essential in
resolving infectious disease epidemics and pandemics ranging from cholera to
COVID-19, and takes center stage in unveiling the causes of the chronic disease
epidemics of our times including cardiovascular disease, diabetes, and cancer [1].

Epigenetics is the mitotically heritable state of the gene expression potential [2].
Gene expression is the response to cell-specific extracellular signals, and epigenetic
mechanisms such as DNAmethylation and histone modification govern the ability to
respond appropriately to these signals. While the field of epigenetics has evolved
over the past four decades, interest has been increasing exponentially. While initial
work was conducted in plants and animal models, the focus has shifted on the role of
epigenetics in human health and disease. Many intriguing and important
observations have emerged, but numerous fundamental questions in epigenetic
mechanisms in humans remain unanswered, providing abundant opportunities for
discovery in the context of epidemiologic studies.

These two “epi” sciences (epidemiology: upon the people; epigenetics: above
genetics) meet at the intersection of epigenetic variation and the distribution of
disease [3]. Epigenetic epidemiology is defined as the study of the association
between epigenetic variation and the risk of disease in humans [2]. Marrying a
bench science and a population science creates both challenges and opportunities.
The amalgamation of the two fields creates a science that supports the study of the
role of epigenetic modifications in human disease etiology, the appreciation of
epigenetics as a possible mechanistic link between environmental exposures and
disease outcomes, and the discovery of new disease biomarkers [3]. Since the
epigenetic signature is amenable to changes by environmental stressors, identifying
factors that create or correct disease-specific patterns provides new possibilities for
prevention and treatment.

Epidemiology and epigenetics share the elements of time and variability.
Epidemics vary with time and infectious disease epidemics arise in regular intervals.
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The epigenetic code—unlike the genetic code—is modifiable [4] and, while fairly
robust [5] changes with age [6–8] and as a result of environmental influences [3,
8–10]. Epigenetic epidemiology relies on associations between those epigenetic
marks with considerable interindividual variability and the incidence of disease.

This book is intended to be a resource for epidemiologists and epigeneticists
alike. It provides insights into the mechanisms and methods in both fields to enable
scientists to learn from each other, collaborate, and conduct qualitatively sound
studies. Epidemiologists wishing to incorporate an epigenetic component into their
epidemiologic study will find useful tools here such as guidance on the appropriate
epigenetic methods and specifics about strengths and weaknesses of various labora-
tory assays. Epigeneticists will find relevant information on how to embed their
research ideas into a population-based study, how to choose their study design and
population, what pitfalls to watch out for, and the appropriate statistical analyses of
their research findings.

In this second edition of “Epigenetic Epidemiology,” we build and expand upon
our successful previous collection and include chapters on the formation of the
epigenome during development, the role of genomic imprinting, the role of
epigenetics as a mechanistic underpinning of the developmental origins of health
and disease, the potential impact of assisted reproductive technology on the
epigenome, the influence of age and environmental factors on the epigenetic profile,
and summaries of the state of the art in epigenetic epidemiologic research on a
number of important diseases including cancer, infectious diseases, inflammation
and rheumatoid arthritis, asthma, autism and other neurodevelopmental disorders,
psychiatric disorders, metabolic disorders, and vascular disease. We also add signif-
icant new advances in epigenetics made since our first edition with particular
emphasis on cutting-edge developments such as the epigenetic clock [11],
epigenome editing [12], the Epigenome Roadmap [13], the Genotype-Tissue
Expression (GTEx) project [14, 15], methylation patterns of circulating cell-free
DNA [16], single-cell analysis [17, 18], and oncohistones [19].

We hope that this second edition of “Epigenetic Epidemiology” provides a useful
tool in advancing this blossoming field encompassing the study of epigenetic varia-
tion in large heterogeneous populations as well as epigenome-wide association
studies (EWAS).

Los Angeles, CA Karin B. Michels
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Abstract

The output of the genome is controlled by the interaction of transcription factors with
the epigenome. Epigenetic processes such as DNA methylation, histone modifica-
tion, histone variants, noncoding RNAs, and nucleosomal remodeling machines
interact with each other to ensure stable states of gene expression. These processes
can become dysregulated during aging, exposure to environmental stressors, and the
development of cancer and other diseases. DNA methylation patterns can be rela-
tively easily read by high throughput techniques and provide information reflecting
the influence of the environment and aging on the functionality of the epigenome.
Analysis of DNA methylation patterns, therefore, provides an exciting new route to
understanding how the environment interacts with the epigenome to cause disease.
Despite the promise of DNAmethylation patterns for epidemiologic studies, caution
in interpreting data from surrogate tissues is necessary and cellular heterogeneity can
also complicate interpretation of the data. In addition, DNA methylation within the
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body of genes can influence the response of the genome to the environment.
Hypomethylation of repetitive elements can lead to genomic instability and ectopic
gene expression. Methylation of coding regions can directly increase the rate of
spontaneous hydrolytic mutations and increase the mutational frequency induced by
carcinogens and radiation. Epigenetic processes can therefore contribute in multiple
ways to the development of human diseases particularly cancer.

Abbreviations

5mC 5-methylcytosine
5hmC 5-hydroxymethylcytosine
5fC 5-formylcytosine
5caC 5-carboxylcytosine
CHD Chromodomain Helicase DNA binding protein
ChIP Chromatin immunoprecipitation
DNMT1 DNA methyltransferase 1
DNMT3A DNA methyltransferase 3A
DNMT3B DNA methyltransferase 3B
eRNA enhancer RNA
ecRNA extra-coding RNA
ISWI imitation SWItch
KDM lysine demethylase
lncRNA long noncoding RNA
ncRNA noncoding RNA
OxBS oxidative bisulfite sequencing
PRC2 Polycomb Repressive Complex 2
SAM S-adenosine methionine
SWI/SNF SWItch/Sucrose Non-Fermentable
TAB-seq Tet-assisted bisulfite sequencing
TDG thymine DNA glycosylases
TETs Ten-eleven translocation enzymes
UDG uracil DNA glycosylases
UHRF1 Ubiquitin-like, containing PHD and RING finger domains, 1

1.1 Introduction

The genetic information encoded in the DNA of living organisms has to be read and
interpreted in cells in such a way that its expression is highly controlled in response to
developmental and environmental cues. Eukaryotic organisms, unlike prokaryotes,
package their DNA into chromatin in which the fundamental building block is the
nucleosome consisting of �146 bp of DNA wrapped around an octamer of histones
(Fig. 1.1). This packaging is essential to fit the DNA into the confines of the
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Fig. 1.1 Epigenetic processes. The DNA in living cells is complexed with proteins and RNA to fit
into the structural confines of the mammalian nucleus. Most DNA is found in nucleosomes which
contain about 146 base pairs of DNA wound around a histone octamer. The DNA can be modified
by the application of methyl groups to cytosine residues in the simple palindromic sequence CpG.
The tails of the histones and some internal amino acid residues are subject to posttranslational
modifications which have significance in terms of dictating transcriptional competence. Nucleo-
some remodelers are necessary to expose regions of DNA so that it is accessible to the transcrip-
tional and regulatory machinery. Noncoding RNAs also participate in the organization and
functionality of chromatin. The various covalent marks communicate with each other and with
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mammalian nucleus and also to provide functionality in different cell types. The
combination of DNA and histones within the nucleosome is inherently refractory to
transcription and nucleosomes have to be moved around or even evicted from particu-
lar places to allow gene expression to occur. This chromatin substrate, which is read by
transcription factors in differentiated cell types, is what constitutes the epigenome. The
accessibility or lack thereof of the genetic code is governed by chemical modifications
which are applied to both the DNA and the protein components of chromatin and
recent advances in high-throughput technologies now allow us to read these epigenetic
modifications in their entireties in differentiated cell types.
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The roles of the different modifications during development and stability of
differentiated states are now beginning to become apparent, as are the switching
mechanisms which occur during the development of a human from a fertilized egg.
Epigenetic information is heritable in somatic cells and can be copied after DNA
synthesis and mitosis to ensure stability of cellular states. However, the epigenome is
susceptible to alterations induced by the environment, nutrition, and other factors, so
that potential changes in the packaging of genetic information can subsequently be
copied in differentiated cells giving rise to both normal and abnormal cell states.
Missteps in epigenetic processes can give rise to cancer and possibly to several other
human diseases. We are just beginning to understand the multiple effects of the
environment on epigenetic modifications and since these are potentially reversible,
there is the possibility that several different diseases which have an epigenetic basis
may be subject to pharmacological rectification [1].

1.2 Four Interacting Systems of Epigenetic Control

DNA in the nucleus of the cell is wrapped around an octamer containing 8 histone
molecules in the fundamental structure of the nucleosome. The nucleosome contains
about 146 bp of DNA and packages the DNA into the confines of the nucleus and
also controls the output of the genome (Fig. 1.1). The nucleosome compactness is

Fig. 1.1 (continued) remodeling machines to define the structure of different epigenomes and
different cell types (Reprinted with permission from Nature [1])
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quite refractory to the initiation of transcription and nucleosomes need to be physi-
cally moved by nanomolecular machines to open up the DNA and allow transcrip-
tion factors to initiate transcription.

The packaging and output are controlled by interaction between the various
molecules that constitute chromatin and these systems interact with each other as
depicted in Fig. 1.2. A variety of covalent marks and the presence of distinct histone
variants, together with the involvement of noncoding RNA (ncRNA), are essential to
the proper control of gene activity. DNA may become modified by the application of
methyl groups to the 5 position of the cytosine ring and patterns of DNAmethylation
which are established during early development and differentiation can be copied

Writer

Eraser

a

b

Nucleosome
Remodeling

DNA 
Methylation ncRNAs

Histone 
Modifications

Reader
unmethylated

5mC
histone PTM

Fig. 1.2 Four interacting systems ensure epigenetic control. (a) Chromatin modifying enzymes act
on chromatin in three primary ways. “Writers” deposit chemical modifications on the nucleosomal
histones and DNA. “Readers” contain specific domains that bind certain chemical modifications on
the nucleosome and DNA. “Erasers” remove chemical modifications from chromatin. (b) The four
epigenetic processes outlined (among others) communicate to ensure somatically heritable states of
gene expression in the context of the nucleosome. For example, DNA methylation and histone
modification interact with each other and chromatin remodeling machines to position nucleosomes
into active or repressive states. DNA methylation can also control the expression of noncoding
RNAs which in turn can alter DNA methylation states in plants and human cells. These systems are
mutually self-reinforcing and therefore can both initiate silencing and maintain previously silenced
states. 5mC (5-methylcytosine); histone PTMs (histone post-translational modifications)
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giving rise to somatically heritable states of gene expression which can be passed
from one daughter cell to the next.

Datei: 978-94-007-2495-2_2_Fig2_SB7.gif
Abb.-Typ: Strich-Abb.
Farbigkeit (IST): 1c
Farbigkeit (SOLL): 1c
Bildrechte: [Urheberrecht beim Autor]
Abdruckrechte: Nicht notwendig
Hinweise Verlag/Setzerei:

The nucleosome contains two copies of each of the basic histone proteins, H2A,
H2B, H3, and H4, and the tails of these histones are subject to a large number of
covalent modifications which convey information regarding the stability of the
nucleosome and its accessibility to transcription (Fig. 1.2). Some of these covalent
modifications, such as acetylation and methylation of particular lysine residues are
associated with active gene transcription. On the other hand, modifications such as
methylation of other lysine residues can result in transcriptional silencing. In addi-
tion, certain histone variants such as histone H3.3 or histone H2A.Z are inserted into
nucleosomes within specific places in the transcriptional unit and play important
roles in gene activation or repression.

The covalent modifications of DNA and of histones communicate with each other
at a biochemical level in ways that are now being unraveled. Together these
processes can collaborate to ensure stable states of transcriptional competency. An
enduring paradigm that has emerged over the past two decades recognizes that
chromatin modifiers function in three predominant ways: (1) writers, (2) readers,
and (3) erasers of covalent chromatin modifications [2] (Fig. 1.2a). Importantly, an
individual chromatin modifier can perform a combination of these functions. For
instance, the maintenance of DNA methylation is a coordinated effort between two
different chromatin modifiers, UHRF1 (Ubiquitin-like, containing PHD, and RING
finger domains, 1), and DNMT1 (DNA methyltransferase 1), which are both capable
of reading and writing covalent chromatin modifications. UHRF1 can read both
histone and DNA modifications in a nucleosomal context, and when it recognizes
hemimethylated DNA, UHRF1 writes a ubiquitin mark onto the histone H3 tail [3–
6]. DNMT1 reads the ubiquitin mark through its N-terminus, and then writes DNA
methylation onto the daughter strand of DNA following replication [7]. Additionally,
covalent modifications on chromatin can be removed (erased) through similar reader
recognition and subsequent demethylase (eraser) activity. For example, Su and
colleagues [8] identified that the lysine demethylase KDM4B reads H3K23me3,
which subsequently stimulates the erasure of H3K36me3 by the enzyme. We have
highlighted two examples of how chromatin modifiers coordinate writer, reader, and
eraser functions to regulate chromatin structure and function; however, the predomi-
nance of these fundamental epigenetic processes is expansive and extends to nucle-
osome remodeling and ncRNA mechanisms as well.
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Figure 1.2b also depicts the role of nucleosomal remodeling in epigenetic pro-
cesses. As mentioned earlier, the presence of nucleosomes at transcriptional start
sites is inherently refractory to transcriptional initiation and a whole series of multi-
protein complexes use the energy of ATP to move nucleosomes around and expose
different parts of the DNA thus allowing transcription to occur. Our understanding of
how chromatin remodelers interact with the underlying epigenomic landscape to
direct nucleosome positioning is becoming ever more clear and exceedingly com-
plex. Four different chromatin remodeling subfamilies (ISWI (Imitation SWItch),
CHD (Chromodomain Helicase DNA binding protein), SWI/SNF (SWItch/Sucrose
Non-Fermentable), INO80) share the roles of nucleosome assembly and organiza-
tion, chromatin accessibility, and exchange of histones (including variants) into
nucleosome octamers [9]. As with other chromatin modifying enzymes, chromatin
remodelers such as SWI/SNF and CHD complexes are targeted to particular geno-
mic locations through reader domains that recognize the underlying covalent
modifications on chromatin to mediate changes in nucleosome occupancy [9].

Recent work has cemented the important role of ncRNA species in the establish-
ment and stability of epigenetic states. The role of RNA is quite well understood in
organisms such as yeast and also in plants where it has been shown directly that
ncRNAs can lead to DNA methylation and histone modifications which are impor-
tant for keeping particular chromosomal regions silent by the formation of more
densely packed configurations. In mammals, for example, the long ncRNA
(lncRNA) Xist is expressed from the future inactive X-chromosome and initiates
deposition of repressive histone modifications and DNA methylation to silence one
of the X-chromosomes in females [10]. Additionally, certain microRNAs can
downregulate chromatin modifiers such as DNA methyltransferases [11] or histone
methyltransferases [12, 13]. The exact role of RNA in human epigenetic states has
expanded over the past decade to encompass a large repertoire of RNA molecules
with diverse functions for chromatin regulation. For example, we now appreciate
that distal enhancers, when highly active, express enhancer RNAs (eRNAs) that bind
to chromatin modifiers such as CBP and BRD4 to facilitate histone acetylation and
transcriptional cofactor recruitment, respectively [14–16]. Additionally, extra-
coding RNAs (ecRNAs) transcribed from nearby protein-coding gene promoters
can directly interact with DNMT1 to inhibit methyltransferase activity and permit
mRNA transcription of target genes [17, 18]. The lncRNA HOTAIR binds to
Polycomb Repressive Complex 2 (PRC2) and recruits the complex to specific
genomic loci to deposit trimethylation on lysine 27 of histone H3 (H3K27me3) for
gene silencing [19]. Collectively, these studies demonstrate that ncRNAs play an
essential role in regulating chromatin structure to mediate transcriptional responses.
As new technologies continue to be developed to dissect interactions between
ncRNA and chromatin, our understanding of chromatin regulation by these
mechanisms will become more clear.

Recent developments in chromatin immunoprecipitation (ChIP) procedures and
the coupling of these approaches with high throughput sequencing now makes it
relatively simple to map the distribution of the different epigenetic marks on a
genome-wide basis. Over the past decade, major consortiums such as ENCODE,
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the Epigenome Roadmap, and the International Human Epigenome Consortium
(IHEC) have extensively mapped histone modifications, DNA methylation, gene
expression, and chromatin structure across multiple tissue types, disease states, and
cell lines providing an invaluable resource for researchers worldwide [20–22]. Sig-
nificantly, the collection of these datasets has allowed for sophisticated computa-
tional methodologies, such as ChromHMM, to impute chromatin and transcriptional
states across the genome [23]. Collectively, these efforts have provided a solid
foundation for understanding the structure and function of the epigenomic land-
scape, and have allowed research groups to ask more pointed questions regarding the
regulation of the epigenome.

Although it is clear that all of the processes outlined in Fig. 1.2b are contributing
to epigenetic behavior and that all of them might be potentially altered by different
environmental and nutritional influences. It is very likely that nutrition and the
environment cause immediate and potentially reversible alterations to histone
modifications, which could be the subject of detailed epidemiologic studies. This
review will, however, focus on the promise and potential of DNA methylation
analysis for epidemiologic studies because the 5-methylcytosine mark is inherently
more stable than the chromatin structure and the code of DNA methylation can be
more easily and quantitatively read so that its role in disease states can be better
understood.

1.3 The Basics of DNA Methylation

About 1% of the cytosine residues in human DNA become methylated after the
DNA is synthesized by the application of a methyl group from S-adenosine methio-
nine (SAM) to the 5 position of the cytosine ring (Fig. 1.3a). The modification occurs
very shortly after DNA has been synthesized although there clearly is some methyl-
ation that occurs hours after the DNA has left the replication fork [24]. Recent
evidence supports this notion and suggests that high-density CpG dinucleotides are
more rapidly maintained than low-density CpGs [25–27]. There are at least three
enzymes that are responsible for setting up and maintaining DNA methylation
patterns. DNA methyltransferase 3A (DNMT3A) and DNMT3B are thought to act
early in development and can apply methyl groups to unmethylated and
hemimethylated DNA (in which one strand has methylation and the other not).
DNMT1 is thought to act primarily as a “maintenance enzyme” [28, 29] in that it
has a preference for hemimethylated DNA and is the most active DNA
methyltransferase in somatic cells [30]. All three of these enzymes have been
shown, in gene knockout experiments in mice to be essential for mouse development
demonstrating that DNA methylation is required for mammalian development.
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Fig. 1.3 Covalent modifications in DNA. (a) Almost all of the cytosine methylation in human
DNA occurs in the simple palindrome CpG in which either both cytosines are methylated or neither
are methylated as shown. The recent demonstration of 5-hydroxymethylcytosine (5hmC) in DNA
suggests that a certain number of these sites are further modified by the TET proteins as indicated
above. Recently non-CpG methylation in the sequence CHG (where H represents any base other
than G) has been observed in human embryonic stem cells and brain tissue. These discoveries
complicate the further dissection of the role of 5-methylcytosine (5mC) in gene control and need to
be considered in epidemiologic studies. (b) Cytosine residues in DNA are modified by the applica-
tion of a methyl group from S-adenosyl methionine to the 5 position of the cytosine ring. The TET
proteins have been shown to be capable of further modification of 5-methylcytosine (5mC) by
sequential oxidation of the methyl group substrate. 5hmC is the first oxidation product by the TET
proteins; however, this modification is not recognized by thymine DNA glycosylase (TDG) for base
excision repair. The TET proteins can further oxidize 5hmC to 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC). Once the methyl group on cytosine is oxidized to 5fC and 5caC,
TDG recognizes these modified cytosines for base excision repair to replace the oxidized bases
with unmodified cytosines. Collectively, the process of sequential oxidation of 5mC by the TET
proteins is widely accepted as the mechanism for active DNA demethylation
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These enzymes were thought to act largely in an autonomous manner with the
DNMT3A and 3B “de novo methylases” required for early establishment of meth-
ylation patterns and DNMT1 then taking over to faithfully copy these patterns once
they had been established. However, we have argued that this is unlikely to be the
case and have proposed cooperativity between the enzymes in order to appropriately
maintain DNA methylation patterns in normal and transformed cells [30]. The
methylation activities of these enzymes are also regulated by accessory proteins
which alter the methylating capability of the enzymes. For example, the catalytically
inactive form of DNMT3 (DNMT3L) is strongly expressed in embryonic stem cells
and is highly stimulatory to the DNA methylating activity of both DNMT3A and 3B
[31]. Additionally, recent evidence from our group and others demonstrates that
catalytically inactive DNMT3B isoforms can also act as accessory proteins for
DNMT3A and 3B [32–34]. As described previously, DNMT1 also requires a
cofactor, UHRF1, to effectively mediate maintenance DNA methylation in both
embryonic and somatic cells [35–37].

The existence of tissue-specific patterns of DNA methylation has been known for
a long time and these patterns are known to be strongly associated with gene
expression. Methylation of gene promoters is commonly linked to silencing, and
this mechanism may also exist at intragenic CpG islands to control tissue-specific
expression of transcripts from alternative promoters [38]. Indeed, DNMT3B-
mediated gene body methylation acts to deter spurious RNA-polymerase II entry
and subsequent cryptic transcription [39]. The complexity of maintaining DNA
methylation patterns is not completely understood; however, errors in the process
can occur under normal conditions such as aging and in abnormal situations such as
those which occur as a result of exposure to environmental insults. For this reason,
the study of DNA methylation patterns in normal and diseased states has become of
great importance. However, many of the observed alterations may have no direct
role in the aging process or disease and it is still very difficult to distinguish between
causative changes and alterations which have no functional consequence.

Almost all of the methylation of cytosine residues in somatic cell DNA occurs in
the simple palindromic sequence, CpG (Fig. 1.3a). Most studies relating to DNA
modification have focused on this covalent addition of the methyl group, however, it
has recently become clear that other sequences and other modifications are also
present in human DNA. For example, genome-wide studies in human embryonic
stem cells have shown a high proportion of non-CpG methylation in particular
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regions of human DNA in this early developmental state [40]. The physiologic
significance of this is not understood, however, it may be due to the very high
level of the DNMT3A and 3B enzymes in embryonic stem cells causing methylation
at sites which subsequently lose their methylation at later stages of development
possibly because the substrate generated after DNA synthesis would not be
recognized and inherited by DNMT1. Notably, accumulation of non-CpG methyla-
tion (mediated by DNMT3A) is observed in an age-dependent manner in neurons of
the brain; however, the functional role of non-CpG methylation in both of these
tissue types remains poorly understood [41, 42].

Until recently, it was believed that 5-methylcytosine was the only modified base
in human DNA but tremendous excitement has also been generated by the detection
of 5-hydroxymethylcytosine in brain cell DNA and also in leukemia cells
[43, 44]. The TET (Ten-Eleven Translocation) proteins are capable of oxidizing
5-methylcytosine in a stepwise manner to 5-hydroxymethylcytosine,
5-formylcytosine, and 5-carboxylcytosine (Fig. 1.3b). Importantly, thymine DNA
glycosylase (TDG) can recognize 5-formylcytosine and 5-carboxylcytosine and
excise these bases from the DNA strand to be replaced by unmodified cytosine
[45, 46]. Collectively, oxidation of 5-methylcytosine is now widely accepted as a
means of active DNA demethylation. The hydroxymethylation state is not distin-
guished from 5-methylcytosine by standard bisulfite sequencing technology which is
often used to map DNA methylation in human cells; however, upstream
modifications to standard bisulfite sequencing such as Tet-assisted bisulfite sequenc-
ing (TAB-seq) and Oxidative bisulfite sequencing (Ox-BS) now allow us to distin-
guish 5-methylcytosine from 5-hydroxymethylcytosine at base-pair resolution
[47, 48]. By adopting these new approaches, active research continues to parse out
the roles of these different DNA modifications in the genome to better understand
how they contribute to chromatin accessibility and gene regulation.

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

1.4 Shaping of the Genome by DNA Methylation

DNA cytosine methylation has had a profound effect on the structure of the genome
because the application of the methyl group to the 5 position on the cytosine ring
creates mutational hotspots in DNA [49]. The methylation of DNA in germ cells has
resulted in the depletion of the methylation acceptor site CpG during the course of
evolution [50]. Recently, we have suggested that a major function of cytosine
methylation is to suppress the activities of transposable elements in the genome.
This has led not only to the huge expansion of the genomes of organisms that
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methylate their DNAs but also to the creation of CpG islands [51]. Cytosine residues
paired with guanines are known to undergo spontaneous hydrolytic deamination
reactions of the order of 100 deaminations per genome per day (Fig. 1.4). The
product of this deamination is an uracil residue which is not normally found in
DNA and which can be rapidly and accurately repaired by ubiquitous and highly
expressed uracil DNA glycosylase enzymes (UDG), which remove the uracil base
and this results in the reinsertion of the cytosine residue so that no mutational events
occur.
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The presence of a methyl group on the 5 position of the DNA increases the rate of
spontaneous deamination by about 2.5-fold [52], but more importantly, results in the
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Fig. 1.4 5-Methylcytosine as a mutational hotspot. CpG sites in DNA are hotspots for C to T
transition mutations in human DNA. Both cytosine and 5-methylcytosine can undergo spontaneous
hydrolytic deamination to form uracil and thymine, respectively. Uracil is not a DNA base and is
rapidly and accurately repaired by uracil DNA glycosylase (UDG). Thymine, being a natural
component of DNA, is more difficult to accurately repair by thymine DNA glycosylase (TDG) or
methyl binding protein domain 4 (MBD4). This has led to the loss of CpG sites which previously
were methylated in the germline during evolution and has led to the generation of CpG islands
which somehow have escaped methylation in the germline. CpG methylation in the germline
contributes to about 30% of all new disease causing familial mutations in humans [50]. In somatic
cells, it can lead to mutations in tumor suppressor genes thus causing cancer
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generation of a thymine residue as a deamination product rather than uracil. Thy-
mine, being a normal constituent of DNA, is more difficult to repair. Although
thymine DNA glycosylases (TDG) or MBD4 are capable of repairing most deami-
nation sites in the correct direction there is an increased possibility of the C to T
transition mutation occurring following DNA methylation and deamination. As
mentioned above, this process has led to the depletion of CpG sites in the bulk of
human DNA because most of the CpG sites in germ cells are methylated and
therefore subject to this increased mutability. Regions of DNA that are not
methylated in germ cells have escaped this depletion of CpG sites and this has
resulted in the presence of so-called “CpG islands” which are small regions of DNA
about 1 kb in length, which occur in the promoters of a substantial portion of human
genes [53]. These CpG islands usually remain unmethylated in all normal tissues and
this is associated with transcriptional competency. On the other hand, the abnormal
methylation of these CpG sites can cause gene silencing resulting in cancer and other
diseases.

Figure 1.5 outlines how some cytosine methylations can be involved in normal
gene control and can directly interact with the environment. About 50% of human
genes contain unmethylated CpG islands in their promoters and first exons, whereas
repetitive elements including Alus and LINES tend to be methylated, as do the
coding portions of genes within the exons as indicated. Abnormal methylation of the
CpG islands, which can be the result of copying errors associated with cell division,
aging, diet, or exposure to carcinogens or other environmental stressors can result in
the silencing of genes as indicated in Fig. 1.5a. This process has been well studied in
cancer where between 1% and 10% of the CpG islands within genes have acquired
abnormal methylation patterns during transformation [54]. The Fig. 1.5b also shows
that demethylation of repetitive elements such as those within Alus and LINES can
frequently occur [55] and this alteration is often related to disease outcomes in
epidemiologic studies since these elements are abundant in DNA and their methyla-
tion status can be measured relatively easily using quantitative techniques such as
pyrosequencing [56].
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Figure 1.5a also shows that the gene body methylation which occurs in exons can
have profound effects on carcinogenesis. For example, the spontaneous deamination
of these methylated sites can give rise to mutations in tumor suppressor genes
[57]. The presence of 5-methylcytosine in the coding regions of genes increases
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the rate at which mutations are introduced by ultraviolet light during the develop-
ment of skin cancers [58]. This is because 5-methylcytosine absorbs UV light at a
wavelength more prevalent in sunlight than cytosine, thus increasing the chances of
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Fig. 1.5 The methylation status and effects of methylation on the carcinogenic process. (a) A
promoter CpG island containing gene in which the gene is actively expressed due to a lack of
methylation (shown as open circles) at the transcriptional start site. Oncogene and/or repetitive
elements such as Alus or LINES located in the gene body are generally extensively methylated
(closed circles) as are the CpG sites which are found within the coding regions of the gene. Promoter
CpG islands can undergo inappropriate silencing and methylation of the CpG sites in response to
aging, cell division, nutrition, or exposure to environmental carcinogens. Demethylation of repeti-
tive elements has often been observed during carcinogenesis and can be easily measured because of
the high copy number of these elements in human DNA. The methylation of CpG sites within the
exon can increase the rate of somatic mutations directly by increasing the frequency of C to T
transition mutations. It also can alter the interaction of the DNAwith the environment. For example,
it can increase UV absorption and increase the binding of carcinogens to DNA. (b) Often
overlooked, is the demethylation of non-CpG island promoters which can result in inappropriate
gene inactivation as opposed to silencing during carcinogenesis
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mutations. Pfeifer et al. [58] have also shown that methylated CpG dinucleotides are
the preferred targets for G to T transversions which are the most common mutations
induced in mammalian cells by benzo(a)pyrene derived from tobacco smoke. Anal-
ysis of the mutational spectrum in human cancers can therefore provide evidence of
value to the epidemiologist because the pattern of mutations can provide evidence of
the most likely environmental cause [59]. For example, the high prevalence of C to T
transition mutations at CpG dinucleotides in the p53 gene in colorectal cancer argues
that these are most likely induced by endogenous processes potentially involving
increased cell division [60] rather than being caused directly by exposure to
carcinogens in the gut.

Figure 1.5b also shows that many tissue-specific genes which do not have CpG
islands in their promoters can be ectopically activated as a function of aging and cell
division. The potential role of non-CpG island methylation in gene control has been
largely neglected in the field even though there is strong evidence that methylation of
such regions can preclude gene expression [61]. Several studies have recently
pointed to widespread hypomethylation of such regions in tumors and apparently
normal cells adjacent to the tumor [55]. Since chemical carcinogens can inhibit DNA
methylation, these processes can potentially result in the ectopic activation of genes
which could play a significant role in the tumorigenic process.

1.5 Effects of the Environment on DNA Methylation

Soon after the discovery of the presence of 5-methylcytosine in DNA, work began to
determine whether the levels of the modified base were altered in cancer and to
determine whether chemical carcinogens could directly influence the methylation
process. Lapeyre and Becker [62] showed that primary hepatocarcinoma and
transplantable mouse liver tumors contained decreased levels of 5-methylcytosine
relative to normal liver. Subsequently, human leukemias and other uncultured
tumors were found to have altered levels of DNA methylation [63]. Many such
studies showed alterations in the overall levels of DNA methylation in cancer cells;
however, Feinberg and Vogelstein [64] were the first to show that the methylation of
specific sites within individual gene bodies was decreased in uncultured tumors.
These early studies summarized by Riggs and Jones [63] established clearly that
DNA methylation was fundamentally altered in cell lines and cancers.

Given the emerging interest in the potential role of 5-methylcytosine in
controlling gene expression [28, 29] there was increasing research activity in
determining the potential role of DNA methylation in cancer. The thrust of this
work was on the potential for carcinogens to heritably alter the regulation of genes
rather than on their abilities to cause mutations as discussed earlier. Early pioneers
such as Drahovsky and Morris [65] began work to determine whether chemical
carcinogens could influence DNA methylation reactions in the test tube. These
studies, also summarized in Riggs and Jones [63], pointed strongly to the possibility
that chemicals in the environment including benzo(a)pyrene might be able to
influence the DNA methylation machinery and that this could participate in the
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oncogenic process. Evidence that this was indeed the case came from studies of
Wilson and Jones [66] using cultured cells and Wilson et al. [67] using freshly
explanted normal human bronchial epithelial cells.

In a recent landmark paper, Vaz et. al. [68] demonstrated that chronic cigarette
smoke exposure of human bronchial epithelial cells in organoid cultures resulted in
an accelerated change in the distribution of genomic methylation patterns. Impor-
tantly they observed de novo methylation of CpG islands which are normally
silenced by the polycomb repressive complex. These studies along with many others
which have been conducted over a long period of time, strongly support the idea that
chemical and other carcinogens can directly impact genomic DNA methylation
patterns. Indeed, analysis of genomic methylation patterns in many thousands of
uncultured human cancers examined in the TCGA project, show that almost all of
them harbor profoundly altered epigenomes compared to their normal counterparts.
Also, the patterns can often be correlated with exposures to environmental factors or
to somatically acquired or germline mutations [69–72].

1.6 The Role of Aging

A potential effect of aging on DNA methylation was suggested by Wilson and Jones
[66] who showed that the lifespan of cells in culture was linked to the rate of overall
loss of 5-methylcytosine levels. Subsequent experiments by Mays-Hoopes et al. [73]
showed that alterations in DNA cytosine methylation also occurred in the
intercisternal A particles (IAP genes) within mice. These studies which
demonstrated hypomethylation as a function of age again emphasized that DNA
methylation levels, while somatically heritable, were not completely invariant and
could be used as markers for aging and exposure to chemicals.

The pioneering work of Ahuja and Issa and colleagues [74] in showing that
hypermethylation of CpG islands in the colonic epithelium of people without cancer
could be directly linked to the age, was also of great value in showing that the
epigenome reacts to the increased cell division which accompanies aging. More
recent work in mice has shown widespread and tissue-specific DNA methylation
changes showing that epigenetic regulation is a common feature of aging in
mammals [75]. Since aging is a major risk factor for cancer, these alterations
might provide a biochemical basis for the subsequent development of tumors.

The development of bead-based arrays by Illumina now allows for the rapid
interrogation of almost a million CpG sites from a given sample in a single experi-
ment. Importantly the interrogated sites are widely distributed in the genome and
include not only transcription start sites but also enhancers, gene bodies, and even
some repetitive elements among others. An enormous amount of methylation data
has now been deposited in databases leading to a much more comprehensive
appreciation of methylation changes with aging. Several “epigenetic clocks” have
been proposed. These clocks link developmental and maintenance processes to
biological aging and are already showing themselves to have many practical and
experimental uses [76]. Although some of the clocks were specifically developed to
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use CpG sites which have no known functionality and are therefore useful across a
wide range of tissues, others have concentrated on potentially functional changes
such as the age-dependent methylation of genes that are suppressed in stem cells by
the polycomb repressive complex [77]. It has also been proposed that DNA methyl-
ation loss in late-replicating domains is linked to the number of mitotic cell divisions
providing alternative clocks [78].

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

1.7 The Use of Surrogate Tissues

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

Despite these reservations, useful information can be obtained from peripheral
blood DNA methylation studies which might have value in determining the influ-
ence of nutrition or age, for example, on particular epigenomic marker. For example,
the DNA methylation patterns of imprinted genes which are possibly methylated to
similar extents in different tissues might be suitable as a surrogate although this
remains to be shown. Another would be the methylation status of repetitive DNAs
such as Alus and LINEs which do not show a great deal of inter tissue variations and
which have been successfully used to measure changes in response to benzene
exposure [79]. It is also important to consider the potential biological significance
of relatively small changes which might be uncovered by these studies if there is an
attempt being made to link the changes to a particular disease state. For example, it is
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not known whether small changes in the methylation status of a given promoter
necessarily translate an alteration in gene expression.

1.8 Appropriate Controls

As mentioned earlier, epigenetic analyses differ from genetic analysis because the
epigenome is cell type-specific and is altered by environmental factors. This makes
the appropriate selection of normal controls of great importance. For example, a
comparison of the DNA methylation patterns in a set of tumors should be compared
to age-matched controls because the epigenome is known to change with aging.
Another complicating issue is the fact that epigenetic changes can often be observed
in the cells surrounding the tumor. For example, we found that the entire urothelium
of the bladders of patients with bladder cancer is altered with respect to DNA
methylation patterns [55]. Thus, the surrounding normal tissue may already harbor
DNA methylation changes which are either selected for in the tumor or more
probably allow the tumor to grow by altering the integrity of the epithelium.
Therefore, comparisons of normal appearing surrounding tissue to similar tissues
from age-matched controls who do not have the particular disease of interest, is often
necessary to fully appreciate the changes which occur during the process of
transformation.

Despite this complication, the existence of DNA methylation changes in normal
tissues surrounding a tumor may be of great value in understanding the mechanism
of carcinogenesis. It is still not known whether these changes precede the formation
of the tumor or are a response of the epithelium to the presence of a tumor in a
bladder. It might be possible in the future to conduct these analyses on high-risk
populations without cancer and predict cancer susceptibility. However, this will be
limited to easily biopsied tissue and may not be applicable to all cancers, like brain
cancer.

1.9 Summary

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

Although much neglected in the field, the methylation of cytosine residues within
the coding regions of genes can directly contribute to carcinogenesis by increasing
the frequency of both spontaneous and induced mutations. Analysis of the muta-
tional spectrum in different disease states can give an indication of likely exogenous
or endogenous causes [59, 80]. A large number of new epidemiologic studies
including epigenetic analyses, such as those discussed in this book suggest that we
are entering an age of epigenetic epidemiology and that much will be learned about
the interaction of the epigenome and the environment and its relation to disease.
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Abstract

Studies in epigenetic epidemiology may identify epigenetic aberrations associated
with disease, link environmental and lifestyle factors to the epigenetic profile, or
unveil epigenetic mechanisms underlying statistical relations between risk factors
and disease outcomes. Epidemiologic studies provide the framework for identifying
epigenetic biomarkers for disease risk or early detection of disease. Appropriate
design considerations for studies in epigenetic epidemiology are imperative for their
success. The tissue specificity of epigenetic marks represents a challenge in epige-
netic epidemiology, and disease markers in easily accessible surrogate tissues are
essential for large-scale population-based studies. Nested case-control studies using
biospecimens collected prior to onset of disease provide appropriate data to identify
epigenetic changes preceding disease. Selecting a representative study population
with sufficiently large sample size and appropriate comparison group is crucial for
the validity and reproducibility of the results. Challenges in epigenetic epidemiology
studies include confounding and effect modification, and identifying epigenetic
marks with sufficient systematic interindividual variation.

Abbreviations

EWAS Epigenome-wide Association Studies
IGF 2 Insulin-like Growth Factor 2
LOI Loss of Imprinting
NTD Neural Tube Defect

2.1 The Objectives of Studies in Epigenetic Epidemiology

Epidemiology is primarily concerned with the frequency, distribution, and
determinants of health and disease in humans [1]. Epidemiologic studies connect
risk factors with disease outcomes based on distributions, often producing
observations that inform basic research to identify mechanisms. A familiar example
is the link between cigarette smoking and lung cancer [2], which guided basic
research studies to classify nicotine as a carcinogen. Integrating epigenetics into an
epidemiologic study recognizes the mechanistic link between a risk factor and
disease risk [3] (Fig. 2.1). For instance, epidemiologic studies support an association
between folate deficiency and neural tube defects (NTD) [4]. Including epigenetics
in an epidemiologic study may shed light on the underlying mechanisms and identify
mediators. Thus, in a case-control study including 48 induced abortions with NTD
and 49 elective induced abortions without NTDs, the risk of NTDs increased with
decreasing levels of LINE-1 methylation in brain tissue pointing toward epigenetic
mechanisms underlying these associations [5]. Moreover, maternal serum folate
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levels were lower in NTD cases than in controls and positively correlated with DNA
methylation in fetal brain tissue, with a stronger correlation among cases [6].

The implications of epigenetic modifications in the risk of human disease can also
be explored using the framework of an epidemiologic study (Fig. 2.1). Loss of
imprinting (LOI) of insulin-like growth factor (IGF) 2, defined as biallelic expres-
sion of the normally monoallelically expressed gene in a parent-of-origin fashion, is
an important etiologic factor in Beckwith-Wiedeman Syndrome [7] and Wilms’
tumor [8] and was discovered by comparing the frequency of LOI of IGF2 in
children with and without these syndromes. We are only beginning to understand
the role of epigenetic modifications in disease etiology; epigenetic epidemiology will
provide the relevant methodologic underpinning to explore important correlations in
human populations.

Epidemiologic studies can be used to explore whether aberrant DNAmethylation,
chromatin marks, or microRNAs may be candidates for biomarkers of disease risk or
early detection of disease. To date, few epigenetic biomarkers with acceptable
sensitivity and specificity for disease have been identified [9–11]. Tissue-specificity
of epigenetic patterns, requirements for sophisticated lab methods (e.g., capturing
cancer DNA from serum) and equipment, and heterogeneity in sample collection and
laboratory routines are just some of the obstacles that have hindered progress in
identifying such biomarkers and moving them toward clinical application
[12]. Moreover, a disease is likely to be regulated by multiple epigenetic pathways.

Observational studies also allow investigation of the influence of environmental
and lifestyle factors on the epigenome (Fig. 2.1). Several lifestyle factors including
alcohol consumption and smoking affect DNA methylation, as discussed in more
detail in Chap. 12. Insights into environmental influences on the epigenome may
provide targets for disease prevention.

Understanding the role of epigenetic changes in the disease process will stimulate
the development of targeted interventions to prevent and treat disease. Indeed,
epigenetic drugs are used to target hematologic cancers. DNA methyltransferase
inhibitors (which reverse acquired aberrant DNA methylation of tumor suppressor
genes) have been approved in the USA and elsewhere on the basis of randomized
clinical trials to treat patients with myelodysplastic syndrome [13] and acute myeloid
leukemia, and histone deacetylase inhibitors are available for the treatment of
cutaneous T-cell lymphoma [14]. More recent targets include activation of endoge-
nously methylated sequences (e.g., cancer-testis antigens) [15]. To improve the

Association between 
risk factor and 
epigenetic modification

Role of epigenetics as mechanism of a risk factor – disease association

Association between 
epigenetic modification 

and disease risk

Risk Factor Epigenetic Modification Disease

Fig. 2.1 Objectives of studies in epigenetic epidemiology

2 Considerations in the Design, Conduct, and Interpretation of Studies in. . . 29



proportion of patients with therapeutics success with these therapies, treatments are
increasingly combined [15]. Moreover, DNA methylation may also predict response
to therapy and foster personalized medicine. For instance, promoter
hypermethylation of the DNA repair protein MGMT is associated with a poor
prognosis in various cancers because of the accumulation of mutations, however,
these patients may respond well to alkylating drugs [16]. DNA methylation editing
using the CRISPR technology opens new avenues in treatment, which can be
evaluated in epidemiologic studies [17–19].

2.2 The Tissue Question

Due to its significant role in cell differentiation, one of the most profound
characteristics of the epigenomic signature is its tissue specificity. Thus, the choice
of the appropriate tissue is central to the success of an epigenetic epidemiologic
study. Changes in DNA methylation or chromatin structure are often restricted to the
target organ affected by disease. Thus, when studying the contribution of epigenetics
to cancer, it is important to microdissect tumor tissue to ensure a uniform cancer cell
population. Moreover, tissue specificity can make epidemiologic studies of aberrant
epigenetic marks very difficult. Not only is it challenging to collect samples of
difficult to obtain target tissue from a sufficient number of patients with illnesses,
e.g., brain tissue from patients with Alzheimer’s disease or liver tissue from patients
with liver cancer, but it is nearly impossible to collect control tissues from healthy
individuals to study the “normal” tissue-specific epigenome. When blood is used for
epigenetic studies, cells should be optimally sorted. However, microdissection of
tissue and sorting of blood cells are laborious and expensive; a practical biomarker
should be detectable even in mixed cell populations.

These barriers (as well as the problem of interindividual confounding discussed
below) have seduced cancer researchers into using tumor-adjacent tissue that has
been histologically rated tumor free (from the same patient) for comparison. Of
course, using control tissue samples from the same person avoids confounding by
age or other interindividual differences. However, morphologically normal tissues
adjacent to tumors harbor a number of genetic abnormalities [20–22], and epigenetic
changes identified in cancer tissue have also been found in adjacent cancer-free
tissue as far as 4 cm away from primary tumors [23–26]. This field-effect renders the
use of adjacent tissues in the quest for epimutations obsolete, and potential DNA
methylation markers of tumorigenesis may be missed due to the use of inappropriate
control tissue [27]. However, when compared to tissue from healthy individuals,
adjacent tissue may provide the opportunity for identification of early changes in
DNA methylation which could serve as prediagnostic biomarkers of disease [28].

However, some tissue types are more accessible than others. For example, tissue
harvested from invasive tumors in the intestinal wall of the colon displays charac-
teristic epimutations when compared to colon mucosa from cancer-free patients
[29]. Similarly, human skin biopsies show distinct methylation patterns according
to sun exposure [30]. Conversely, collection of brain or heart muscle tissue may not
be possible.
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When obtaining tissues from a person with a particular disease, it is important to
keep in mind that epigenetic changes either may have preceded or may be a result of
the disease. Therefore, it is essential to precisely formulate the research question. If
the focus is to identify an epigenetic mark as a biomarker for disease risk or to
identify preclinical onset of disease, target tissues should be obtained prior to disease
onset to preclude reverse causation. This approach is unfortunately prohibitive for
most tissues, given the number of individuals from whom target tissues would have
to be harvested while they are phenotypically healthy. Prospective sampling may be
possible only for specimens that can be reasonably easily collected such as blood,
saliva, buccal cells, skin cells, urine, and feces.

Aberrant DNA methylation or histone modifications in such tissues may serve as
surrogate markers of disease risk for many illnesses. Surrogate tissues have been
identified for some solid tumors [23, 31], and other chronic diseases including heart
disease, asthma, and depression [32–34]. Statistical methods have been developed to
improve prediction of locus-specific methylation in target tissue based on methylation
marks in surrogate tissue [35]. Moreover, techniques to harvest circulating tumor
DNA from the blood of cancer patients have been rapidly advanced over the past
years [36–40] and bladder cancer DNA has been retrieved from urine sediments [41].

Importantly for studies in epigenetic epidemiology and epigenome-wide associa-
tion studies (EWAS), DNA methylation displays exposure-dependent co-variability
across different cell types [42].

2.3 Selecting the Epigenetic Mark to Study

The research question of interest generally determines the epigenetic mark to study.
Generally, DNA methylation is a suitable marker for epidemiologic studies, because
methyl groups are covalently bound to CpG dinucleotides and remain intact during
routine DNA extraction, and cytosine methylation is fairly stable over the long term
if samples are properly processed and stored [43]. Very few epidemiologic studies
have incorporated histone modifications, since the chromatin structure requires an
additional immunoprecipitation step in sample preparation, which generally rules
out the use of biorepositories.

A profound understanding of the intraindividual variation of an epigenetic char-
acteristic over time or the stochastic interindividual variations are essential for the
successful design of epidemiologic studies. Epigenetic traits with large interindivid-
ual variation are the best candidates for epidemiologic studies, assuming that the
majority of variation is systematic (and separates individuals with different
characteristics such as differences in lifestyle or environmental factors or individuals
with and without disease) rather than stochastic. Furthermore, for an epidemiologic
study to detect interindividual variation in an epigenetic mark and link it to disease
occurrence, interindividual variation has to exceed intraindividual variation. Some
DNA methylation and genomic imprinting marks exhibit considerable interindivid-
ual variation and reasonable intraindividual stability over time [44], which makes
them preferred markers for epidemiologic studies. However, a more detailed under-
standing of the DNA methylome is necessary to identify prime candidates.
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In epidemiologic studies, the influence of environmental, nutritional, and lifestyle
factors on the epigenome may be of interest. The focus will be on de novo
methylation of unmethylated CpG islands in promoter regions. The stability of the
methyl-cytosine bond makes active demethylation difficult to induce. While there is
evidence of active demethylation in somatic cells [45], the mechanisms facilitating this
process remain to be elucidated. Histone modifications are considered to be more
volatile than CpG dinucleotide methylation and environmental factors may affect
transcription also via this pathway. The world of histone modifications, however, is
complex and includes methylation, acetylation, phosphorylation, and ubiquitination.

Transcription is likely governed by the interplay of DNA methylation, histone
modifications, and miRNAs, hence capturing the state of all three markers simulta-
neously may be necessary for a more complete understanding of control mechanisms
[46]. However, gene expression is not regulated by epigenetic features alone.
Moreover, changes in DNA methylation or chromatin structure may not affect
transcription levels. Unmethylated gene promoters (or enhancers) do not necessarily
facilitate expression. The functional relevance of methylation of individual CpGs
within or outside of a CpG island remains unclear. Similarly, whether a difference in
methylation of a few percent has functional consequences is likely gene-specific.

The candidate-gene approach targets DNA methylation or histone modification at
certain candidate genes suspected or known to play a role in a specific disease
process. To identify epigenetic changes associated with initiation or promotion of a
disease or resulting from a particular exposure, e.g., folic acid supplementation or
exposure to a chemical like bisphenol A, a genome-wide approach such as DNA
methylation microarrays or ChIP-on-chip may be preferable to the candidate-gene
approach in order to allow new discoveries (discussed in more detail in Chap. 3).
However, genome-wide approaches are generally less sensitive than the assays used
for candidate-gene approaches and rely heavily on sophisticated bioinformatics
methods (see Chap. 4 for further details), which complicates interpretation of results.
Various genome-wide approaches are currently employed, and microarray-based
methods, in particular, the Illumina Infinium arrays for DNA methylation are
widely used [47]. With the rapid advance in sequencing technologies, sequencing
the epigenome as part of an epidemiologic study may also be a realistic
prospect. Reduced representation bisulfite sequencing (RRBS) provides an efficient
approach to study genome-wide DNA methylation at single nucleotide resolution by
enriching for areas with a high CpG content reducing the number of nucleotides
sequenced to about 3% of the genome [48] [49]. For EWAS, samples from prospec-
tive cohorts are required to ensure the temporal sequence of epimutations and disease
incidence.

2.4 Study Designs in Epigenetic Epidemiology

A number of study designs can be employed in epigenetic epidemiology; the choice
of the appropriate design depends on the research question (Table 2.1).
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2.4.1 Cross-Sectional Study

In a cross-sectional study, all factors of interest are assessed at one time point. For
example, the proportion of individuals with a methylated CpG in a specific gene
promoter in a population defined by a special characteristic, such as female smokers
age 20–25 years, or the prevalence of loss of imprinting of a particular gene, say
IGF-2, in newborns, can be studied most easily with a cross-sectional design.
Similarly, comparing the degree of global DNA methylation in two groups, e.g.,
among Caucasians age 60–65 years, males vs. females, can be accomplished effec-
tively with a cross-sectional design.

2.4.2 Retrospective Case-Control Study

In a case-control study, individuals with a disease and appropriately selected
individuals free of the disease are sampled from the same source population. To
study epigenetic variation, relevant biospecimens would be obtained and DNA meth-
ylation or histone modification assessed among cases and controls. In the context of
epigenetics, this type of design bears similarities to a cross-sectional study, except for
the particular control selection, which must be independent of the epigenetic state. The
purpose of the controls is to estimate the epigenetic state of cases had they not
contracted the disease under study; if the controls are not properly chosen, selection
bias results. In neither the cross-sectional study nor the retrospective case-control study
can it be determined whether the particular epigenetic signature assessed at the time of
case and control selection preceded (and possibly caused) the disease among cases or
whether it may be a consequence of (and possibly have been caused by) the disease.

Table 2.1 Study designs used in epigenetic epidemiology and their applications

Study design Application

Cross-sectional study Prevalence of an epigenetic mark in a well-defined population
subgroup

Retrospective case-control
study

Permanent epigenetic marks among individuals with and
without disease

Cohort study Epigenetic mechanisms underlying a risk factor-disease
association
Basis for a nested case-control study

Nested (prospective) case-
control study

Epigenetic marks predisposing to disease
Biomarkers for disease risk
Biomarkers for early disease detection

Intervention study
Crossover design
Parallel group design

Effect of interventions on epigenetic pattern; effect of epigenetic
therapies on disease

Epigenome-wide association
studies

Epigenomic variation on a large-scale and biologic traits (e.g.,
disease)

Family-based study Transgenerational inheritance of epigenetic traits

Birth cohort Influence of preconceptional and prenatal factors on
establishment of the epigenome
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Hence, retrospective case-control studies have limited value for the study of epigenetic
marks and have to be interpreted with caution.

2.4.3 Cohort Study

In a cohort, healthy individuals are recruited to participate in a longitudinal study
over a certain period of follow-up time (weeks, months, years). At baseline, easy-to-
obtain biospecimens are collected from all participants and stored. During follow-up,
additional biospecimens may be collected. Such a biorepository provides the oppor-
tunity to study changes in DNA methylation or other epigenetic marks over time.
Moreover, the unambiguous temporality allows identification of epigenetic marks
that existed prior to clinical onset of disease. During follow-up, disease outcomes are
recorded. Cohort studies are usually large and often include many thousands of
participants. Because it is not cost-effective to analyze the samples from all
participants obtained at baseline and during follow-up, a nested case-control study
is usually embedded in the cohort to study epigenetic marks predisposing to disease.
In addition, cohort studies provide the opportunity to study epigenetic mechanisms
underlying a risk factor-disease association.

2.4.4 Nested Case-Control Study

A nested or prospective case-control study is embedded in a cohort study. All
individuals who develop the disease of interest at any time during follow-up are
selected, and appropriate controls (often 2 controls per case) are selected from those
who remained free of the disease throughout follow-up. Since biospecimens from both
cases and controls were obtained prior to the diagnosis of disease (and have been
stored since then), this study design permits correlation of the prediagnostic epigenetic
status with disease outcome, i.e., it is clear that the epigenetic state reflected in the
biospecimens preceded the diagnosis of disease and is not influenced by (phenotypi-
cally manifest) disease. Though the nested case-control study is a cost-effective study
design, of course, prospective cohorts are generally expensive to maintain.

2.4.5 Intervention Studies

The effect of interventions such as folate and other supplements that affect the
one-carbon metabolism on the epigenome or the effect of demethylating agents on
disease progression can be studied in (randomized) intervention studies (crossover or
parallel group design). In a crossover study, the effect of supplements on the
epigenetic pattern can be explored by comparing the profile before and after each
supplement use in the same person, while the sequence of supplements can be
randomized. Additionally, the effect of the different supplements can be compared.
This approach reduces confounding. In a parallel group trial, a demethylating agent
is randomly assigned to treat half of the patients in the study, while the other half
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receives a different dose, a different drug, or even a placebo. Clinical outcomes are
recorded in both groups.

2.4.6 EWAS

EWAS examine the association between interindividual epigenetic variation and
human disease and other biologic traits on a large scale [50]. EWAS utilize
array- and sequencing-based profiling technologies targeting large portions of the
epigenome. While EWAS can be cohort, case-control studies, or cross-sectional
studies, a prospective design is preferable to ensure that the epigenetic variation is a
likely cause rather than a consequence of the disease. Appropriately stored samples
may allow imbedding an EWAS into an ongoing cohort thus increasing efficiency.
Numerous EWAS have been conducted and summarized in an EWAS Atlas [51, 52].

2.4.7 Family-Based Studies

Transgenerational inheritances of epigenetic traits have to be studied using triads of
mother, father, and child. For an epigenetic mark to be inherited transgenerationally,
the putatively inherited epigenetic change must be present in both the contributed
gametes and the offspring soma: to demonstrate transgenerational inheritance along
the male line two offspring generations are necessary, for demonstration along the
female line three offspring generations are required [53]. To date, transgenerational
inheritance of epigenetic marks in humans has not been established.

2.4.8 Birth Cohorts

In a birth cohort, preconceptional and prenatal exposures can be assessed and related
to DNA methylation, imprinting profiles, and chromatin states of the offspring at
birth in tissues that can be easily obtained such as cord blood, cord, placenta, and
saliva. Additional follow-up of the birth cohort permits tracking of developmental
stages, anthropometric variables, disease outcomes, and changes in epigenetic marks
over time.

Thus, if the goal is to identify epigenetic changes that may predispose to disease,
a nested case-control study would be the most appropriate design. Similarly, epige-
netic biomarkers of susceptibility would be best studied using a nested case-control
design. A retrospective case-control study may provide some useful information
about an epigenetic mark of disease, but epimutations may actually be a conse-
quence of the disease. The effect of a lifestyle factor such as nutrition or alcohol
consumption on the epigenetic profile can be studied in either a cohort study or an
intervention study. Epigenetics as a causal link connecting a risk factor and a disease
requires samples from a cohort study, collected after the risk factor is manifest and
before disease occurrence.
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2.5 Other Methodologic Considerations in Epigenetic
Epidemiology

Besides identifying the appropriate tissue, settling on the epigenetic marks to study,
and choosing a suitable study design, other considerations are essential to ensure the
success of an epigenetic epidemiology study (see Box 2.1). Among them are the
study population and its characteristics.

Box 2.1 Some Important Considerations in Planning and Interpreting
a Study in Epigenetic Epidemiology
• Cell-type heterogeneity
• Target tissue or surrogate tissue
• Restriction to a well-defined representative population subgroup
• Sufficient sample size
• Effect modification
• Adjustment for confounding
• Time sequence

2.5.1 Choice of the Study Population

As only a sample of the population of interest can be studied, the characteristics of this
sample determine the extent to which the results can be generalized to the population
of interest. A convenience sample for a birth cohort may focus on women with
uncomplicated deliveries because of the logistical ease of obtaining the biospecimens.
However, the epigenetic profile among the newborns may differ from those of infants
born prematurely or those whose mothers suffered from preeclampsia. Similarly, if
individuals with certain characteristics are over- or underrepresented in the sample
drawn, the result, e.g., the prevalence of hypermethylation of a particular tumor
suppressor gene promoter, may not be representative of the prevalence in the underly-
ing population of interest from which the sample was drawn.

2.5.2 Sample Size

One of the most important—and common—limitations of basic science research is
small sample size. A sufficiently large sample is a fundamental requirement of a
high-quality study in epigenetic epidemiology: it increases the likelihood of a valid
study result and is necessary to achieve adequate precision of the findings. Moderate
to modest differences in epigenetic patterns between two groups may be important
but cannot be detected in a small sample. Some factors may exert only modest
changes in DNA methylation, e.g., diet or dietary supplements. A sufficiently large
sample is necessary to detect such differences. Power calculations conducted during
the planning phase of a study determine the number of participants necessary to
detect a certain difference that may be of interest. Even if the expected difference is
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large, the number of individuals studied has to be sufficient to ensure precision of the
results reflected in a narrow confidence interval around the measure of interest.

2.5.3 Means Versus Outliers

In epidemiologic studies mostly means of groups are compared. Outliers or influen-
tial values might even be excluded from the analyses. Thus, we might compare the
mean level of methylation in a group of individuals regularly taking folic acid
supplements with the mean methylation level of a group of individuals who do not
take folic acid supplements. However, individuals with extreme or unusual methyl-
ation values might be of particular interest and should not be excluded. On the
contrary, it might be of interest to thoroughly explore their characteristics.

2.5.4 Effect Modification

Epigenetic marks are known not only to be tissue-specific but also to vary by race
and ethnicity, sex, and age [54, 55]. If the prevalence of a particular epigenetic
characteristic is of interest, e.g., the prevalence of LOI of IGF2 among healthy
individuals, such frequency is best described in the context of a well-defined
substratum of the population, e.g., Caucasian females age 30–40 years. Inferences
about the prevalence in other population subgroups, e.g., Hispanic males age
60–70 years, cannot be made unless the prevalence is assessed specifically in this
population.

When the goal is to study the relevance of an environmental factor for the
epigenetic profile (e.g., the impact of smoking on DNA methylation) or the associa-
tion between an epigenetic trait and a disease endpoint (e.g., a certain histone
modification and the incidence of asthma), it is important to consider whether
these associations may differ by sex, age, race or ethnicity, or other factors. Is
there reason to suspect smoking may induce different methylation changes in
Hispanics than in Asians? If the answer is yes or if there is sufficient uncertainty,
the heterogeneity of this association (“effect modification”) can be studied across
ethnicity using a statistical test for interaction. If this test yields insignificant
differences, the association between smoking and DNA methylation does not differ
substantially between the different ethnic subgroups considered and can be assessed
in a population with mixed ethnicity. Beware, however, that the strata of different
ethnicities are not too small when applying the test for interaction. Similarly, we can
test whether smoking affects DNA methylation differently in men and women. If
significant effect modification by sex is identified, the association between smoking
and DNA methylation should be reported separately for males and females. Each of
the population subsets created by stratification needs to be sufficiently large to
generate valid and reliable stratum-specific estimates.
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2.5.5 Confounding

A distinctly different consideration from the above-described effect modification is
whether a factor may influence the strength or even direction of an association.
When evaluating whether LINE-1 hypomethylation in mammary tissue is more
common among women with or without breast cancer, the distribution of age may
distort the findings. Women with breast cancer may be older than women free of
breast cancer, since risk increases with age. However, methylation of repetitive
elements decreases with age. Unequal distribution of age in the subgroups may
create a spurious or exaggerated association between LINE-1 hypomethylation and
breast cancer that vanishes or at least diminishes after appropriate statistical adjust-
ment for age differences. Confounding can be detected when proper statistical
adjustment changes the association of interest, i.e., the effect estimates with and
without statistical adjustment for the confounder differ. A factor is a confounder if it
is associated with both factors of interest, the exposure or risk factor and the disease
of interest; in the above example, age is associated with both LINE-1 methylation
and breast cancer. Confounding is one of the most important threats to the validity of
an epidemiologic study.

2.5.6 Misclassification

As the field of epigenetics matures, so do its methods. Methylation microarrays now
allow us to assess the methylation status of an increasing number of individual CpGs
within and outside of CpG islands. The assessment of loss of imprinting with allele-
specific expression assays using pyrosequencing has become more quantitative;
previous methods relied on gel electrophoresis and radioactive labeling. Each of
these improvements in technology decreases random misclassification of the epige-
netic state and improves precision. Misclassification will be further reduced by the
next generation of genome-wide CpG dinucleotide methylation assessment. Corre-
spondingly, increasingly sophisticated bioinformatics tools allow us to distinguish
between true signals and noise.

2.6 Evaluating and Interpreting Results of Epigenetic
Epidemiology Studies

The establishment of a benchmark of a “normal” or “disease-free” state is funda-
mental in genetics and epigenetics. Any departure from this state may be linked to
diseases or phenotypes of interest. If an epigenetic change is already manifest prior
to diagnosis of a disease, it may be a candidate for an early detection biomarker
[3]. If it is present prior to disease development, it may be useful as a biomarker of
disease risk. As part of the National Institutes of Health Roadmap Epigenomics
Consortium and the ENDODE project, human reference epigenomes have been
established for numerous tissues and cell types [56, 57]. Genome-wide,
single-base resolution of methylated cytosines have also been presented for human
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embryonic stem cells and fetal fibroblasts [58]. Furthermore, reference epigenomes
have been derived for disease states [59]. Additional reference epigenomes are being
decoded various consortia in the International Human Epigenome Consortium,
including Blueprint, the Canadian Epigenetics, Environment and Health Consor-
tium, the Japan Agency for Medical Research and Development Core Research for
Evolutional Science and Technology, and the Hong Kong Epigenomics Project.

In epidemiology, comparing two groups (i.e., individuals with and without a
certain characteristic of interest) is a substitute for the ideal (but impossible) set of
information: data on the same individual measured at the same time twice, once with
the characteristic of interest and once without. For example, two sets of data on the
same woman, once with regular consumption of one glass of wine per day and once
without alcohol consumption, would allow inference of whether her subsequent
breast cancer would also have arisen if no alcohol was consumed, since all other
factors are identical and no confounding was possible. Such counterfactual informa-
tion would permit causal inference about the role of alcohol consumption in breast
cancer etiology. Comparing the fate of two individuals, one with the characteristic
and one without, even in the context of a randomized controlled trial, cannot exclude
differences between these individuals besides the trait of interest.

Similarly, in epigenetic epidemiology information on the same person is not
available twice: with and without a characteristic to see its bias-free effect on the
epigenetic mark of interest, or with and without the epigenetic trait to evaluate its
effect on disease risk. In order to reduce the risk of confounding, an intraindividual
crossover study can be conducted to explore the effect of an intervention, such as
supplementation with methyl group donors.

While DNA methylation changes with age (discussed in more detail in Chap. 10),
age-related changes occur slowly, and the degree of change differs for individual
genes and repetitive elements. Hence, intraindividual variation in cytosine methyla-
tion is limited. Moreover, genome-wide methylation studies have generally revealed
statistically significant interindividual differences in only a fraction of genes studied,
suggesting that DNA methylation is reasonably tightly controlled [60–63]. More
profound differences are generally restricted to the comparison of cancerous and
normal tissues [31, 64–66]. However, CpG clusters have been identified with high
inter-individual epigenetic variation termed Variably Methylated Regions (VMRs)
[67]. Environmentally responsive VMRs were enriched for imprinted regions
suggesting their sensitivity to environmental conditions [67].

In the literature, most methylation differences between two groups of individuals
with and without a certain characteristic are small and amount to less than 5%. This
raises the question of the functional implication of theoretical differences in LINE-1
methylation of, let us say, 80% vs. 82% or in a gene promoter CpG island of
42% vs. 46%. While it is advisable to examine the expression profile of the gene
studied, methylation and expression status of a gene have been found to be less
closely correlated than previously assumed [68–70]. Nevertheless, downstream
effects of methylation are possible but may be difficult to determine. Moreover,
differences in methylation are often reported for individual CpGs, and the functional
relevance of such differences is difficult to assess. Neighboring CpGs seem to
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influence each other’s DNA methylation states [60] and at least in cancer tissues,
entire CpG islands rather than individual CpGs are aberrantly methylated [71].

The lack of precise definitions and standardization of epigenetic phenomena
further complicates the interpretation of results of studies in epigenetic epidemiol-
ogy. While hyper- and hypomethylation are terms commonly used in evaluating the
results of global or locus-specific methylation experiments in populations, cut-off
values applied in the literature vary considerably: above and below the median
[72, 73], above and below the 25th and 75th percentile [5], statistically significantly
higher or lower than the control [74], and percent methylated reference with a
differently chosen cut-off for each gene studied [75]. Such a lack of standardization
makes results from different studies difficult to compare. Similarly, there is no
distinct definition of loss of imprinting, even in individuals. Often the normally
silenced allele is expressed but at a considerably lower level than the normally
expressed allele. Yet there is no set threshold level that defines loss of imprinting,
leaving it to the individual investigator to make the call. A more standardized
approach may aid comparability across studies.

There is increasing evidence that DNA methylation is correlated with DNA
sequence and single nucleotide polymorphisms, suggesting that DNA composition
predisposes CpG islands to DNA methylation [76, 77]. For a comprehensive under-
standing of the structural and functional implications of epimutations, it may be
necessary to examine genetics, methylation status, histone modification, expression,
and microRNAs in the loci studied.

2.7 Conclusion

The human epigenome in its complexity offers a broad target for innovative
strategies in the prevention and treatment of disease. The malleable nature of the
epigenetic signature, in particular, DNA methylation editing, provides a unique
opportunity to design effective interventions. Identifying epigenetic marks of func-
tional relevance is all the more important. Epigenetic epidemiology provides the
framework to study the relevance of epigenetic variation in human health and
disease on a population level. EWAS target the epigenome on a comprehensive
level utilizing profiling technologies. Multiple challenges including tissue heteroge-
neity, surrogate tissue, uncertainties in time sequence, insufficient statistical power,
and confounding may compromise interpretability of results. Careful considerations
for the appropriate design and analysis of epigenetic epidemiology studies are
essential to ensure validity. Recent advances in establishing reference epigenomes,
in identifying epigenetic marks with reasonable interindividual variability, and in
statistical methods will sharpen the approach.
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Abstract

The field of Epidemiology aims to pinpoint the risk factors for disease and health
conditions and to quantify the association between lifestyle/environmental factors
and disease frequency in populations. How and what is behind the epidemiologi-
cal links at the cellular and molecular level are being researched, especially with
the growing Epigenetic studies. Together these two fields as well as collecting the
relevant biospecimens will aid in decoding the epigenome and its functional
relevance. This chapter covers the importance of the thoughtful experimental
design, collection, and preparation of biological samples in population-based
studies, as well as providing a summary of the various techniques/technology
used to analyze Epigenetic modifications at the DNA, RNA, and Chromatin level.
Methodology involving both small- and large-scale approaches will be discussed
(including their benefits and limitations), e.g., targeted gene sequencing and
genome-wide arrays covering approaches such as DNA methylation, mRNA
expression, and chromatin/histone modifications.

3.1 Introduction

Good laboratory practices are fundamental when investigating research questions.
At the start, it is important to plan the study design and consider the choice of
biological samples and study population, and the appropriate data analysis. This
chapter covers a concise and clear introduction to the methods and techniques the
most commonly for epigenetic research.

3.2 Study Design

3.2.1 Biospecimens and Materials

Deciding what samples are ideal/essential for addressing research aim/hypothesis.
An individual has one genome but many different epigenomes across various tissue
and cell types, and an observation may not be the same across tissues.

Epigenetic alterations can affect the different cellular components (DNA, meth-
ylation, RNA transcription levels, and chromatin modifications) that all require
specific preparation. Planning out which biospecimen can be collected as well as
how preparation will occur determines what epigenomic level can be investigated.

• Cells from body fluids, fresh tissues, or relevant cell lines: If the samples are
freshly collected, nucleic acid isolation (DNA and RNA), and/or histone modifi-
cation analyses (if the number of cells in the sample is large enough) can be
performed. Once frozen, unless specific measures are taken (i.e., preservatives)
cells will burst and will no longer be enabled for sorting or isolation. In the
context of epigenetic epidemiology, cell lines can be useful for development and
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optimization of experimental protocols, and to test the effect of certain drugs on
the loci of interest.

• Formalin fixed Paraffin embedded tissues (FFPE): Until recently, FFPE tissues
have mostly been used for DNA as these samples run the risk of being highly
degraded. However, there are newer sample isolation protocols and kits available
to help restore DNA, RNA, and even chromatin material for certain follow-up
techniques. Recent advances in the preservation/recovery field are now allowing
decent RNA extraction from FFPE blocks, opening experimental design to
massive retrospective datasets. Although nucleic acids from FFPE are often
fragmented, the ability to study large genomic fragments (more than 500 base
pairs [bp]) may be impossible. New restoration kits have been recently developed
enabling a better recovery of nucleic acids from FFPE tissue, and allowing omics
experiments (e.g., microarrays and sequencing assays). Also, despite
improvements in the field, the chromatin structure can be fragmented making
methods such as chromosomal immunoprecipitation (ChIP) analyses limited. in
the absence of good extraction methods [1].

• Genomic DNA: DNA can be isolated to assess the cytosine methylation and
hydroxymethylation analyses, immunoprecipitation targeting DNA
(methylcytosine), or DNA bound with supplemented transcription factors.

• RNA: RNA is isolated for gene expression/transcriptional analyses. RNA can be
extracted from tissues and bodily fluids; however, optimal planning and timing
must be considered. While RNA can be obtained from fresh frozen tissue, in the
example of blood samples-it is essential to add an RNAse inhibitor buffer at the
time of collection (e.g., RNA later), to prevent RNA degradation. Some
experiments will, unfortunately, not be possible due to the initial cell lysis (e.g.,
microdissection, cell sorting, and phase separation for blood, and possibly expres-
sion microarrays).

• cDNA. For most RNA gene expression methods (see below), messenger RNA
must be first converted to cDNA by reverse transcription. Further essential points
for cDNA synthesis are outlined below in the gene expression section.

• Cell-free circulating DNA (cfDNA): The emerging field of liquid biopsy raised
the importance of body fluid sample collection for analyses disregarding the
blood cells. cfDNA is shed by surrounding tissue (e.g., fetus, dying cells,
tumors. . .) and will circulate for a short period of time within the fluid (i.e.,
plasma, urine, saliva, and cerebrospinal fluid)[2]. This type of DNA bears the
same genetic/epigenetic information as their tissue of origin enabling minimally
invasive detection of diseases or conditions. Samples processed for this type of
study will require special handlings in terms of processing time, preservative
buffers to use, and pre-processing pipeline.

• Single-cell isolation: More molecular biological studies are striving to perform
analysis at the single-cell level. Several proven single-cell isolation protocols/
methods are available such as laser capture microdissection, Fluorescence-
Activated Cell Sorting (FACS), dielectrophoretic digital sorting, and enzymatic
digestion[3, 4].
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3.2.2 Experimental Backgrounds for Epidemiologic Epigenetic
Research Studies

The ability to have a multidisciplinary team or collaborations which greatly benefit
Epidemiological-Epigenetic studies. The following are key aspects which out ought
to be considered:

Sample collection: Collection of samples should be performed by someone with a
background in molecular biology and in an ideal scenario by a pathologist or
someone skilled in histology, ensuring the desired tissue- and cell type is collected.
Microdissection of tissue may be necessary to ensure a homogenous cell type.
Samples preservatives need to be selected with caution as some of them might
disturb the epigenetic information (e.g., preservatives in cfDNA analyses [5]).

• Experiments: Various commercially available kits have made lab experiments
more robust, however, a strong background in molecular biology allows for
proper interpretation of the results and to avoid flaws in study design, experimen-
tal validity and reproducibility, and quality control which is required for epige-
netic experiments. For example, more kit options have enabled simultaneous
isolation of both RNA and DNA from the individual sample.

• Analyses: Statisticians and bioinformatics specialists are vital especially since
most of the high-throughput techniques require complex analyses with large data
sets. Furthermore, statisticians/bioinformatics involvement is important at the
study design level to ensure that the hypothesis can be properly addressed on
the potential cohort.

• Interpretation: Results should optimally be reviewed and interpreted by a multi-
disciplinary team such as molecular biologists, pathologists, epidemiologists,
statisticians, and others.

• Sample and data management: Epidemiologic studies involve large sample sets/
populations, creating vast amounts of data to manage. Large cohort could use
bar-coded tubes which are read by a scanner generating a unique sample barcode
number making sample labeling and tracking more efficient. Spreadsheets
systems along are not an efficient solution for high-scale data management
therefore, implementing such disciplines as bioinformatics or database manage-
ment systems (SQL, Oracle, etc.) and/or using a LIMS (Laboratory Information
Management Systems).

3.3 Epigenetic Methods Targeting DNA Modifications: DNA
Methylation

3.3.1 DNA Modifications

DNA modifications encompass several chemical modifications of the nucleic acids
which, despite affecting the affinity of DNA binding domains of enzymes and
proteins, do not affect the pairing of the DNA strand. The DNA Methylation
modifications have been increasingly studied since the 1980s, 5-Methyl Cytosine
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(5mC) is referred to as the fifth DNA base. While 5-hydroxymethylcytosine (5hmC)
which is referred to as DNA’s sixth base was first discovered in bacteriophage DNA
in the 1950s. 5hmC has been a fascinating discovery as it was found present in
mammalian embryonic stem cells and in cerebellar Purkinje cells [6, 7]. 5hmC is
known to be derived from 5mC by the action of TET family enzymes [7], leading to
other DNA modifications such as 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC).

The role of 5hmC/5fC/5caC remains not fully understood, but is thought to have
the following effects:

• To affect the annealing of methyl-binding protein to the DNA.
• To induce demethylation through the DNA base pair repair mechanism.
• To initiate chromatin modification via the recognition of protein-specific

interactions.

An important point regarding 5hmC/5fC/5caC is the absence of conversion into
uracil, during bisulfite treatment, creating the possibility of some regions of the
genome being mislabeled as methylated when they may contain other modifications.

The next paragraphs will give the readers an exhaustive view of past and present
methods used for the most well-studied epigenetic DNA modifications. Table 3.1
will summarize all methods presented in the first version of this chapter and in the
current; the following paragraph will emphasize on techniques currently used in
epidemiologic studies based on the approach they are using.

3.3.1.1 Antibody-Based Methods
The last decade saw the emergence of new companies with an expertise in antibody
production, improving the range of their applications. Advantages of these
applications are their ability to discriminate the different types of modifications, and
the possibility to identify their spatial location within a tissue; their caveats are related
to the sensitivity of antibody, which usually requires a high amount of material and a
high density of the DNA modification (e.g., number of CGs in the genomic locus).

• ELISA-type methods: In these assays, genomic DNA is coated on a plate in the
presence of the DNA modification specific antibodies. The incorporation of the
antibodies is quantified (like any standard ELISA) and corresponds to the global
level of the modification. The development of recent assay kits has decreased the
starting amount of DNA, and processing time. The disadvantage of this technique
is possible underestimation of the global level of a modification since antibodies
preferentially bind to areas of high CG density.

• Immunofluorescence (IF) methods: Usually performed on tissue section, this can
also be performed on slides made from smear or cytocloats. The immunofluores-
cence assays targeting DNA modifications allow the spatial visualization of a
modification, i.e., which cells are affected by a modification providing at the same
time a semi-quantification. Antibodies are now available for all different types of
DNA modifications enabling their individual discrimination in multiplex
assay [9].
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• In situ hybridization: as for IF, In situ hybridization will be performed on slides.
Combining two types of detection: DNA modification is recognized by the
antibody while the genomic locus is hybridized with probes; proximity of the
two compounds will allow amplification of a signal and its visualization. in situ
hybridization should allow the detection of modified alleles in each individual
cells. Such a method is dependent on the ploidy of the sample for the locus of
interest and requires specific controls. While very interesting, this application
remained very limited due to its difficulty in optimizing and reproducing the
results. Development is ongoing to render such a method more reliable and
amenable to screening.

• MeDIP and derivatives: DNA modification is targeted by the antibody and then
subjected to immunoprecipitation. As with all antibody-based methods, MeDIP
and derivatives usually require a large amount of material. Such caveats have
recently been overcome using filler compounds to improve immunoprecipitation
efficiency and highly sensitive methods such as NGS for output detection.

3.3.1.2 PCR-Based Methods
Bisulfite treatment is a key requirement for many of the current PCR-based techniques
assessing DNA modification and particularly methylation. Various bisulfite treatment
kits are now commercially available, enabling high recovery rate with a short incuba-
tion time, lower starting amounts of DNA and high conversion efficiency. Bisulfite
treated DNA (BsDNA) results in single-stranded DNA of low complexity, since
conversion of all unmodified cytosines into uracil will drastically decrease the per-
centage of GC in the sequence. Different techniques can be used to evaluate the
difference between unmethylated and methylated DNA. Single-stranded DNA is very
fragile and must be handled and stored properly (e.g., �20 �C for short-term use,
�80 �C for long-term storage, and repeated freeze–thawing should be avoided).
Bisulfite revolutionized the field of epigenetics, allowing for rapid identification of
cytosine modifications with a decent cost expense. However, its huge caveats are the
absence of discrimination between the modified base. In fact, without specific adjust-
ment (addition of protective group, enzymatic conversion. . .) the chemical conversion
by bisulfite of a 5mC or 5hmC template will result in the same output. Moreover,
PCR-based methods working directly on previously extracted DNAwill therefore lose
the single-cell and spatial information of the sample.

The primers used for the PCR-based analyses will often differentiate the type of
assay performed. Level of the modification is evaluated at a specific locus.
Amplifying repetitive elements such as LINE1 or ALU allows for estimating of
global level of methylation [27].

MSP (Methyl specific PCR): Developed by Herman and colleagues in 1996 [19],
this technique remains very present in the literature. It consists of amplification
specific to the methylated or unmethylated sequence. The targeted amplification is
performed using primers with CG sites (or UG after treatment for the unmethylated
DNA) in the 30 sequence stabilizing the annealing specificity. This technique is
sensitive and requires the amplification of unmethylated sequence to confirm that the
absence of an amplicon for the methylated sequence is due to the lack of methylation
and not a problem with the amplification protocol. Methylight is a real-time MSP
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[17]. Primers and probes specific to the methylated or unmethylated sequences are
used and the methylation ratio is calculated by the fluorescence ratio of the probes.
The quantification of one amplicon is relative to the other making this technique
semi-quantitative as it is not compared to a standard. Efficiencies of the two
amplifications (methylated and unmethylated) must be equivalent. This technique
is dependent on the quality and the careful positioning of the probes. Moreover, the
methylation ratio resulting from the experiment is an average of the CpG sites on the
probe and the primers. It is important to note that a mutation at one of the sites will
completely alter the percentage of methylation and should be avoided by carefully
confirming the sequence of interest. Compartmentalization of the template was
proposed to allow the technique to detect rare events, though, new digital droplet
platform outperformed this type of procedure.

As opposite to MSP, Methylation independent PCR (MIP) regroups all the
methods that discriminate methylation not at the amplification level (i.e., primers),
but at the output level (use of internal probes, restriction enzyme, primer
extension. . .). In these cases, amplification is performed using primers which will
anneal on regions possibly devoid of CG sites, avoiding amplification bias toward
the modified or unmodified template.

Bisulfite sequencing (Bs-Sequencing) was the first technique developed to assess
DNA methylation [28]. Amplification is first performed on BsDNA followed by
sequencing. Setting aside its cost, this technique has the benefit of providing
information at each CpG site in the sequence of interest and can be useful as an
exploratory step. However, the methylation levels cannot be quantified limiting the
ability to draw associations with any transcriptional consequences.

Among MIP assays, MS-HRM (Methylation-Specific High-Resolution Melting
curve analysis) [18], COBRA (COmBined Restriction enzyme Analyses) [15], and
(Bs-PCR w/MALDI-TOF) [13] might represent a good solution to routinely assess a
biomarker, though, their recent use in the literature has decreased.

Nowadays, the most commonly used PCR-based methods remain Bisulfite
Pyrosequencing (Bs-pyrosequencing) [14]. PCR amplification is performed on
Bs-DNA using primers specific to the region of interest. One of the primers is
biotinylated, allowing for the binding of avidin-coated sepharose beads. The
amplicon is denatured, and the non-biotinylated strand is washed off. The remaining
single strand is then bound to the bottom of the reaction plate, and buffers, sequenc-
ing primer, and DNA synthase enzyme are added to the reaction. Each nucleotide is
then sequentially added to the reaction following a specific dispensation order. If the
dispensed base is complementary to the upcoming base in the DNA strand, this
nucleotide will be added to the sequence by the DNA synthase, which releases
pyrophosphates that are converted into light. The emitted light is proportional to the
amount of base incorporated into the DNA sequence. Therefore, the ratio of the
signal following the dispensation of a C or a T at the CpG site will represent the level
of methylation at this site. This technique requires a pyrosequencer, but is highly
quantitative, very reproducible, and easy to develop. Bs-Pyrosequencing can also be
used for allele-specific methylation, by the use of a sequencing primer with a single
nucleotide polymorphism (SNP) in its 30region [29].
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Among PCR-based methods, MSRE-PCR should be mentioned, as this is one
of the few that does not require prior bisulfite treatment of the DNA. In this type of
protocol, methylation is detected by the presence of an amplicon after digestion of the
locus by methylation sensitive restriction enzyme. Isoschizomers are used, coupled
with primers specific to the locus of interest. For each sample, three reactions should
be performed to ensure reliability of the assay (without enzyme with methylation
insensitive enzyme, and with methylation sensitive enzyme). Coupled with quantita-
tive PCR, this protocol allows for the pseudo quantification of methylation level. With
the recent development of new enzymes as well as protective treatment [e.g., glucosyl
or glucose] differences among the DNA modification might be achieved. However,
this method is limited to the recognition site of the enzyme.

3.3.1.3 Array-Based Methods
Increasingly, more and more epigenetic studies have been performed at a genome-
wide scale [30]. To date, these projects have mainly focused upon DNA methylation
and histone modification.

• Methylation microarray after bisulfite treatment is currently the most used
genome-wide application. In this protocol, BsDNA is amplified and put in contact
with probes recognizing one CpG site each. A single base extension with labeled
nucleotides will define the ratio of methylation of each CpG site. However, this
method has several drawbacks: firstly, the microarray’s targets are limited to the
available probes defined by the company and are not always related to any func-
tional annotations; secondly, the use of bisulfite treatment (as previously described)
does not allow the discrimination of other DNA modifications. The most popular
arrays have been the Infinium 450 K now replaced by the Infinium EPIC.

• Several genome-wide assays use restriction enzymes, and one of the first methods
was MCA (Methylated CpG Island amplification) [21]. Enrichment for methylated
DNA is performed by digestion with methylation sensitive and methylation-
insensitive restriction enzymes, followed by ligation of adaptors and PCR amplifi-
cation. The resulting amplicons, which are representative of the methylated frac-
tion, are labeled and co-hybridized in a microarray platform or sequenced.

3.3.1.4 Sequencing Based Methods
• Whole Genome Bisulfite sequencing (WGBS) was the first next generation

sequencing platform developed for assessing DNA methylation. However, due to
high starting amount requirement and high cost for sequencing, use of WGBS has
remained very limited. With reduction of cost, home-made custom panel target
sequencing, as well as commercial ones (EPIC-TruSeq), came to life. In target
sequencing DNA is generally, bisulfite treated prior to adapter ligation, library
preparation and capture, since it requires several steps of amplification which would
get rid of DNA modifications. By converting the DNA first target sequencing
enable sequencing of template with relatively low input, though the library prepa-
ration will suffer from the low complexity of the converted DNA, possibly losing
some of the regions of interest at the capture level. On the contrary, the EPIC-
TruSeq pipeline will start with the capture, proceeded by bisulfite conversion and
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library preparation. By starting with the capture, the EPIC-TruSeq bypasses the
issue of complexity loss, though the enrichment observed in non-amplified template
is very low and therefore requires large amount of material. EPIC-TruSeq assesses
the same CpG sites as the microarray equivalent, its advantage being that it also
gives information at other cytosines levels (i.e., CHG, CHH). Though the require-
ment for more complex bioinformatics analyses, the need for high depth and the
higher cost compared to the microarray, lead to less frequent use of this platform.

• With RRBS (Reduced Representation Bisulfite Sequencing) [26], a restriction
enzyme digest is followed by purification of the fragments (within a range of
specific lengths), thus enabling the enrichment of sequences containing CpGs.
DNA fragments are next bisulfite converted, amplified, and finally sequenced.
This labor-intensive technique allows the widespread study of methylation across
the genome (not exclusively in the promoter region) and works with a very low
amount of DNA (less than 100 ng).

• MeDIP-Seq and ChIP-Seq are two methods using immunoprecipitation as the
first step. In this protocol, DNA is precipitated using antibodies specific to 5mC
(MeDIP), methyl-binding proteins, or histone modifications. The precipitated
DNA is next used for massively parallel sequencing analysis. These protocols
offer an in-depth screening assay. The disadvantages with antibodies are the need
for a high density of the target, and the possibility of relatively low specificity
creating potential false positives. Moreover, these methods do not allow for the
direct measurement of a methylation ratio. The improvement of the MeDIP
protocol by incorporation of a DNA filler, recently allowed its use for small
input amounts such as circulating DNA, rendering this method highly interesting
for individual screening.

• Nanopore sequencing. Nanopore sequencing uses a proprietary platform on
which nucleic acid strands go through a protein nanopore. While going through
this channel the electric current will change depending on the base (modified or
not); such variation is monitored by the system and decrypted into the sequence.
Nanopore sequencing is very interesting since it allows a real-time reading of the
sequence, does not need specific equipment (the single unit machine is relatively
inexpensive), and can therefore be used in a non-lab environment. Another
advantage is the absence of bisulfite conversion requirement. However, the
technique is still young and might require additional development prior to large
population screening use.

3.3.2 Tips for Developing a Methylation Assay

• Bisulfite conversion efficiency is an important aspect in 5mC assessment. Incom-
plete conversion may lead to false estimation of the methylation (particularly true
with homemade bisulfite treatment and methylation specific amplification
methods such as MSP, and Methylight).
– Avoid homemade conversion. Prefer commercial kits, which are much more

reliable and reproducible. A large panel of kits is available which might fit
your requirement in terms of cost or template to be assessed [31].
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– One assessment can involve the ratio of converted BsDNA by evaluating an
amplification product bearing a C outside CpG sites and using primers inde-
pendent of the conversion (without any cytosine in their sequence). The
conversion of cytosine in the amplicon can be checked by probes, melting
curve analysis, or even sequencing.

– Another assessment is by investigating the complete conversion of an individ-
ual DNA strand for methods that look at individual CpG sites (Bs-sequencing,
Bs-PCR w/MALDI-TOF, and Bs-Pyrosequencing). Failure of complete con-
version will result in the presence of cytosine outside of CpG sites, visible in
Bs-sequencing and Bs-PCR w/MALDI-TOF. This is available in
Bs-Pyrosequencing by adding a C in the dispensation order (at the position
of potential unconverted C).

– Primer design is one of the most important features of methylation assay
optimization [32]. There are several rules to follow, according to the experi-
ment to perform.

– If the assay is using a methylation-specific amplification (MSP, Methylight),
primers should contain one or more CpG sites in their 30region to ensure a
specific amplification of the (un)methylated sequence. Freeware is available
for primer design (e.g., Methprimer).

– For an assay using a methylation independent amplification, primers should
avoid having CG in their sequence or these dinucleotides must be limited to
one or two in the 50 region. When CpG sites in the primers cannot be avoided,
the Cytosine of the dinucleotide (or its complementary depending on the
primer direction) should be replaced by a mismatched base independent of
the methylation status (A instead of C/T or T instead of G/A).

– The salt adjusted melting temperature (Tm) should be higher than 60 �C, to
enable a PCR Tm at 60 �C.

– The 30 region containing a T derived from the conversion of cytosines not
included in a CpG site will ensure strict amplification of the BsDNA.

• Amplification biases: When we talk about DNA modification, we will often work
with templates that are GC rich, and which are prone to amplification biases. As
demonstrated by Aird and colleagues, temperature ramp can be a major source of
biases [33]. When working on DNA modifications prefer a thermocycler with
low-temperature ramp.

• Linearity of detection: Once the bisulfite conversion and the primer design are
optimal, the ability to assess the different degree of methylation needs to be
checked. A methylation scale should be created by pooling (in a dilution scale)
unmethylated DNA with completely methylated DNA. Whole genome amplifi-
cation can get rid of all methyl groups and complete methylation can be obtained
with methylase treatment. The methylation scale provides a useful tool to confirm
the accuracy of the primers and overall assay.

• Reproducibility must be confirmed by performing at least duplicates of the
bisulfite treatment (not only the PCR!). Correlation between replications must
be evaluated to ensure the best assay quality and accuracy of results (for example,
a difference between the bisulfite replicates less than two times the standard
deviation).
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3.4 Epigenetic Studies Involving RNA modifications: Gene
Expression

Analyzing gene expression is the pivotal methodology to investigate the biological
function of specific genes along with any phenotypic differences that may be
observed. Thorough planning of RNA isolation protocols (specific to tissue and/or
bodily fluid samples) and which RNA expression experiments fit best should be
considered due to the nature of cell type-specific expression of certain genes.
Searching literature and genomic databases to assess any possible additional tran-
scriptional features of the gene of interest such as: the presence of multiple splice
variants and isoforms, or other transcripts that may span the region of interest (e.g.,
antisense RNAs) must be performed at the start.

3.4.1 Types of RNA

Translational RNA: Messenger RNA, transfer RNA, and ribosomal RNA work
collectively the protein synthesis process by translating the genetic code into protein.
Messenger RNA (mRNA) carries the protein sequence information to the ribosomes,
while Transfer RNA (tRNA) is a small RNA chain (�80 nucleotides) that transfers
specific amino acids for protein synthesis during translation. Ribosomal RNA
(rRNA) combines with proteins in the cytoplasm to form the nucleoprotein
ribosomes, examples of rRNA molecules are 18S, 5.8S, 28S, and 5S.

Noncoding RNAs (ncRNAs) are functional RNA molecules that do not result in a
translated protein structure [34]. This group of RNAs can have regulatory functions
acting to control gene expression which can be direct or through the targeting of
other repressive modifications which will affect gene expression (e.g., targeting
methylation). One example of an ncRNA type that has an increase in research
interest is microRNA (miRNA, �22 nucleotides) as the name indicates are small
RNA molecules that direct posttranscriptional suppression of gene expression.
Growing evidence shows ncRNAs such as miRNAs playing roles in the pathogene-
sis of human diseases such as cancers, metabolic diseases, neurological disorders,
and infectious diseases [35]. Other ncRNAs are small interfering RNA (siRNA,
�21–22 nucleotides), small nucleolar RNAs (snoRNAs,�80–300 nucleotides), and
PIWI-interacting RNAs (piRNAs, �26–30 nucleotides) and long ncRNA (greater
than 200 nucleotides) [36, 37].

Antisense RNAs are transcribed in the opposite direction (antisense) of one or
more endogenous mRNA transcripts which are in the sense orientation, both
transcripts share the same sequence so prior investigating of sequence must be
considered. Antisense RNA can act to either activate or downregulate gene expres-
sion by binding to the endogenous sense mRNA [38].
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3.4.2 Methods for Overall Gene Expression

Expression analysis is used to examine the function of a gene(s) at the transcriptional
level in a specific tissue or cell type and when possible, at a particular time-point
(e.g., developmental, exposure, treatment). An overview of gene expression methods
is in Table 3.2.

3.4.2.1 Classical Membrane-based Methods
The long studied, classical methods for gene expression such as Northern blots and
ribonuclease protection assay (RPA) have a rich literary history and are well
established. Both Northern blots and RPAs are generated via gel membrane/electro-
phoresis of RNA samples and usually involve visualization with the use of radio-
labeled probes specific to the transcript of interest. A benefit to the RPA technique is
the use of strand-specific probes which can differentiate sense versus antisense
transcripts. However, these protocols are not ideal for large sample sizes, require a
large starting amount of RNA material, and the need of a laboratory capable of
working with radioactive isotopes, however, there are now various modifications to
both protocols allowing for newer nonradioactive labeling reagents (e.g.,
Digoxigenin) for visualization.

Table 3.2 Methods to study gene expression

Technology Membrane-based Array-based
Quantitative
PCR-based Sequence-based

RNA
assessment

Semi-quantitative
and quantitative

Quantitative Quantitative Quantitative

Typical
starting
material
(total RNA)

5–10 μg
(minimum 1 μg)

As low as 100–
200 ng

100–200 ng
(minimum
50 ng)

2 μg (minimum
500 ng)
50,000 cells for
single-cell analysis

Sample size/
scale

Small scale High-
throughput

Moderate
throughput

High-throughput

Benefits Cost-effective, not
difficult to
develop, capable
of strand-specific
analyses

Thousands of
genes
examined,
reduced
starting
material

Cost-effective,
easy to develop,
capable of
strand-specific
analyses

Comprehensive
profile of
transcriptome and
RNA biology,
single-cell ability

Limitations Labor intensive,
higher RNA
starting material

Costs, data
analysis—
labor intensive

Labor intensive Costs, data
analysis—labor
intensive

Key
requirements

Radioactivity,
high starting
material

Array core
facility/service
company,
bioinformatics
analysis

Real-time
Thermocycler

Sequencing core
facility/service
company,
bioinformatics
analysis
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3.4.2.2 Quantitative PCR-based Methods
Quantitative PCR (qPCR) is a very robust method for quantifying gene expression
while requiring a small amount of starting material which can be ideal for precious
human samples [39]. qPCR is performed on cDNA transcribed from RNA samples
and uses a fluorescent reporter molecule which accumulates with the product
amplification at each cycle. Real-time PCR (RT-PCR) provides analysis as the
reaction progresses. There are two common detection methods when performing
real-time qPCR: non-specific detection using DNA intercalating dyes (e.g., SYBR
green technology) and specific detection with probes designed to a specific gene of
interest/target region (e.g., hydrolysis probes aka TaqMan). Probe-based RT-PCR
can additionally provide strand-specific discrimination, and validation of array
experiments (see below). There are various algorithms used to quantify the levels
of expression from the cycle threshold numbers/values (Ct) [40, 41].

3.4.2.3 RNA Expression Array-based Methods
Gene expression arrays allow for a high-throughput mRNA gene expression profile
of thousands of genes in one sample using low amounts of starting RNA material.
Microarrays are the most used in located RNA, these arrays are typically comprised
of glass slides coated with transcript-specific probes. The RNA sample is fluores-
cently labeled and hybridized to the microarray slide, which is processed, and laser
scanned. The normalization of the RNA sample for quality control is done using
reference RNA (fluorescently labeled differently than the RNA sample). There are
various commercially available platforms of expression arrays, and some companies
offer custom made arrays, for the researcher to choose their favorite genes of interest
(this provides a more moderate/mid-scale throughput and can provide a great
approach to investigate numerous related genes in specific diseases or physiological
pathways). Currently, there are several commercial options for expression arrays
specific to identifying ncRNAs (e.g., miRNA, snoRNA). Important consideration is
that array-based technology generates large amounts of data which requires bioin-
formatics analysis [42].

3.4.2.4 Expression Sequence-based Methods
During the past decade, an indispensable methodology for in-depth analysis of the
transcriptome has been RNA sequencing (RNA-seq) technology. With over a
hundred different methods rooted from the classic RNA-seq protocols, one must
have careful consideration prior to planning. There are various technologies/service
companies offering the many distinct RNA-seq approaches which have been com-
prehensively reviewed in Stark et al. [43]. Aside from differentially gene expression,
RNA-seq based methods have provided key knowledge of gene regulation at
ncRNA and RNA enhancer-elements, alternative mRNA splicing events, etc. As
was mentioned in the array-based methods, sequencing technology generates large
amounts of data which requires bioinformatics analysis.
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3.4.3 Tips for RNA Expression Analyses

• Certain RNA isolation protocols and kits lose the ability to isolate small RNAs, so
the type of RNA of interest needs to be clear when planning experiments.

• Stringent RNA quality assessment must be performed prior to experiments as
possible degradation and contamination will impair the quality and validity of the
experiments [44]. RNA quality can be assessed on a gel by measuring the ratio of
18S/28S or by using a more accurate technique like a bioanalyzer (which also
provides important quantity values and requires less RNA).

• cDNA synthesis—pay attention to which reverse transcriptase primer(s) (e.g.,
OligoDT, random hexamers, or a mixture of both for priming oligos) is provided
in the cDNA synthesis kits used.
– OligoDT offers a more specific priming to poly(A) mRNA tail (as well as

polyA rich regions) giving greater assurance that the mRNA is intact. [Note:
OligoDT cannot prime 18S rRNA eliminating the possibility of 18S being used
as a housekeeping gene.]

– Random hexamer is recommended for total RNA especially if the transcription
of interest does not have a polyA tail or is unknown.

• Controls: Without the proper controls, the analysis is impossible to interpret and
trust.
– Primer set choice: When possible, primers should be exon spanning to allow

specific amplification of the RNA transcript instead of any possible
contaminating gDNA.

– Make RT minus negative control: In the cDNA synthesis, take half of the
reaction as the negative control (RT minus) by adding water instead of the
reverse transcriptase enzyme to control for gDNA contamination.

– Housekeeping gene(s) (HKG) choice: Essential for normalization step to
accurately measure the levels of cDNA samples. Multiple HKGs (2–4) must
be tested and validated to confirm that HKG has ubiquitous expression in the
tissue type studied and importantly does not show group differences across the
study cohort [45]. Some examples of commonly used HKGs are GAPDH,
β-actin, α-tubulin, HPRT, UBC, YWHAZ, and 18S.

• Replicates (biological and technical) are essential due to possible well-to-well
variation, pipetting error, or poor efficiency of cDNA synthesis.

• Criteria for primer design and target amplicon
– Primers are typically around 15–30 base pairs long with similar melting

temperature (Tm), which is ideally around 58–62 �C (lower Tms can have
non-specific annealing).

– Using genome database software, confirm that the primers are specific to the
targeted region and not aligning to other regions in the genome, and avoid
repetitive regions.

– The ideal amplicon length is 70–150 bp, and should not exceed 400 bp.
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3.5 Epigenetic Studies Targeting Chromatin Modifications

The chromatin structure host epigenetic regulators, through proteins called histones
that together with the DNA form the repeating nucleosomal units of chromatin
[46]. Modifications to the histone N-terminal tails are known to be somatically
heritable, have a role in regulating gene expression and occur post-translationally
through methylation, acetylation, phosphorylation, ubiquitination, and other
methods. Various histone modifications have been identified in many regions
throughout the genome [47, 48].

3.5.1 Histones Modifications

Most histone modification analyses are through immunoprecipitation incubation of
cells with antibodies targeting a specific modification after crosslinking the histones
to the DNA (chemical fixation of the nucleosome). The chromatin immunoprecipita-
tion (ChIP) protocol allows for the enrichment of DNA associated with histone
modifications which can then be analyzed by sequencing (ChIP-Seq) [49], or
microarray (ChIP-on-chip) [50]. As evident in a large number of ChIP-Seq studies
in the literature, there are available datasets from previously performed ChIP assays
found in genome databases (e.g., UCSC genome browser) across various tissue
types, which provides a great resource when planning out a genomic region of
interest or as to compliment DNA methylation and gene expression data.

3.5.2 Chromatin Conformation

The chromosome conformation capture assay is a technique used to identify and
quantify possible physical interactions that are occurring between any two genomic
loci enabling the study of in vivo genomic organization and interacting chromatin
segments over vast regions of up to several hundreds of kilobases in size. The
captured interactions could be specific interactions (e.g., between genes and regu-
latory elements), or random collisions between loci. In the chromatin conformation
protocol, cells are first crosslinked which leads to stabilization or capture of the
DNA–DNA, as well as DNA–protein interactions. The DNA is then digested with a
restriction enzyme and the fragments are ligated, creating a mixture of interacting
fragments. Sequence analysis of the area of ligation allows the identification of the
interacting chromatin which enables the genome-wide analysis of the chromatin
conformation [51].
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3.6 Notes on Single-cell Epigenetic Methodology

With the advances in molecular genomic technology increasing so has the optimiza-
tion of choosing the most optimal starting material. Across research involving DNA,
RNA, and protein, cell-to-cell variation within individual tissue or blood samples has
led to studies using single-cell epigenomic analysis to understand the biological
functional mechanisms in a cell type-specific manner [52, 53]. Mehrmohamadi et al.
provides a comprehensive review outlining current state of single-cell epigenomic
methodology and assays [53].

3.6.1 Cell type-Specific Epigenomics

As mentioned above in the biospecimen section, generating/isolation of single-cell
starting material depends on the available tissue/cells and research aims. With the
adaptations of some of the above-mentioned assays, single-cell epigenomic analysis
is possible for DNA methylation (e.g., single-cell bisulfite sequencing; scBS-Seq)
[54], RNA expression (single-cell RNA-sequencing; scRNA-Seq) Dal Molin and Di
Camillo proved an in-depth experimental design review [55], and chromatin modifi-
cation (e.g., single-cell assay for transposase-accessible chromatin; ATAC-seq,
scChIP-seq) [50]. Remarkably, current ground-breaking modifications to single-
cell protocols/assays are being further advanced to simultaneously analyze the
methylation and transcriptome or chromatin modifications (for a multi-omic
approach) which is optimal for valuable hard-to-obtain material. [56].

3.6.2 Benefits and Limitations to Single-cell Epigenomics

The greatest benefit of single-cell approaches is the ability to study cellular hetero-
geneity, cell-to-cell interactions, and rare/sub-cell population, especially at critical
time points in early stages of embryonic development and/or disease pathology etc.
(possible biomarker applications). However, the generation/isolation of single-cell
material is labor intensive/time consuming and requires expensive core facilities/
equipment such as FACS machines, laser microdissection platforms, or cell culture
units. In the instances where single-cell isolation can be clearly performed and would
provide true biological functional relevant insight to the research aim/hypothesis this
would be gold-standard material.

Single-cell epigenomics involves sequencing-based arrays/technologies which
have been discussed in previous sections. These methods allow for medium to
high throughput, great coverage, and resolution across the genome and
transcriptome which is hugely beneficial when dealing with patient samples where
starting material is limited. In addition to the high expense, large datasets are
generated and require a great knowledge of computational analysis (bioinformatics,
statistician). Most of these studies are performed on a smaller scale sample size, as it
is cost- and time-prohibited to scale up to large population cohorts. With the
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relatively new applications of single-cell epigenomic sequencing technologies/
research tools, a great challenge and important consideration is what are best
controls (e.g., technical, and biological controls for estimating and validating cellular
variations, normalization, and spike—in standards. . .)[52].

3.7 Method Section Recommendations in Communications
and Publications

Along with the epidemiological cohort/sample population information, there are
essential molecular-genomic experimental details that should be provided in
publications for validation, reproducibility, and data sharing within the research
field (some examples include chromosomal locations of the targeted genes, primer
sequences, tissue/sample selection and preparation, experimental controls)
(Table 3.3).

Table 3.3 Epigenetic-epidemiology studies: Key information to be included in publications

Experimental analysis

Key
requirements for
publication Examples

Cohort samples Collection Cohort details: e.g., BMI, age, treatment. . .

Isolation
protocol

Kits used, time until sample processing

Samples Sample/cell type (e.g., tissue, serum, buccal)

Storage Storage temperature and duration

Epigenetic studies
(DNA, RNA,
Chromatin)

Sample
preparation

Tissue/cell type, isolation details, starting
amounts, chromatin cross-linking info

Target sequence Accession number, probes filtering for arrays

Primers and
probe sequence

Sequence or reference number

Bisulfite Primers
sequence

Unconverted and converted sequence

Reproducibility Coefficient of variation

Replication Number and type of replicates

Replication Number and type of replicates

Controls Type of controls (e.g., negative control for
RT-PCR, IP, antibody specificity control,
chromatin conformation ligation template control)

Normalization Housekeeping genes

Antibody
information

Reference, dilution
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3.8 Conclusion

Together Epidemiological-Epigenetic studies ought to have clearly defined experi-
mental hypotheses and aims with thorough planning of cohort (especially for
subgroup generation) and biospecimen collection as well as selection of the best/
relevant methods. With clear epidemiological human/patient cohorts as an important
starting material, researchers will strive to complete a more whole epigenome and
transcriptome landscape/profile with the key combination of technologies on DNA,
RNA, and Chromatin [53, 57–59].
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Abstract

Studies in epigenetic epidemiology have reported increasing numbers of epige-
netic biomarkers associated with a wide range of exposures and outcomes. Due to
cost and technical difficulties, these markers are usually derived from complex
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tissues that are composed of many different cell-types. This cell-type heterogene-
ity prevents the identification of cell-type specific epigenetic alterations, posing
significant challenges to the interpretation and understanding of these markers.
Consequently, there is a strong need to develop cost-effective computational
solutions to tackle the cell-type heterogeneity problem. Here, I discuss some
recently proposed cell-type deconvolution algorithms aimed at estimating cell-
type fractions and identifying cell-type specific differential DNA methylation
changes. I describe their successful application to epigenome studies. We also
discuss their main limitations, providing general guidelines for their successful
implementation and for correctly interpretating results derived from them.

Abbreviations

DMC differentially methylated cytosine
DMCT differentially methylated cell-type
DNAm DNA methylation
EWAS Epigenome-Wide Association Study
FDR False Discovery Rate
FPR False Positive Rate
LSR least squares regression
mQTL methylation quantitative trait loci
PR C2 Polycomb-Repressive-Complex-2
scRNA-Seq single-cell RNA-Seq
SE Sensitivity

4.1 Introduction

Over the last two decades, we have seen a rapid increase in the number of studies
reporting associations of epigenetic marks, in particular DNA methylation (DNAm),
with epidemiological and disease risk factors, as well as with disease itself [1–
10]. Many of these associations have been derived by measuring DNA methylation
in the tissue-of-origin, for example, in precursor cancer lesions [8, 11, 12], cancer-
tissue [13] or post-mortem brain [14, 15]). However, by far most associations have
been derived from easily accessible “surrogate” tissues like blood [1, 16], often
under the assumption that DNAm changes in such tissues can be informative of
disease or disease risk [17–20]. An ever-increasing number of epigenetic biomarker
studies are also measuring DNAm of cell-free DNA fragments (cfDNAm) in serum,
which offers great potential for noninvasive early detection of a wide range of
diseases, including type-1 diabetes, multiple sclerosis, ischemic brain damage,
pancreatitis, and cancer [21–26]. In most cases, however, the biological interpreta-
tion of the measured epigenetic alterations remains challenging [27]. One obvious
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reason for this is that, unlike gene or protein expression, an epigenetic change may
not necessarily be functional. As a concrete example, age-associated DNAm
alterations have been widely reported [6, 7, 28–31], yet a significant proportion of
these changes do not appear to be functional or may only act to stabilize gene
expression [32]. Another reason, which is still often overlooked, is cell-type hetero-
geneity [33]. This refers to the fact that most epigenome studies deriving biomarkers
or molecular classifications of disease, do so by measuring DNAm in a complex
tissue comprised of many different cell-types, each with its own characteristic
DNAm profile. This is true not only for tissues like lung, liver, or blood, but also
when measuring cfDNAm in serum, as most of the cfDNA derives from
lymphocytes [21, 26]. Thus, by only measuring an average DNAm profile over
many underlying cell-types, it is difficult to ascertain if DNAm changes associated
with an exposure or outcome of interest is the result of DNAm changes in individual
cell-types, and if so, in which cell-types, or whether the DNAm change is merely the
result of underlying changes in cell-type proportions (Fig. 4.1).

Is it important, from a biological, clinical, or epidemiological perspective, to
determine the source or nature of a DNAm change? In general, the answer to this
question is yes: knowing in which cell-type (or cell-types) a DNAm change may be
occurring in is critically important in order to understand how putative functional
consequences of the DNAm changes may affect cell-function and disease develop-
ment. For instance, in the context of asthma, an EWAS for immunoglobulin-E
concentrations in blood revealed associations that were later validated in isolated
eosinophils, highlighting molecular pathways in a relevant cell-type that mediate
allergic inflammation [34]. Another example is that of HAND2, a transcription
factor that mediates the tumor-suppressive effects of progesterone in the endome-
trium: here promoter hypermethylation and silencing of HAND2 is observed in
endometrial fibroblasts from precursor cancer lesions, which results in increased

DDDMMMCCCsss

DMCs driven
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DMCs not
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by changes in
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composition

CT1

CT2

CT3

Not altered

Not altered
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Control/
Unexposed

Complex
Tissue

Epigenome study

DNAm profiling

Fig. 4.1 Broad classes of DMCs. Epigenome studies performed in complex tissues (by definition
these are composed of many different cell-types) only measure an average DNAm profile, and thus
can only detect differentially methylated cytosines (DMCs) without knowledge of the underlying
sources driving these DNAm changes. DMCs may result from shifts in cell-type proportions
between cases and controls, or may result from DNAm changes in one or more cell-types (CT).
All types of DMCs may be informative of say diagnosis or prognosis, but detection of cell-type
specific DMCs is important to improve our understanding of the molecular pathways involved in
disease development
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FGF paracrine signaling with endometrial epithelial cells, sensitizing these to onco-
genic estrogen [35]. Another scenario where cell-type specificity may play an
important role is in the context of mQTLs, i.e., SNP-CpG pairs where the methyla-
tion of the CpG is associated with genotype, with recent studies indicating that up to
20–30% of mQTLs derived in blood may be cell-type specific [36, 37]. Such cell-
type-specific mQTLs could be informative of molecular pathways that contribute to
disease predisposition in a cell-type-specific manner. Another example is aging,
where the promoter of a given cell-specific transcription factor may become gradu-
ally hypermethylated with age, which could lead to irreversible silencing of the TF
and to a skewed or impaired differentiation [38]. The same DNAm change occurring
in a cell-type where the TF is already switched off, say by a repressive H3K27me3
mark, would not have a functional consequence.

One solution to the cell-type heterogeneity problem would be to perform the
epigenome study in purified cell-types, but this remains labor intensive, costly and
has mostly only been carried out in immune cells [36, 39–41], or to validate findings
at a few selected loci [34]. Another potential solution is to generate DNAm data at
the resolution of single cells [42–44]. However, this also remains costly, is unscal-
able to large numbers of individuals, and only generates very sparse data that cannot
be used for building DNAm reference profiles for individual cell-types
[44, 45]. Thus, there has been an ongoing attempt to address the cell-type heteroge-
neity problem computationally, by devising statistical algorithms (i) that can infer
cell-type fractions and DMCs [46–48], (ii) that can infer latent components of
variation and DMCs [49–51], and (iii) that can infer cell-type specific differential
DNAm, i.e., differentially methylated cell-types (DMCTs) [52, 53] [54, 55], all in
the context of epigenome studies performed in complex tissues.

The computational complexity posed by the cell-type heterogeneity problem can
be quite substantial: assuming a study is performed in whole blood (a tissue with
seven main blood cell subtypes: neutrophils, eosinophils, monocytes, natural-killer,
B-cells, CD4+, and CD8+ T-cells), and that one finds a DMC associated with a
factor of interest, there could be at least 27–1 ¼ 127 different combinatorial
differential methylation (DM) patterns among the seven cell-types that could give
rise to the observed DM at the whole tissue level. For instance, at one extreme, a
DMC could be present in all cell-types of the tissue, while at another, it may only be
present in one of the cell-types (Fig. 4.1). The above estimate does not even consider
the potential combinatorial possibilities in terms of the directionality of DNAm
change, which could involve increased (i.e., hyper) or decreased (i.e., hypo) methyl-
ation in different cell-types. Nor does the above estimate include scenarios where the
DMC is driven purely by a change in cell-type composition. A well-known example
of the latter is the increased myeloid to lymphocyte ratio that is observed in blood as
a function of age [7, 56], cancer [57] or Rheumatoid Arthritis (RA) [58]. Shifts in
cell-type composition are of course critically important in the context of cfDNAm in
serum, since it is these shifts (e.g., increased circulating tumor DNA burden) that are
informative of disease [26]. In other easily accessible tissues such as saliva or buccal
swabs, the number of cell-types will be even bigger than in blood, because these
tissues contain squamous epithelial cells besides immune cells [59–61]. The com-
plexity only increases even further when we start to consider solid tissues, which in
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addition to immune cells, may contain different types of epithelial, endothelial, and
fibroblast cells. The full repertoire of cell-types within human tissues and organs is
only now been elucidated thanks to major international efforts such as the Human
Cell Atlas [62, 63]. For instance, some studies have estimated over 50 different cell-
types in a tissue like lung [64, 65]. It should be noted though that given an observed
magnitude of DNAm change, that this may impose substantial constraints on the
allowed cell-type-specific DM patterns. For instance, if we observe a close to 100%
change in DNAm between cases and controls, then this can only be realized if the
change is happening unidirectionally in all the major cell-types of the issue. In
general, it should be clear that the complexity of calling cell-type-specific DM can
be at least 100-fold higher compared to calling DM [66].

Given this complexity, and given the inevitable limitations on the sample size of
epigenome studies, it is understandable that statistical algorithms alone may not be
able to fully address the above challenge. Nevertheless, as we shall see, statistical
and computational methodology can help towards partial solutions or to solving the
challenge in simpler scenarios, which can still be very informative and useful for
disease diagnosis and early detection, for hypothesis generation or for devising
validation experiments in purified cell-types. For instance, one way to simplify the
problem is to consider a small number of “coarse” or “representative” cell-types, or
only restrict to the main dominant cell-types within a tissue.

In the next sections, we shall describe some of the computational and statistical
methods that have been proposed to estimate cell-type fractions and to detect cell-
type-specific DNAm changes, as well as a number of applications where it has led to
important novel insights.

4.2 General Considerations

In that follows, we shall refer to a cell-type specific differentially methylated
cytosine as a differentially methylated cell-type, abbreviating this with “DMCT.”
Given a DNAm matrix defined over cytosines and samples, and given a factor of
interest (e.g., an exposure, disease-status), the inference of DMCTs generally pro-
ceeds in two steps:

1. First, we need to estimate the fractions for all cell-types in the tissue. Without
knowledge of the proportions of each cell-type in a given tissue, it is not possible
to infer in which cell-types putative DNAm changes are happening. Some cell-
types in a tissue may be present in such low numbers that their estimation is not
possible, and therefore in this step one aims to infer fractions for as many cell-
types so as to account for at least 95% of the tissue composition. This is because
the error-rate of estimating cell-type fractions generally is about 5% [48].

2. Second, the estimated cell-type fractions are used as covariates in a linear model
relating the observed DNAm profile of a cytosine to a factor/exposure of interest
and other covariates representing potential confounding factors (e.g., batch
effects). Importantly, the cell-type fractions enter the equations not only as
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ordinary covariates, but also as part of interaction terms with the factor/exposure
of interest. Later we shall explain why interaction terms capture DMCTs.

While in general, only these two steps are required, in practice, it is strongly
advised to include two intermediate analyses in order to better interpret the overall
results. Once we have estimated cell-type fractions, it is important to establish if these
cell-type fractions vary significantly in relation to our factor/exposure of interest.
Indeed, if tissue composition changes, then the underlying shifts in cellular proportions
could play an important causal role in disease development. A concrete example is the
infiltration of CD8+ T-cells in triple-negative breast cancer, which is a well-known
predictor of good outcome in this usually aggressive type of cancer [67]. Cell-type
compositional changes could potentially also be used for disease risk prediction or
diagnosis [21, 22, 68–70]. For instance, in the context of cfDNAm in serum, an
increased proportion of DNA fragments reflecting tissue-specific cell-death, as e.g., it
happens with pancreatic beta-cell death in type-1 diabetes or with exocrine cell-death
in pancreatic cancer, could be used for early detection or monitoring of therapy
response [26]. A shift in tissue composition can also reflect a systemic effect of
disease, as for instance, with the observed increased myeloid to lymphoid ratio in
the blood of cancer patients [57]. If such shifts occur before the conventional diagnosis
of disease, they could be used for early detection or for quantifying disease risk.

The other intermediate step one is advised to perform is the inference of differen-
tially methylated cytosines (DMCs). This is accomplished using the same linear
model as for DMCT inference, but without the inclusion of interaction terms. In this
model, cell-type fractions only enter as ordinary covariates alongside other potential
confounders, aim being to identify DMCs that are not driven by changes in cell-type
composition or by any of the other potential confounders. It is important to stress that
once we have identified such a DMC, that this does not tell us anything about which
cell-types the DNAm change is happening in, although there could be constraints on
this depending on the observed effect size, as mentioned earlier. We shall see one
concrete example of this later. Now we turn to the specific task of estimating cell-
type fractions in complex tissues.

4.3 Estimating Cell-Type Fractions in Complex Tissues

As mentioned earlier, this task is required before we can infer DMCTs. And the
reliability of the inference of DMCTs in a given study hinges on our ability to
accurately estimate the underlying cell-type fractions. Currently, the best way to
estimate cell-type fractions in a given sample for which a genome-wide DNAm
profile is available, is through the construction of a DNA methylation reference
matrix (DMRM) [71]: the columns of this matrix represent the cell-types within the
tissue, with the rows representing marker CpGs (or marker genes) whose DNAm
levels vary substantially between cell-types. Here we shall discuss three different
strategies that have been applied to build a DMRM (Fig. 4.2). The choice of strategy
largely depends on the tissue-type being considered, which is why the ensuing
discussion is structured based on tissue-type.
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4.3.1 Estimation of Cell-Type Fractions in Blood

We first consider the case of whole blood (WB), peripheral blood mononuclear cells
(PMBCs) and cord blood (CB), because for these tissues, it is possible to generate
genome-wide DNAm reference profiles for all major underlying cell-types. This can
be accomplished by the use of well-known markers for blood cell subtypes, whose
specificity is relatively high in order to be able to generate purified samples (e.g.,
CD19 for B-cells) through, e.g., FACS sorting. Thus, in the case of WB, it has been
possible to generate genome-wide DNAm profiles for all seven major cell subtypes,
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Fig. 4.2 Strategies to building a DNAm reference matrix. Depicted are three strategies to building
a DNAm reference matrix (DMRM). One approach (left branch) is based on FACS sorting cells and
subsequently generating genome-wide DNAm profiles for these purified cell populations. Subse-
quently, one identifies DMCs between these purified cell populations to build the DMRM. Another
strategy (middle) is to use existing DNAm profiles of relevant purified cell samples in the public
domain to build the DMRM, once again by identifying DMCs between these purified samples. This
strategy can be applied more broadly to solid tissues, but compromising cellular resolution. Another
strategy (right) is to leverage the high-resolution nature of a tissue-specific scRNA-Seq atlas to build
an mRNA expression reference matrix and to subsequently impute a corresponding tissue-specific
DMRM. The cellular resolution of this strategy is high (only limited by the cell-types the scRNA-
Seq assay can measure), but the quality of the imputation may not suffice to distinguish similar cell-
types
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which includes neutrophils, eosinophils, monocytes, B-cells, CD4+ T-cells, CD8+
T-cells, natural-killer cells, and B-cells [72]. PBMCs are generally devoid of
granulocytes which includes neutrophils, eosinophils, and basophils. For CB, a
tissue of increasing importance in epigenetic epidemiology [73–77], it has also
been possible to build tailored DNAm reference matrices [78, 79], as indeed it is
well recognized that both the composition and cell-type-specific DNAm profiles are
different to those of whole blood. In all these cases, once genome-wide DNAm
profiles for purified samples have been generated, it is then possible to build
corresponding DMRMs.

It is important to briefly describe how the DMRM should be constructed and
indeed why it is necessary to use this DMRM for estimating cell-type fractions. If we
have a genome-wide DNAm profile for a WB/PBMC/CB sample, represented by a

vector β
!
defined over a large number of CpGs (around 450k or 850k, depending on

the Illumina beadarray version), then it is sensible to express it as a linear mixture of
corresponding genome-wide DNAm profiles for the constituent cell-types, as in:

β
! ¼

XK

k¼1
f k β

!
k,

where k denotes the cell-type, K is the total number of different cell-types and fk is
the proportion/fraction of cells of type k in the mixture. These fractions are obviously
unknown, and we would like to infer them given the measured DNAm profile of the
mixture and that of the constituent cell-types. Mathematically, the inference of these
fractions is indeed possible, by formulating the above equation as a linear least
squares multivariate regression problem, with one key difference, however, which is
that the fractions must all be bounded between 0 and 1, and that their sum must add
to 1 (or to a number less than 1 since in practice we cannot possibly know or have
DNAm profiles for all underlying cell-types in a tissue). These additional constraints
on the regression problem turn the ordinary least squares regression (LSR) into a
constrained LSR or constrained projection (CP) problem, which can be solved using
techniques in quadratic programming (QP) [46]. While it might be tempting to solve
this CP problem using all available CpGs, this is not advisable because a large chunk
of the genome will not differ between blood cell subtypes. In other words, uninfor-
mative CpGs that show little variability between blood cell subtypes generally do not
contribute, and therefore it is sensible to exclude these from the inference as they are
not needed. Computationally, if the CP problem can be solved over a small number
of informative CpGs this will also speed up the estimation of cell-type fractions very
substantially, which is an important consideration. Thus, once the DNAm profiles
for the purified cell-types have been generated, the next step is to identify the
informative CpGs. There are several strategies to accomplish this [46, 48, 78, 79],
but in general, they involve a process of identifying cell-type specific DMCs, i.e.,
CpGs that are highly methylated (or unmethylated) in one cell-type, with corre-
spondingly low (or high) DNAm values in all other cell-types. Ideally, one desires a
reasonable number of cell-type specific DMCs for each cell-type, which ensures
robustness to potential “dropouts” in independent datasets where the fractions are to
be estimated. By dropout we here mean a probe that does not pass QC in the
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independent dataset and which therefore cannot be used in the inference procedure.
Ideally, one would also want to ensure equal or approximately equal numbers of cell-
type-specific markers for each cell-type, because can avoid biasing the inference to
those cell-types with more markers. And thirdly, one would ideally only include cell-
type-specific DMCs, where the difference in DNAm between the marker cell-type
and all others is as large as possible, i.e., typically over 0.7 in the beta value [0,1]
scale, i.e., at least a 70% methylation change. This number is motivated by the heavy
use of Illumina DNAm beadarray technologies, where the two main modes
(unmethylated and methylated peaks) are generally about 0.7 methylation units
apart, with a value of 1 being the theoretical maximum. In practice, all three
requirements above may not be met. For instance, for similar cell-types (e.g.,
CD4+ and CD8+ T-cells) it might be difficult to find many DMCs with over 70%
DNAm difference between them, and indeed accurately estimating the relative
fractions of highly similar cell-types still remains a challenge. Mathematically, the
quality of a DNAm reference matrix can be expressed in terms of its conditioning
number [79], which is an indicator of how robust the inference would be. Based on
extensive experience estimating cell-type fractions, we advise on the following
guidelines for selecting DMCs for a reference DNAm matrix. We note that these
guidelines are not unique to DNAm but apply equally well to other data types (e.g.,
RNA-Seq):

1. Perform DM analysis between one cell-type (the “marker” cell-type) against all
others (as one group) to identify DMCs using some sensible significance thresh-
old (e.g., FDR < 0.05).

2. For these DMCs, compare the mean DNAm level in the marker cell-type to the
highest (or lowest) mean DNAm level from among all other cell-types, to then
subselect DMCs that have an effect size (i.e., difference in mean DNAm) larger
than +/�0.7.

3. For each cell-type, rank these DMCs according to the absolute effect size and
select a given top number of these. We recommend about 50 for each cell-type, if
possible.

4. If in step-2 or step-3 there are not enough DMCs for a given cell-type, then the
corresponding effect size threshold could be relaxed (for instance, one could go as
low as +/�0.3 or +/�0.4), or alternatively, one may select a smaller number of
top-ranked DMCs in step-3. However, as mentioned, due to QC-issues in inde-
pendent data, we do not recommend that the final number of cell-type specific
DMCs per cell-type should be less than 10.

Once the cell-type-specific DMCs have been identified, the DMRM is then built
by taking the average or median DNAm of these CpGs in each cell-type separately.
We note that although theoretically, one should take the average, in practice, taking
the median is also justified as it may provide a more robust estimator. For K cell-
types, the DMRM would then ideally be a matrix with K*50 rows labeling the cell-
type-specific DMCs, and K columns labeling the cell-types. With this DMRM in
place, we would then estimate cell-type fractions by solving the following CP
problem:
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β
! ¼

XK

k¼1
f k β

! Rð Þ
k þ E! with

0 � f k � 1 and
XK

k¼1
f k � 1

DMRMs for blood and cord blood are available from various Bioconductor
R-packages, including minfi [80], EpiDISH [48] and FlowSorted.
CordBlood.450 K [81].

In the case of tissues like blood, it is also possible to obtain cell-type fractions
using magnetic flow cytometric techniques (e.g., MACS), which thus allows objec-
tive testing of the DNAm-based estimates. This assumes of course that the sample
taken for the DNAm-assay and the sample used to obtain MACS-based estimates are
taken at the same timepoint, as blood cell fractions are known to vary with time [82–
84]. In general, the agreement of estimated cell-type fractions obtained using a
DMRM with those derived with MACS is very good (Fig. 4.3).

4.3.2 Estimation of Cell-Type Fractions in Saliva and Buccal Swabs

Like blood, saliva and buccal tissue can be obtained fairly easily and cheaply,
allowing noninvasive measurement of DNA methylation in a tissue that contains
squamous epithelial cells in addition to immune cells [59–61]. The reason for

Fig. 4.3 Agreement between DNAm and flow cytometry-based cell fraction estimates in whole
blood. For each of the six major blood cell subtypes, a scatterplot of the flow cytometric cell-type
fraction estimate (y-axis) vs. the DNAm-based estimate (x-axis). The dashed lines represent the best
fit regression line. R2 and P-values are given. Dataset consists of 162 whole blood samples from
healthy individuals
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treating saliva and buccal swabs separately from blood and solid tissue-types is that
it is relatively straightforward to build DMRMs for these two tissue-types. Since
they contain immune cells, the same DNAm profiles of immune cell subtypes in
blood can be used for building the DMRM for saliva/buccal swabs. The only
additional requirement is to generate a DNAm reference profile for squamous
epithelial cells. However, since effectively most epithelial cells in saliva/buccal
swabs are squamous in origin, and there is therefore no need to distinguish different
epithelial cell-types from each other, a DNAm reference profile for any epithelial
cell-type may suffice. For instance, ENCODE [85] and the NIH Epigenomics
roadmap [86, 87] have generated genome-wide DNAm profiles for many different
normal epithelial cell lines and primary epithelial cells. By using different types of
epithelial samples one can thus hone in on the generic DNAm patterns of any
epithelial sample, including the squamous epithelial cells from the oral cavity.
Thus, for these tissues and given genome-wide DNAm profiles for epithelial and
immune cell subtypes, one can apply the same DMRM-construction strategy
outlined above, i.e., by first deriving cell-type-specific DMCs, from which the
DMRM is then built. Estimation of cell-type fractions then proceeds exactly as
described before for the case of blood.

A slight variation to the above procedure is obtained by recognizing that cell-
types within a tissue exhibit markedly different levels of similarity, depending on
their shared developmental trajectories. Thus, one expects substantially more DMCs
between epithelial and immune cells than between CD4+ and CD8+ T-cells. In
recognition of this, an algorithm called HEpiDISH (Hierarchical Epigenetic Dissec-
tion of Intra-Sample Heterogeneity) [59] uses a hierarchical 2-step strategy with two
DNAm reference matrices, one aimed at obtaining a total epithelial and total immune
cell fraction, and a second one to obtain fractions for all immune cell subtypes.
Because we will revisit HEpiDISH in the context of solid tissue-types, we refer
details to the next subsection.

4.3.3 Estimation of Cell-Type Fractions in Solid Tissues

The most challenging scenario is to estimate cell-type fractions in a solid tissue-type.
This is because the number of cell-types is obviously much higher than in blood
(there will be different kinds of fibroblasts, endothelial, and epithelial cell subtypes,
besides immune cells), but also because this number is still generally unknown and
generating DNAm profiles for even just a few of these cell-types is technically
challenging. This means that for most cell-types in a solid tissue, there are no
available DNAm reference profiles. This is despite efforts from the Epigenomics
Roadmap [86] to generate a number of these (e.g., kidney podocytes, breast
myoepithelial, breast luminal cells). Given these major challenges, how does one
then aim to estimate cell-type fractions in a solid tissue like breast or lung where the
number of cell-types will be substantially higher than 10 and for which reference
DNAm profiles may not be available for specific cell-types?

In principle, one may be tempted to apply reference-free cell-type deconvolution
algorithms [49, 50, 88], which aim to infer latent (i.e., hidden/unknown) sources of
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variation in the data, some of which may correspond to variations in cell-type
fractions. However, reference-free algorithms cannot yield direct cell-type fraction
estimates and are therefore limited as far as DMCT inference is concerned, their
application being primarily to infer DMCs not driven by changes in cell-type
composition [49]. Given that biotechnology will eventually advance to a level that
makes single-cell DNA methylomics more reliable, affordable, and scalable, thus
allowing routine generation of DNAm reference matrices, it is sensible to focus on
reference-based approaches as we are doing here.

So far, two different reference-based strategies have been developed. One
approach is based on the HEpiDISH algorithm [59], mentioned earlier. This uses a
two DMRM strategy, whereby in the first step, the algorithm uses one DMRM to
estimate a total epithelial, a total fibroblast and a total immune cell fraction. While
solid tissues like lung or breast contain other cell-types (e.g., endothelial cells), the
lack of sufficient reference DNAm profiles for purified endothelial cells (to allow for
training and validation) means that these may be challenging to include. In the case
of breast, adipocytes form a major component in addition to epithelial, fibroblast,
and immune cells, and for adipocytes, reference DNAm profiles are available in the
public domain to allow construction and independent validation of a 4 cell-type
DNAm reference matrix, defined over a generic epithelial, fibroblast, fat, and
immune cell [59]. In the second optional step, HEpiDISH then estimates fractions
for the immune cell subtypes. This is accomplished with a second DMRM defined
over CpGs that discriminate the different immune cell subtypes from each other.
Importantly, for each of these CpGs, it is also required that their baseline DNAm
level, i.e., the level of DNAm seen across most of the immune cell subtypes, is
similar to that of the epithelial, fibroblast, and fat cells, to ensure that variations in
these other cell-type fractions would not bias the relative fractions of immune cell
subtypes [59]. Thus, this second DMRM is distinct from the one used when inferring
cell-type fractions in WB.

Another strategy is based on the EpiSCORE algorithm [89, 90]. EpiSCORE
leverages the high-resolution nature of a tissue-specific scRNA-Seq atlas to first
construct a mRNA expression reference matrix for all major cell-types in the tissue.
This assumes that the scRNA-Seq assay has captured the most important cell-types
in the tissue, which is not always the case: for instance, in the case of breast, fat cells
are abundant but they are large cells that are often missed by current scRNA-Seq
protocols [91]. Given the mRNA expression reference matrix, EpiSCORE then
imputes a corresponding DMRM, defined over the promoters of a subset of the
expression marker genes and the same number of cell-types. Of note, this imputation
only works for 20–30% of the marker genes in the expression reference matrix,
because for most marker genes there is no strong anti-correlative pattern between
promoter DNAm and gene expression. The smaller number of “imputable” marker
genes, for which there is such a strong anti-correlation, are identified using matched
RNA-Seq and whole-genome bisulfite sequencing (WGBS) data from resources like
the NIH Epigenomics Roadmap [86] and ENCODE [92, 93]. Unlike HEpiDISH,
EpiSCORE can then yield cell-type fractions for all cell-types in the tissue in one
step, by applying an analogous multivariate linear model as the one described earlier
for blood.
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4.3.4 Estimation of Cell-Type Fractions from cfDNAm in Serum

For completeness, we also describe briefly methods for estimating cell-type fractions
from cfDNAm in serum, framing this in the context of cancer where such methods
offer particular promise. Broadly speaking, the underlying strategy has been to build
analogs of DMRMs by identifying informative CpGs (i.e., DMCs) from comparisons
between DNAm measured in serum or blood from healthy individuals and DNAm
measured in solid cancer-types. Since the cfDNA in plasma from healthy individuals
stems predominantly from lymphocytes, such differential DNAm analyses naturally
adjust for the immune cell contamination that is inevitable present in solid cancers
[79, 94], thus identifying DNAm changes that are unique to the non-immune cells
(e.g., epithelial, fibroblast cells) present in cancer-tissue. An algorithm called Cancer
Locator [95] then builds a DMRM defined over a healthy and multiple cancer-type
states, subsequently applying this DMRM in a beta-mixture modeling maximum
likelihood framework to infer both tumor fraction and tumor-type. An important
element of this approach has been the explicit modeling of variance in addition to
the mean when building the DMRM [95]. Another strategy has been to perform
targeted bisulfite sequencing of informative regions in case/control cohorts, using
Machine Learning (ML) methods on a training set to build predictors of cancer-
type, which are subsequently validated in independent plasma samples
[21, 22]. Here, the ML method returns a probability measure that an individual has a
particular cancer-type, which can be interpreted roughly as a relative measure of the
corresponding tumor cell burden in the serum sample. Overall, these strategies have
shown that sensitive detection, i.e., with sensitivities and specificities close to 90% or
higher, is possible for a wide range of common tumor types (e.g., lung, liver,
esophageal cancer) [21, 95], in some cases even up to 4 years before conventional
diagnosis [22]. In this regard, it is worth noting that the cell-type specificity and meta-
stability of DNAm offer significant advantages over other molecular data types in
distinguishing the tissue-of-origin, as demonstrated by many studies (see e.g [96–
99].). However, challenges remain in that informative features are not yet selected
optimally. For instance, given that DNAm changes are widely altered and shared
between cancer-types [100, 101], or that they could reflect alterations in other cellular
compartments (e.g., fibroblasts or endothelial cells), it is plausible that these
confounders could limit performance when validating in independent cohorts. Thus,
cell-type deconvolution methods for solid tissues as described earlier should be the
ideal starting point in which to identify an optimal set of informative DMCs that are
unique to the cells of origin of each cancer-type.

4.4 Inferring Cell-Type-Specific Differential DNA Methylation
(DMCTs)

Once we have inferred the cell-type fractions, we are now in a position to infer
DMCTs. Here we shall describe one proposed DMCT-calling algorithm, the
CellDMC algorithm [52]. Another very similar algorithm that subsumes CellDMC
is TOAST [54]. Assuming for the time being that a CpG is altered in only one cell-
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type of the tissue, CellDMC/TOAST is based on the intuitive notion that the
difference in DNAm between case/control status (for convenience we here assume
a binary factor of interest, but similar arguments apply to a factor of interest that is
continuously-valued, e.g., age or smoking exposure), would be bigger in those
samples where the altered cell-type is more abundant. At the other extreme, i.e., in
samples where the altered cell-type is only present in small numbers or not present at
all, the difference in DNAmwill correspondingly be much smaller. Extending this to
more general scenarios, it is therefore plausible that by studying the patterns of
DNAm change as a function of cell-type fractions, one can identify DMCTs (Fig. 3.4
to Fig. 4.4).

Statistically, the dependence of DNAm change with cell-type fractions can be
captured using linear interaction terms, in this case, interactions between the factor
of interest and cell-type fractions. From a modeling perspective, these interaction
terms also emerge naturally: for a given cytosine c in a sample s, the methylation
value βcs will be given by the formula:

βcs ¼
XK

k¼1
bf ksβcks,

where bf ks are the estimated cell-type fractions and where βcks denotes the DNAm
value in cell-type k in sample s. It is natural to assume that this value follows a linear
model in relation to the factor of interest (denoted here by y),

βcks ¼ αck þ γckys þ εcs,

which means that the expression above becomes

Fig. 4.4 Identification of DMCTs. (a) Overall strategy to infer DMCTs involves a step where we
infer cell-type fractions for each sample, followed by fitting a linear model with interaction terms
between phenotype and cell-type fractions to infer a map over CpGs and cell-types indicating which
CpGs are altered in which cell-types. (b–d) Three examples of CpGs that define DMCTs in one cell-
type (CT1) (b), all cell-types (CT1–3) (c) and two cell-types where the direction of DNAm change
is different (CT1–2) (d). The scatterplots display the adjusted DNAm beta value against the
corresponding cell-type fraction, with red datapoints indicating “cases,” blue datapoints indicating
“controls.” Hyper ¼ hypermethylated in cases, Hypo ¼ hypomethylated in cases
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βcs ¼
XK

k¼1
αckbf ks þXK

k¼1
γck bf ksys

� �
þ εcs,

where εcs is a Gaussian error term. The second term in brackets is the linear
interaction term between cell-type fraction and our factor of interest. If there are
covariates or confounders that affect DNAm independently of cell-type (e.g., batch
effects), and which we represent as Wq, it is easy to show that the above formula
becomes

βcs ¼
XK

k¼1
αckbf ks þXK

k¼1
γck bf ksys

� �
þ
XQ

q¼1
φcqWqs þ εcs

We note that here the cell-type fractions have already been estimated and that
their sum must add to 1, which means that implicit in the equation above, there is an
intercept term, and a linear term in y (without interactions). The regression
coefficients can be solved under a linear LSR, which returns t-statistics and
P-values for the interaction terms, i.e., for assessing if there are DMCTs or not. It
is important to note that the above model is a marginal conditional model, i.e., one
aims to determine if a CpG is altered in a given cell-type conditioned on all other
cell-types. This is to be contrasted with the marginal (unconditional) model for cell-
type k

βcs ¼
XK

k¼1
αckbf ks þ γck bf ksys

� �
þ
XQ

q¼1
φcqWqs þ εcs,

where we estimate an interaction between the factor and the given cell-type fraction,
ignoring

all other potential interaction terms. Incidentally, the model for inferring ordinary
DMCs, would be

βcs ¼
XK

k¼1
αckbf ks þ γcys þ

XQ

q¼1
φcqWqs þ εcs

Later we present a power calculation to indicate that the marginal conditional
model can display in certain scenarios limited sensitivity to detect DMCTs that occur
in all cell-types. Thus, our guideline is the following 2-step strategy:

1. First, we infer ordinary DMCs adjusting for cell-type fractions, i.e., by adding
cell-type fractions as covariates in the linear model. This ensures that DMCs are
not driven by changes in cell-type proportion, while also keeping high sensitivity
to detect most alterations, albeit without knowledge of which specific cell-types
are altered.

2. Second, we run the marginal conditional model to identify DMCTs. Any DMCs
called in step-2, which are not found to be DMCTs, most likely indicate CpGs
that are altered in all cell-types.
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4.5 Applications

We next describe a number of concrete examples where the CellDMC algorithm has
been applied to real epigenome datasets, not only validating the algorithm, but also
demonstrating how novel insights can be gained by inferring DMCTs as opposed to
just DMCs.

4.5.1 Identification of Smoking-Associated DMCTs in Buccal Swabs

A compelling way to validate the CellDMC algorithm is by performing an EWAS in
relation to smoking exposure in buccal swabs. To understand why, we first note that
buccal swabs contain on average about 50% immune cells and 50% squamous
epithelial cells [59], i.e., two main cell-types. Second, many smoking-EWAS
performed in blood have shown that there is a highly reproducible signature of
smoking-associated DNAm changes. For instance, a recent meta-analysis identified
a gold-standard set of 62 smoking-associated CpGs, the great majority of which
undergo hypomethylation in the blood of smokers [2]. This includes a well-known
CpG mapping to the repressor of the aryl-hydrocarbon receptor (AHRR). A more
recent study encompassing a much larger number of samples [102] further validated
these 62 smoking-DMCs, while also identifying a larger number of alterations. Thus,
it is reasonable to posit that in a smoking-EWAS performed in buccal swabs, that we
should be able to retrieve this 62 CpG smoking hypomethylation signature in the
immune cell compartment of the tissue. The result of applying CellDMC to an
EWAS of 790 buccal swabs [18] is shown in Fig. 4.5a, which demonstrates that
the algorithm indeed predicts most of the 62 CpGs to be hypomethylated in the
immune cells from smokers. Interestingly, the algorithm also predicts that these
alterations are not happening in the squamous epithelial compartment of buccal
swabs, suggesting that these DNAm alterations do not occur in the cells of origin of
smoking-related diseases like squamous cell carcinoma of the lung or head and neck.
Instead, it has been shown that the DMCTs occurring in the epithelial compartment
may be more relevant in mediating the risk of smoking in these cancer-types [18, 59,
103, 104].

4.5.2 HAND2 Hypermethylation in Endometrial Cancer

Another insightful application is to endometrial cancer. Endometrial tissue is com-
posed mainly of epithelial, fibroblast, and immune cells. As mentioned in an earlier
section, the promoter of HAND2, a transcription factor that mediates the tumor-
suppressive effects of progesterone, is hypermethylated in the endometrial
fibroblasts of precursor lesions, as well as in endometrial cancer itself, events that
are associated with silencing of HAND2 [35]. HAND2’s promoter also undergoes
hypermethylation in blood as a function of age [32]. Thus, application of CellDMC
to say the TCGA endometrial cancer study (403 cancers +46 normal-adjacent) [105]
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Fig. 4.5 Examples of DMCTs. (a) Scatterplot of t-statistics of association between smoking and
DNA methylation (~480,000 CpGs) in immune cells (y-axis,IC) vs. the corresponding statistics in
the epithelial cells (x-axis, Epi), as predicted by CellDMC in an EWAS of buccal swabs (n ¼ 790
samples). CpGs belonging to a known 62 CpG hypomethylation smoking signature are highlighted
in red. (b) Patterns of cell-type-specific differential DNAm for HAND2 (promoter & first exon
region) in endometrial cancer, as predicted by CellDMC. Boxplot on the lower right corner is the
differential DNAm pattern for whole tissue, i.e., averaged over all cell-types. (c) Distribution of
DMCTs in an application of CellDMC to lung squamous cell carcinoma (LSCC) (TCGA dataset).
Scatterplots at the bottom illustrate two DMCT examples: an epithelial and an endothelial-specific
hypermethylated CpG. N ¼ normal, C ¼ cancer. (d) Scatterplots summarizing results of the GSEA
of epithelial and endothelial-specific DMCTs. y-axis labels the statistical significance (�log10[P-
value]), x-axis labels the log2[OddsRatio]. P-value and OR computed from a Fisher-test
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should reveal that HAND2 is hypermethylated in fibroblasts and possibly also in the
immune cells present within the endometrial tissue, because the average age of the
403 endometrial cancers is higher than that of the 46 normal-adjacent normals.
Moreover, the average DNAm change between endometrial cancer and normal-
adjacent samples is relatively large at around 0.6, a strong indication that HAND2
undergoes promoter hypermethylation in all main cell-types, including the epithelial
compartment. Thus, it is not surprising that when applied to the TCGA dataset, at the
resolution of three cell-types (epithelial, fibroblast, and immune cell) and using the
corresponding DNAm reference matrix from HEpiDISH (see Fig. 4.2), that
CellDMC predicts HAND2 promoter hypermethylation in all three cell-types
(Fig. 4.5b). We note that in this instance, the marginal conditional model did have
the sensitivity to detect HAND2 as changing in all three cell-types, despite being a
scenario where an ordinary DMC-model is more appropriate. That the algorithm
correctly predicts a DNAm change in the fibroblasts is critical, as it is the silencing of
HAND2 in the fibroblasts that leads to an altered paracrine signaling with the
epithelial cells, sensitizing these to oncogenic estrogen [35].

4.5.3 An Endothelial-to-Mesenchymal (EndoMT) Transformation
Signature in Lung Cancer

An example of how novel insight can be gained through application of a tool like
CellDMC is illustrated in the case of lung squamous cell carcinoma (LSCC). Here,
the EpiSCORE algorithm (Fig. 4.2) was used to build a lung-specific DNAm
reference matrix defined over epithelial, fibroblast, endothelial, and immune cells.
While one could also consider different immune cell subtypes, we can refrain from
doing so if our focus is on alterations occurring in the other cell-types. By
simplifying the problem to four main cell-types also yields more power to detect
changes in specific cellular compartments. The distribution of inferred DMCTs is
displayed in Fig. 4.5c, together with a few examples, and a Gene Set Enrichment
Analysis (GSEA) on the DMCTs appearing in the specific cellular compartments,
which reveals patterns that are strongly consistent. For instance, the enrichment of
bivalent and PRC2 marked domains among epithelial-specific hypermethylated
DMCTs is a well-known universal cancer signature (Fig. 4.5d) [89]. Likewise, the
concomitant enrichment of SMAD2/SMAD3 binding targets among endothelial-
specific hypermethylated DMCTs, and of terms related to mesenchyme, migration
and invasion among endothelial-specific hypomethylated DMCTs, is noteworthy
given the role of SMAD2/SMAD3 in maintaining vascular integrity (Fig. 4.5d).
Therefore, CellDMC makes the prediction that the observed hypermethylation in
lung cancer endothelial cells is associated with disruption of SMAD2/SMAD3
binding, compromising vascular integrity and associated with an endothelial-to-
mesenchymal (EndoMT) transformation. Such an EndoMT has been reported previ-
ously [106–108], but as revealed by CellDMC, epigenetic alterations could be
critical in promoting such a transformation.
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4.5.4 Myeloid and Lymphoid Specific Smoking-Associated DMCTs

As a final example, we revisit the case of smoking in blood. As mentioned earlier,
smoking is associated with a highly reproducible DNAm signature in whole blood
[2, 102]. However, to date, no large-scale EWAS in specific blood cell subtypes has
been performed in relation to detecting smoking-associated DMCTs. Hence it is
unknown whether the observed smoking signature is present in myeloid, lymphoid,
or in both cell lineages together. Only smaller scale studies have converged on
identifying a small number of CpGs that appear to be altered specifically in myeloid
or lymphoid cells [109]. Specifically, Su et al. reported 7 CpGs that exhibit lineage-
specific smoking-associated DNAm changes, with 5 of these being specific to
myeloid cells, and 2 being specific to lymphocytes [109]. A recent study applied
CellDMC to a number of independent EWAS with smoking information (2 in whole
blood and 1 in buccal swabs), and at the resolution of 2 cell-types (myeloid and
lymphoid), revealing good consistency with Su et al. [110]. A meta-analysis over a
large number of EWAS in whole blood further revealed myeloid-specific
hypermethylation and hypomethylation signatures, with the latter being strongly
enriched for DNase Hypersensitive Sites (DHS) as defined in inflammatory
macrophages, and with the former one only being enriched for DHSs as defined in
acute myeloid leukemia (AML) [110]. In contrast, the same meta-analysis did not
reveal an extended lymphocyte-specific smoking signature, suggesting that smoking
imparts its effect on DNAm patterns in blood mostly via alterations in myeloid cells.
This is a significant observation given that smoking is a moderate risk factor for
AML but not for lymphocytic leukemias [111].

In summary, all the above examples illustrate successful applications of an
algorithm such as CellDMC in identifying cell-type-specific DMCs, in some cases
validating known DNAm signatures, and in other cases generating novel concrete
hypotheses for further exploration and testing.

4.6 Limitations

Despite the successful applications described above, it is important to also empha-
size the limitations associated with identifying DMCTs. We illustrate some of these
limitations in the context of a power simulation on realistic data, focusing on the last
example considered in the previous section, namely identifying smoking-associated
DM in two cell lineages of blood (myeloid vs. lymphoid) [110]. This is a scenario
where one cell-lineage (myeloid cells) accounts for most of the cells in the tissue
(i.e., approximately 60–70% of cells in whole blood derive from the myeloid
lineage), with variations in the myeloid fraction between individuals also accounting
for most of the variation in DNAm. Details of the actual simulation model can be
found in You et al. [110]. Very briefly, in this in-silico model, one simulates three
classes of DMCTs, and subsequently assesses the sensitivity or power of the
algorithm (in this case CellDMC) to detect these alterations. One class of DMCTs
is specific to the lymphoid lineage, another class is specific to the myeloid lineage,
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and the third class of DMCTs is present in both lineages, and therefore this class is
non-specific. The sensitivity to detect each category of DMCT in a whole blood
EWAS is shown in Fig. 4.6, for a range of different effect sizes and two different
sample sizes.

Thus, for appropriately powered studies detecting lymphoid or myeloid-specific
DMCTs is in general not a problem. For instance, for an epigenome study with
200 samples (100 cases and 100 controls), the sensitivity to detect myeloid-specific
DMCTs is around 80% for an effect size of 2, which roughly corresponds to about a
10–20% average absolute DNAm change in myeloid cells. The corresponding
sensitivity for lymphoid-specific DMCTs is just over 60%, i.e., lower than for
myeloid-specific DMCTs, owing to the lower proportion and variance of lymphoid
fractions in blood, but still reasonably high. For larger effect sizes, i.e., for average
DNAm differences larger than say +/� 0.3, sensitivities are higher than 80 or 90%
for both lineage-specific DMCTs. However, for non-specific DMCTs, the power
calculation indicates markedly reduced sensitivity to detect the change in the lym-
phoid compartment. Thus, larger sample sizes would be needed to detect
non-specific DMCTs as being non-specific. As far as the FPR and FDR are
concerned, these are generally quite low, with the corresponding specificity and
precision being close to 100% for all three classes of DMCTs (see You et al. [110]).

The above simple power calculation clearly illustrates the potential limitations
associated with inferring DMCTs in real epigenome studies. As one wishes to infer
DMCTs in the context of ever-increasing numbers of cell-types, one main limitation
is on the sensitivity to detect non-specific DMCTs, and thus great caution needs to be
exercised when interpreting the specificity of inferred DMCTs. Another major
limitation is the potentially low variance in the fraction displayed by a given cell-
type, as noted recently [112].

Fig. 4.6 Power calculation. Plots of the sensivity (y-axis) to detect each class of DMCT vs effect
size (x-axis), and for two different sample sizes (n ¼ 200 and n ¼ 600). We note that n is the total
sample size and number of cases and controls is assumed similar. The effect sizes are realistic and
corresponding to average DNAm changes in individual cell-types that range from 0.05 to just over
0.6. In the last plot, we display the sensitivity to detect the non-specific DMCTs in each lineage
separately
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4.7 Useful Software

Here we give a brief overview of some of the important software that has been
developed in the cell-type heterogeneity field. Most of this software is freely
available as R-code from the websites as specified in the publications. For estimating
cell-type fractions in whole blood or peripheral blood mononuclear cells, we can
recommend the minfi Bioconductor package [80] which uses Houseman’s
constrained projection algorithm [46] as well as the original DMRM for blood
used when validating the Houseman algorithm. Another option is the EpiDISH
Bioconductor package [48], which offers robust partial correlations (RPCs) and
Support Vector Regression as an alternative to constrained projection for estimating
cell-type fractions. For those unfamiliar with R, the EpiDISH package has an
associated webserver [113] and also incorporates its own DMRM for blood. Another
important option for blood is the IDOL algorithm [78] and associated DMRM
[114]. For cord blood, there are dedicated DMRMs available from the FlowSorted.
CordBlood.450 K Bioconductor R-package [81] and from [115, 129]. For saliva,
there is also a dedicated DMRM, and which has been specially designed for
epidemiological studies in children [116]. For saliva and buccal swabs, one can
also use a general three cell-type DNAm reference matrix defined for generic
epithelial, fibroblast, and immune cells [59, 117], and which is also available within
the EpiDISH package. For complex solid tissues, one can use the HEpiDISH
algorithm [59] and associated 2-layer DMRMs for estimating cell-type fractions
for epithelial, stromal, and all immune cell subtypes, and which is also part of the
EpiDISH package. Another option for inferring epithelial and stromal fractions in
complex tissues isMethylCIBERSORT [118]. The EpiSCORE algorithm can be used
to build DMRMs for tissue-types for which there is a matching scRNA-Seq atlas,
and DMRMs for lung and breast tissue have been provided [89]. An alternative
statistical strategy for estimating cell-type fractions called dtangle that improves
upon the constraint projection and the other frameworks has also been proposed
[119]. A method called MethylResolver has recently been proposed to evaluate the
quality of an inferred cell-type decomposition [120], which is an important step
missing from all other software. Algorithms for identifying cell-type-specific DNA
methylation changes include TOAST [54], CellDMC [52], HIRE [55], Omicwas
[121] and TCA [122]. Omicwas, which implements a non-linear ridge regression
framework is noteworthy for also dealing with the co-linearity problem in DMRMs
of high cellular resolution. Reference-free and semi-reference-free methods remain
useful for the purpose of identifying DMCs not confounded by cell-type heteroge-
neity [49–51, 123–125], but are generally speaking limited for the tasks of cell-type
fraction estimation and inference of cell-type-specific DNAm changes.
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4.8 Outlook

It is likely that over the next years, technologies for single-cell methylomics [126]
will improve to allow the construction of DNAm reference profiles for most cell-
types within a tissue. This would provide an alternative means to build a DMRM,
which is more tailored to the tissue of interest, thus overcoming some of the
limitations of existing strategies. However, in the foreseeable future, generating
single-cell methylomics for large numbers of tissues (and individuals) will remain
impractical. This means that for epigenome studies aiming to identify cell-type-
specific biomarkers, and which will require genome-wide profiling of many 100s to
1000s of individuals, it will still be necessary to use cell-type deconvolution
methods. Thus, single-cell methylomics may help towards the construction of
tissue-specific DMRMs, and this in turn may improve the inference of cell-type
fractions and DMCTs from large-scale epigenome studies.

Another important area of future development will be applications in
personalized epigenetic epidemiology and medicine. One key area that is likely to
grow even further is noninvasive detection of disease via measurement of cfDNAm
in plasma. Cell-type deconvolution methods as well as more conventional Machine
Learning methods need to be improved further, specially in relation to how informa-
tive features are selected. Currently, algorithms are also aimed at identifying
biomarkers (cell-type specific or not) that display average differences in DNAm
associated with an exposure or outcome. However, averaging over individuals also
obscures in which particular individuals a DNAm change is happening. In the
context of DMCTs, thus one would wish to infer in which cell-types and individual
a particular DNAm change is happening in. Thus, given a DNAm data matrix and
estimates of cell-type fractions, one would ideally want to infer an array of DNAm
values, defined over CpGs, cell-types, and individuals. Mathematically, this is
known as a tensor-object [37] and attempts to infer such a tensor in the context of
EWAS have been made [122], albeit not yet successfully so [127]. Of note, such
tensor-inference methods are also likely to overfit and to be computationally very
intensive if applied in a genome-wide context, as the number of parameters to
estimate is substantially higher.

An important biological question for the future is the relative fractions of
non-specific vs. specific DMCTs. This is likely to depend on the tissue as well as
phenotype. For instance, in the case of SNPs, the proportion of mQTLs that are
shared between blood cell-types is likely to be large (approx. 70–80%)
[36, 37]. Thus, in the case of DNAm variation associated with genetic variants,
this variation appears to be largely cell-type independent, which however still allows
for downstream functional effects to display cell-type specificity. In aging too, a
recent study has shown that most age-associated DNAm changes appear to be
independent of tissue and cell-type [128]. EWAS for body-mass index have also
revealed shared DNAm changes between blood and fat cells, but also differences
[3]. In the case of smoking in blood, there is evidence for both non-specific as well as
specific DMCTs, whereas in buccal swabs the effects appear to be much more cell-
type specific [18]. Other conditions such as type-1 diabetes [39], asthma [34],
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Rheumatoid Arthritis [41] or cancer [89] appear to be associated with larger numbers
of cell-type-specific DMCTs. Understanding why specific factors may affect DNAm
in a cell-type independent manner and why others do not will be an important
question for the epigenetics community that is also highly relevant for epigenetic
epidemiological studies.

To conclude, this chapter provides a brief overview of the key concepts and tools
needed to tackle the challenge posed by cell-type heterogeneity in the context of
DNA methylation studies. We recommend that future epigenetic epidemiological
studies make an attempt to tackle this challenge, using the software tools described
herein, mainly as hypothesis generation tools, to be followed up with functional
studies or validations in purified cell populations.
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Abstract

Epigenetic processes regulate cellular function at all stages of life. Epigenetic
processes in their entirety are referred to as the epigenome, which include DNA
methylation, non-coding RNAs, histone modifications, chromatin structure and
accessibility. This multifaceted epigenome is highly dynamic across human
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development, requiring almost complete reprogramming at two developmental
timepoints: during the development of germ cells, and also immediately after
fertilization. Epigenetic modifications are also highly stable, for example, genomic
imprinting must be protected from post-fertilization epigenetic reprogramming, and
X-chromosome inactivation in females is crucial to balance gene dosage from the X
chromosome. In this chapter, we describe the major epigenetic processes that occur
throughout human development, from the DNA methylation erasures that occur in
germ cells, to the epigenetic characteristics of differentiated cells that arise from
previous lineage-specification events. Increasingly, advancing technologies, such
as organoid systems and single-cell sequencing, are allowing the epigenome in
development to be characterized in an unprecedented amount of detail, which has
led to key insights into the epigenetics of not only normal human development, but
also the developmental origins of disease.

Abbreviations

5hmC 5-hydroxymethylcytosine
5mC 5-methylcytosine
CGI CpG island
CpG Cytosine (phosphate) guanine site
DMR Differentially methylated region
DNAm DNA methylation
ERVs Endogenous retroviral
EWAS Epigenome-wide association study
gDMRs germline differentially methylated regions
ICM Inner cell mass
ICR Imprinting control region
mQTL methylated quantitative trait loci
PGC Primordial germ cells
PMD Partially methylated domain
TE Trophectoderm
XCI X-chromosome inactivation
ZGA Zygotic genome activation

5.1 Introduction

In development, tissues and cell types acquire increasing specificity that allows them
to fulfill their biological functions. Molecularly, much of this functional specificity is
achieved through expression of highly cell-specific gene pathways, coordinated by a
multifaceted epigenome. The epigenome here refers to several distinct molecular
processes including DNAmethylation (DNAm), histones and their post-translational
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modifications, non-histone chromatin proteins, higher-order chromatin and chromo-
some organization, and non-coding RNAs. Establishment of these epigenetic
features requires precise timing and specificity during the normal development of
mammalian cells, throughout every generation. Epigenetic resetting rapidly occurs
after fertilization, and then gradual acquisition of epigenetic features occurs in a cell-
specific manner, resulting in the variety of cell types that fulfill various biological
niches. Most of our knowledge of developmental epigenetics comes from mouse
studies, due to the difficulties in collecting and studying human tissues early in
development, and it is assumed that similar processes occur in humans. However,
important studies verifying (or disputing) these processes in humans are noted.
Developmentally significant epigenetic processes are described as “hard-wired” in
that they occur without requiring extrinsic signals. However, an understanding of
these pre-determined events is essential to also understanding how extrinsic signals,
such as from environment, can alter the developmental trajectory of cells into
disease-associated states. In this chapter, we provide a foundation for understanding
the epigenome in development, and as a consequence, an understanding of the
factors that can cause human disease.

5.2 The Epigenomes of Germ Cells

Germ cell formation involves a series of epigenetic changes including erasure of
previous marks, suppression of many genes, activation of genes specific to gameto-
genesis, and changes in chromatin that facilitate appropriate chromosome
interactions during the process of meiosis. As a consequence, genome-wide, sperm
and eggs in mammals are highly epigenetically distinct compared to other
differentiated somatic cells. Sperm and egg epigenomes are also highly distinct
from each other, owing to differences in both the timing and pattern of the
epigenomic marks that are established during spermatogenesis and oogenesis.

5.2.1 Primordial Germ Cells

Primordial germ cells (PGCs) are formed from the epiblast cell layer in the
gastrulating embryo through a series of epigenetic remodeling events and expression
of specific genes [1]. Chromatin-remodeling events occur as the PGCs differentiate
from other epiblast cells, which include structural changes such as heterochromatin
decondensation, loss of chromocenters, and increase in nuclear size [2]. Early
changes in histone modifications include the loss of H3K9me2, a repressive mark,
which is replaced by H3K27me3 from the core component of the polycomb
repressive complex 2 [2–4]. Repressive methylation is also added onto histone
tails of H2A and H4 by nuclear protein complexes, which include Blimp1 and
Prtmt5 [5]. Chromatin remodeling continues as the PGCs migrate and take residence
in the genital ridges.

Genome-wide erasure of DNAm in PGCs also begins during the migration to the
genital ridge. DNA methylation is first lost by an active process where the actions of
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TET enzymes convert 5’mC to 5’hmC, and then passively lost through successive
replication events owing to the absence of normal DNAm maintenance activity
(Fig. 5.1) [6, 7]. After migration to the genital ridge and completion of genome-
wide demethylation, PGCs achieve a nearly completely demethylated genome
[8, 9]. However, a subset of stable marks such as DNAm at imprinted loci and on
the inactive X chromosome are removed only after migration to the genital ridge is
complete, which may involve additional repression of Dnmt3a, Dnmt3b, and Uhrgf1

Maternal 
(passive)

Fer�liza�on

Paternal 
(ac�ve)

Egg

Sperm

TE

ICM

DNA
methyla�on

H3K9me2

H3K27me3

Protamine 
exchange

Imprints protectedImprints erased

Imprints 
established

PGC

H3K9me3

H3K4me3 Non-canonical

Non-canonical

Implanta�on

Chromosome 
accessibility

Open

Fig. 5.1 Schematic of epigenetic reprogramming during development. The first major genome-
wide DNA methylation erasure occurs in primordial germ cells (PGCs), and includes erasure of
prior gametic imprints and replacement of H3K9me2 with H3K27me3. H3K27me3 undergoes
further reconfiguration during migration to the genital ridge. H3K9me2 is reestablished in growing
oocytes and H3K9me3 in growing spermatocytes. Concomitantly, DNA methylation is
reestablished, but earlier and to a greater extent in sperm as compared to oocytes (egg). After
fertilization, the asymmetric paternal and maternal epigenomes begin reprogramming. H3K4me3,
which is distributed in a non-canonical pattern in the growing oocytes, is erased and a non-canonical
distribution begins to be established. The paternal genome undergoes active demethylation, and
protamines are replaced by histones. The maternal genome also undergoes demethylation, but more
gradually through passive replication-dependent mechanisms. Gamete-specific differentially
methylated regions (i.e., genomic imprints) and most repetitive sequences are protected during
post-fertilization epigenetic reprogramming. At the blastocyst stage, there is the first lineage-
specification event of inner cell mass (ICM) and trophectoderm (TE). By the blastocyst stage,
most canonical patterns of histone modifications are established, such as bivalent promoters marked
by H3K4me3/H3K27me3 at developmental genes. After implantation, DNA methylation is
established in both ICM and TE, but in TE remains lower, a difference that is retained through
development
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[9]. By the end of this process, genomic DNAm drops from around 71–80% to
7–14%, and PGCs enter either spermatogenesis or oogenesis depending on the sex of
the embryo [9, 10].

5.2.2 Spermatogenesis

In male embryos, sperm progenitors (prospermatogonia) undergo alterations to
DNAm starting before birth and continuing until completion of meiotic pachytene
after puberty [11, 12]. Sperm DNA becomes highly remethylated owing largely to
the activity of DNMT3A and DNMT3L [13]. DNMT3B is involved in methylating
imprinted genes and repetitive sequences in sperm, but is inactive in oocytes
[14, 15]. PIWI-interacting small RNAs are also responsible for establishing
DNAm, which involve Dnmt3c, and H3K9me3 to suppress evolutionarily young
copies of retrotransposons [16–18]. Another unique aspect of spermatogenesis is that
initially, the sperm DNA is tightly wrapped around histones, but the majority are
replaced first by non-canonical histone variants, then by transition proteins, and
finally by protamines in the haploid stage after maturation, which allows DNA to be
tightly packaged inside the sperm head [12, 19, 20]. However, approximately 1% of
sperm histones are not replaced by protamines, and are instead retained in the mature
sperm DNA specifically at gene promoters [21], suggesting a possible mechanism
for transgenerational inheritance of paternal histone marks that can contribute to
gene regulation in early development.

5.2.3 Oogenesis

In female embryos, after PGCs migrate to the genital ridge, there is short period of
massive mitotic expansion, after which these oocyte precursors initiate meiosis, but
then arrest at prophase 1 and remain dormant in the developing ovary until after
puberty. Each month a small subset of this pool of oocytes will undergo a growth
phase with only one fully maturing to ovulation. Over their development, oocytes
acquire unique DNAm and histone modification profiles. In the late phase of oocyte
growth, DNAm increases from 7–14% in PGCs up to 72% in mature oocytes, though
remains less than the 86% in mature sperm (Table 5.1) [9, 10]. Unlike somatic cells
or spermatocytes, de novo DNAm in oocytes is uncoupled from DNA replication
and is acquired in a DNMT3A and DNMT3L dependent manner [22]. In contrast to
sperm, where DNAm is more widespread and enriched at enhancers and repetitive
short interspersed nuclear elements, DNAm in oocytes is uniquely distributed across
actively transcribed gene bodies and CpG islands (CGI) [10], resulting in a oocyte-
specific bimodal distribution of hypo- and hyper-methylated regions. Interestingly,
DNMT1 and UHRF1, which are canonically responsible for the maintenance of
DNAm, function in this context to complete de-novomethylation [15, 23]. Compared
to other cell types, oocytes also show increased non-CpG methylation [15]. How-
ever, DNAm in oocytes is non-essential for the completion of oogenesis
[24, 25]. Lower DNAm in oocytes may allow for subsets of transposable elements
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to become active in late oocyte maturation, and serve as promoters or first exons for
other genes, which can account for ~10% of oocyte-specific transcription [26].

Oocytes not only have a unique DNAm profile but also display non-canonical
distribution of histone modifications. H3K4me3, which is associated with active
promoters, is deposited across unusually broad intergenic domains, from the activity
of the H3K4 methyltransferase, MLL2 [27–29]. H3K4me3 is required for genome-
wide transcriptional silencing associated with oocyte maturation and for resumption
of meiosis [27, 28, 30]. Although H3K4me3 is anti-correlated with DNAm in mouse
oocytes, this inverse relation does not exist in humans [31]. Repressive H3K27me3
is found in large unmethylated regions with low transcriptional activity, but its
functional role in oogenesis is unclear. However, a proportion of H3K27me3 in
oocytes has been shown to regulate non-canonical DNAm-independent imprinting
in the early embryo [32].

During maturation of the oocyte germinal vessicle, chromatin undergoes major
conformational changes associated with transcriptional silencing. Upon resumption
of meiosis, oocytes lose all higher-order chromatin structures, and interactions
become uniform in strength across the chromosome [33, 34].

5.3 Post-fertilization

After fertilization, the paternal (sperm) and maternal (oocyte) genomes undergo
extensive epigenetic reprogramming in order to equalize asymmetric epigenetic
differences and prepare the totipotent zygote for cellular differentiation
[35]. However, some genomic regions are resistant to this initial reprogramming,
leading to the allele-specific expression of genes depending on parental origin, or
genomic imprinting.

5.3.1 Post-fertilization Reprogramming of Gametic Genomes

Initially, the zygote is transcriptionally silent, relying on mostly maternally-inherited
proteins and factors to carry out cellular processes during the first initial cell
divisions. As maternally-inherited factors are degraded, the transcriptionally silent
zygotic genome must become transcriptionally active, and this process, referred to as
zygotic genome activation (ZGA), is associated with a variety of epigenetic changes
in the paternal and maternal genomes [36]. In the paternal pronucleus, protamines
are replaced with histones, and widespread erasure of DNAm is initiated before the
first cell division through a rapid active demethylation process controlled by TET1.
However, further demethylation occurs through replication-coupled passive dilu-
tion, which is aided by TET3 [8, 37]. TET3 converts 5’mC to 5’hmC which then
impedes DNAm maintenance [38, 39], and TET3 activity itself can protect against
DNMT3a-mediated de novo DNAm [40, 41]. Thus, TET proteins contribute to both
active and passive modes of demethylation of the paternal genome after fertilization.

In contrast, the maternal pronucleus appears somewhat resistant to the initial TET
demethylation steps, as evidenced by lower TET3 expression and lower TET3-
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dependent 5’hmC [8]. The resistance of the maternal genome to this initial wave of
DNA demethylation is due to H3K9me2-mediated recruitment of PGC7 (aka
STELLA or DPPA3), which promotes maintenance of CpG DNAm and inhibits
DNMT1-mediated de novo DNAm [42–45]. The maternal epigenome instead is
demethylated by passive dilution through successive rounds of replication. By the
blastocyst stage, about 20% of CpGs remain methylated, mostly at imprinted
domains and repetitive elements [10, 22, 46].

Histone modifications are also dynamically reconfigured during preimplantation
development. H3K4me3 is rapidly depleted after fertilization, but is then replaced by
canonical H3K4me3 through H3K4 demethylases KDM5B and KDM1A [27, 28,
47]. In the zygote, there is also erasure of paternally-inherited H3K27me3, but
maternally-inherited H3K27me3 at distal intergenic regions is maintained
[48]. Despite promoters being devoid of H3K27me3, many still remain transcrip-
tionally inactive, suggesting other silencing mechanisms are at play. H3K27me3
patterning is established by the blastocyst stage, where H3K27me3/H3K4me3
characterizes “bivalent” promoters of developmental genes, which are silent until
rapid activation is needed for cell differentiation. Additionally, H3K27me3
maintains expression of some imprinted genes in early development until it is erased
in the epiblast lineage at the blastocyst stage, but a subset of H3K27me3 imprinted
genes are maintained in the extraembryonic lineage [32]. H3K9 di- and
tri-methylation, which are associated to contribute to the silencing and protection
of paternal DNAm at imprinted domains, are acquired by the 8-cell stage [43, 49].

From the zygote to blastocyst stages, higher-order chromatin structure such as
long-range and local chromosome interactions are gradually established, including
more enhancer–promoter interactions, increased number of DNase hypersensitivity
sites, and increased chromatin accessibility [33, 34, 50].

5.3.2 Genomic Imprinting

Genomic imprinting is associated with human developmental disorders such as
Prader–Willi Syndrome [51], Angelman Syndrome [52], and Beckwith–Wiedemann
Syndrome [53, 54]. Many of the known imprinted genes are regulated by germline
differentially methylated regions (gDMRs), where only one parental allele is
methylated. As a consequence of differences in epigenetic reprogramming between
oogenesis and spermatogenesis, over 1600 CGIs in mouse are gDMRs. Most of these
gDMRs are subsequently lost either through removal of DNAm during preimplanta-
tion development [22, 55], or through acquisition of de novo DNAm on the alternate
allele after implantation [56]. However, some gDMRs are resistant to early epigenetic
reprogramming and stable throughout the lifespan, often acting as imprinting control
regions (ICRs) that regulate the expression of nearby gene clusters. Mutations within
ICRs can lead to loss of the ability to reprogram the appropriate parent-of-origin
imprints and can result in unusual inheritance patterns in families. For example,
mutations in the ICR regulating the SNRPN gene, implicated in Prader–Willi syn-
drome, can be passed from mother to child with no direct effect in the first generation.
However, when a male inherits an ICRmutation from his mother, the maternal imprint
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cannot be changed to a paternal imprint in his sperm, thus giving him a 50% risk of
having a child affected by Prader–Willi syndrome [57].

In addition to canonical (DNAm-dependent) imprinting, there are a subset of
non-canonical imprinted genes for which DNAm is absent, but instead imprinted
gene expression is dependent on maternal H3K27me3 [32]. These sites of
non-canonical imprinting may also lead to acquired DNAm differences (secondary
imprinted DMRs) that are not derived from gDMRs. It is possible that even short-lived
imprinting due to H3K27me3 on the maternal genome, leading to paternal-biased gene
expression in human preimplantation embryos, could have lasting effects on embry-
onic development [58, 59]. Further, while the majority of maternal H3K27me3 is lost
in embryonic lineages, it appears to be lost more gradually in the placenta and thus
allelic differences in gene expression may play a greater role in placental function [12].

In mouse, the greatest numbers of imprinted loci were observed in early embryos,
placenta, and brain [60]. A higher rate of imprinted genes in human placenta as
compared to somatic tissues is also supported by the large number of placental-
specific imprinted DMRs [61]. Placental-specific imprinted DMRs can arise from
gDMRs (e.g., imprinted genes Kcnq1 and Igf2r) or through acquisition of secondary
DMRs via non-canonical imprinting (e.g., Gab1 and Sfmbt2), with loss of imprint-
ing in the epiblast due to acquisition of DNAm, leading to bi-allelic silencing of the
corresponding gene [62]. Interestingly, non-canonical imprinting was localized to
endogenous retrovirus-K (ERVK) long terminal repeats, which can act as promoters
in the placenta [63, 64]. It is possible that active ERVs in the placenta may interfere
with epigenetic silencing in the placental lineages [62]. Placental-specific imprinting
appears to be largely species specific and may have no clear function, but some
knock-outs of placental-specific imprinted genes in mouse can lead to placental
dysfunction [62].

5.4 Post-implantation

The first lineage-specification event occurs with the differentiation of the
trophectoderm (TE) and inner cell mass (ICM) at the blastocyst stage of develop-
ment. Trophoblast cells, which form both the outer layer of the placental chorionic
villi, and the placental cells that invade into the maternal endometrium, are derived
from the trophectoderm (TE). The remaining extraembryonic tissues (amnion,
placental mesenchyme, and the inner layer of the chorion) derive from the ICM, as
do all fetal tissues. At this critical developmental timepoint, there are already
extensive genome-wide differences in epigenetic marks between ICM and TE that
are essential for regulating the myriad of developmental events that follows.

5.4.1 Reprogramming of the Blastocyst

The blastocyst has the lowest levels of genome-wide DNAm compared to any other
developmental stage, as a result of the genome-wide demethylation that occurs in the
first few cell divisions after fertilization. At the blastocyst stage, DNAm begins to be
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rapidly deposited across all ICM- and TE-derived tissues by DNMT3A and
DNMT3B, which preferentially target broadly distributed H3K36me2/3-marked
regions [9, 65, 66]. Although DNMT3A and -3B generally do not discriminate
between genomic regions, the majority of CGI promoters remain unmethylated to
avoid ectopic silencing of important genes. H3K4m3, which is associated with active
promoters, protects promoter sequences from de novo DNAm by repelling the ADD
domains of DNMT3A and -3B [67]. Developmental gene promoters, which are
normally silent but must activate under specific developmental cues, are bivalently
marked by PRC2-deposited H3K27me3 and H3K4me2 [68], and are devoid of CGI
DNAm owing to TET1 activity [69]. Transcription factors, such as DPPA2, DPPA4,
and others, are responsible for the targeted deposition of H3K4me3 and H3K27me3 at
CGI promoters of bivalent genes in development [70–72].

5.4.2 Placental Trophoblasts

The embryo develops from the ICM but its growth also depends on the normal
development of the placenta, which consists mostly of trophoblasts derived from
TE. Due to early divergence of ICM- and TE-derived cell types, the resulting
differentiated cell types are each epigenetically unique (Table 5.1). TE is resistant
to the dramatic gain of methylation that ICM experiences starting at the blastocyst
stage, resulting in a characteristic genome-wide hypomethylated profile of placental
trophoblasts that make up the bulk of placenta [73, 74]. Fully developed somatic
tissues have a bimodal distribution of genome-wide DNAm, where CGIs are mainly
hypomethylated, and the rest of the genome is densely methylated. While
unmethylated promoters are conserved in placenta, intergenic regions have lower
DNAm compared to somatic tissues, and this lower methylation is organized into
large partially methylated domains (PMDs) that are maintained throughout gestation
[74, 75]. However, most CpG methylation increases in trophoblast over gestation,
even in PMD regions [75, 76]. It is unclear if PMDs regulate transcription directly or
are left from earlier transcription regulatory processes. However, even though these
regions are relatively gene-poor overall, there is an enrichment for CGI promotors
for genes involved in pathways related to the epithelial–mesenchymal transition,
immune response, and inflammation [77]. Placental-specific genes and related
pathways share epigenetic regulation that is similar to the epigenetic program in
some cancers, where trophoblast-specific invasive and immune response pathways
are co-opted [77, 78]. A proportion of placental hypomethylation is localized to
various repetitive elements, such as LINE-1 [79] and human ERVs [80], which may
regulate placental-specific functions [81]. Some repetitive elements serve as alterna-
tive promoters for trophoblast-related genes, such as for KCNH5 and IL2RB [80, 82,
83]. Despite observations of PMD- and retrotransposon-driven gene expression in
placenta, their contribution to placental function is relatively uncharacterized.

Histone modifications and chromatin dynamics are also under-characterized in
placenta. Syncytiotrophoblasts, which line the outer surface of the placental chori-
onic villi are directly exposed to the maternal environment and govern molecular
exchange, express hormones, and produce extracellular vesicles that are critical to
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regulating interactions between mother and fetus. They are multi-nucleated, created
by the fusion of underlying layer of cytotrophoblasts, and their DNA is heteroge-
neous; older nuclei are condensed into transcriptionally repressed heterochromatin-
rich syncytial knots, whereas younger nuclei are euchromatic and transcriptionally
active. Recent high-resolution studies indicate histone modifications are important to
trophoblast differentiation. Differentiation of syncytiotrophoblast is associated with
deacetylation of histone lysine residues, such as depletion of H3K27Ac and
H3K9Ac at promoters by histone deacetylases HDAC1 and HDAC2 [84, 85].
Impairment of histone acetylation may be a feature of disease processes in placenta,
as aberrant H3K27ac in placenta is associated with maternal preeclampsia and may be
a more general feature of placental inflammation [76]. Other histone modifications,
such as H3K27me3, H3K4me3, and H3K9me3, are dynamic in cytotrophoblast
populations across gestation, but their functional impact on placental function is
unclear [76]. H3K9me3, however, is associated with silencing of cytotrophoblast
genes, and is correlated with placental DNA hypomethylation [76]. H3K27me3
might be important in establishing a trophoblast-specific transcription program in
early placental development, as H3K27me3 has been shown to be uniquely distributed
in trophoblast stem cells compared to other embryonic stem cells [86].

The dynamics of epigenetic regulation in the placenta throughout pregnancy is
highly specific, especially in comparison to other cell types and tissues, and research
in this exciting area is still in its infancy. However, growing interest in the early
epigenetic regulation in the placenta promises that future research will lead to
exciting new insights into human development.

5.4.3 X-Chromosome Inactivation

As female 46,XX embryos have two X chromosomes compared to one in 46,XY
males, there is initially a sex difference in the expression of X-chromosome genes.
As a mechanism for dosage compensation in female embryos, most genes on one of
the two X chromosomes are transcriptionally silenced. X-chromosome inactivation
(XCI) has been well studied and is a useful paradigm for understanding how
monoallelic epigenetic silencing can occur during development. A critical trigger
for XCI is the expression of XIST RNA, a 15–17 kb long non-coding RNA that
accumulates along one X chromosome in cis and is required for the initiation and
stable maintenance of XCI throughout development [87]. While XCI has been most
well studied in mouse, there are some key differences with humans. For example, in
mouse Xist expression is initiated at the 4–8 cell stage when only the paternal X is
inactivated, followed by later reactivation of the paternal X and random XCI in the
epiblast. In human embryos, XCI is not initiated until implantation or after, and there
is no parental bias in XCI [88]. As human XCI is only completed after implantation
and early tissue differentiation, there is a dosage imbalance of most X-linked genes
up to this point [89]. Furthermore, as cells can differ by which parental X chromo-
some is inactivated in females, different cells can express different genetic variants.
This not only has consequences for the presentation of genetic disorders but presents
challenges to epigenome-wide association studies. Unfortunately, the
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X-chromosome data is often discarded from epigenome-wide association studies
(EWASs) as a consequence.

In human preimplantation embryos, XIST is expressed from both X’s in females,
as well as from the single X in males [89]. XACT, a primate-specific X-linked
lncRNA, which eventually coats the active X chromosome, is also expressed
biallelically at this time [90]. The mechanism by which XIST expression is subse-
quently dampened to keep only one X active is unclear, although it is hypothesized
that XACT may antagonize XIST activity, and XIST may be able to trigger XCI on
one randomly chosen X once XACT expression is lost [91]. It is also hypothesized
that there is a dosage-sensitive repressor of XIST, encoded by an autosomal gene,
that acts prior to the initiation of XCI [88]. In mouse, the RNA binding molecule
SPEN has been shown to bind to Xist RNA, and once recruited to the X chromo-
some, targets active enhancers and promoters and induces repressive chromatin
changes that shut down transcription [92]. Regardless of the mechanism, a series
of sequential chromatin alterations are established as Xist RNA spreads along the X
[93]. First, most euchromatic histone marks are lost, such as promoter/enhancer
histone acetylation, and promoter-associated H3K4me3 and H3K36me3. Hetero-
chromatic marks including H3K27me3, H2AK119Ub, and H4K20me1 accumulate
later, and there is also accumulation of H3K9me2, and macroH2A. Lastly, CGI
promoter methylation secures the stable nature of chromatin compaction character-
istic of the inactive. Interestingly, even though H4K20me1 and H3K27me3 are early
marks associated with the inactive X chromosome, they are not necessary for
silencing and may accumulate as secondary effects of the inactive heterochromatin
[94]. These epigenetic changes on the inactive X chromosome result in condensation
of the inactive X into a transcriptionally silent structure called a Barr body that
localizes to the nuclear periphery.

In addition to higher expression of X-linked genes in females prior to XCI, some
genes escape from XCI altogether, and may show persistent higher expression in
females compared to males. Roughly 15% of genes in human somatic tissues escape
XCI, defined as having expression from the inactive X that is at least 10% of the
active X [95]. Genes that escape XCI across different species tend to be enriched for
CTCF-binding sites, ATAC-sequencing signal (indicative of open chromatin) and
LTR repeats, compared to genes that are subject to silencing by XCI [96]. Thus,
some sex differences may be due to persistent gene expression differences on the X,
as well as to secondary effects on autosomal gene expression [97]. In addition, some
genes show variable XCI, being variably inactivated in some cells, tissues, and
individuals. Comparisons across tissues within individuals and in twin pairs show
high concordance, indicating that a large portion of variability in XCI escape may be
due to cis-acting genetic variation [95, 98].

The process of XCI in the placenta is less well studied and associated with distinct
properties. In mouse, there is preferential inactivation of the paternal X, while in
human placenta, the process is random but occurs in a patchy fashion across the
placenta due to its clonal development [99, 100]. In comparison to males, placental
DNAm on the X chromosome in females is greater at gene promoters and lower in
gene bodies than expected for X-chromosome inactivation [101]. However, in
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comparison to blood there is substantial hypomethylation of X-linked promoters in
the female placenta, suggesting that there might be more escape from XCI in the
placenta [79]. If this is true, then sex differences in fetal development may be driven
in part by sex differences in placental function.

5.5 Factors That Contribute to Variability in Development

Epigenetic mechanisms ensure cellular identities are maintained throughout not only
development but the entirety of human life, resulting in wide-ranging types of
cellular function that fulfill highly tissue-specific niches. At the same time, extrinsic
factors such as environment and aging can perturb the epigenetic program, increas-
ing risk of aberrations that can result in disease. Intrinsic genetic variation is another
factor that is increasingly becoming appreciated as a major factor contributing to
epigenetic variation, highlighting the importance of considering human diversity.

5.5.1 Cell-Specific Epigenetics

Fundamentally, epigenetic marks are a cellular process. Despite this, most epigenetic
studies rely on whole tissue samples, which are mixtures of distinct cell populations.
Because every distinct cell population also has a distinct epigenetic profile,
measurements of whole tissues are an average epigenetic profile of the cellular
soup that consists of each sample. This results in challenges in interpreting epige-
netic changes associated with disease, environment, or development; as observed
epigenetic variation can be attributed to either changes that are present in a subset of
cells, in all or most cells, or are simply reflecting cell composition variability without
any changes in the epigenetic footprint [102]. For example, placental epigenetics,
including canonical features like PMDs and placental-specific imprinting, are often
features of trophoblast cells, rather than all component cell populations of the
placenta [75, 76]. Fortunately, these challenges are surmountable. At the experimen-
tal design stage, cell populations most relevant to the research question should be as
homogeneous as possible by using cell-specific isolation protocols. When this is not
possible, cell composition can be estimated from whole tissue samples, which is
commonly done in DNAm studies [103]. Single-cell technologies can address cell-
specificity challenges, and have been useful in characterizing early developmental
timepoints [104], but current costs and sample preparation requirements remain as
major hurdles to employing these technologies at scale on a population level
resolution to study disease and environment-related processes.

5.5.2 Genetic Influences on Epigenetic Variation

Genetic variation at the single nucleotide level is also a major factor contributing to
epigenetic variation, especially in contexts where multiple human populations are
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included. Methylation quantitative trait loci (mQTLs) are where a SNP affects the
DNAm of a nearby CpG, which can account for up to 75% of the variance in DNAm
[105, 106]. However, it is important to note that joint SNP plus environmental
variation are larger contributors to DNAm variation than SNP variation alone
[107]. The contribution of genetic and environmental factors can vary depending
on tissue and cell type [108], and different human populations [109, 110]. The
contribution of genotype-specific DNAm in human development is relatively
uncharacterized. Even though the majority of mQTLs in adult brain are also found
in fetal brain, a subset are fetal-specific mQTLs and enriched for variants associated
with schizophrenia [111] and autism spectrum disorder [112]. Placental-specific
mQTLs have also been identified, many of which are associated with expression
changes, and a subset overlap known loci linked to fetal growth, diabetes, and
inflammation [113]. In a study including blood samples from 4 timepoints, ranging
from birth (cord blood) and adulthood (mean age ¼ 47.5), a majority (>84%) of
mQTLs were replicated across at all timepoints, suggesting that genetic effects are
largely stable across life [114]. These studies highlight the importance of considering
the contribution of human diversity and genetic influences on epigenetic processes in
human development.

5.6 Transgenerational Epigenetics

It has been demonstrated in many organisms that a subset of environmentally
induced epigenetic changes may be transmitted through the germline over multiple
generations [115]. For example, exposures to endocrine disrupting chemicals,
altered nutrition (e.g., high fat or low calorie), and stress have all been associated
with transgenerational epigenetic alterations in rodent models [116]. In mammals,
there is more evidence for male transgenerational epigenetics, as it is difficult to
separate the in utero effects of maternal or grandmaternal exposures from true
transgenerational inheritance in females [115, 116]. Epigenetic inheritance may
potentially involve DNAm, histone modifications, short or long non-coding
RNAs, and structural chromatin proteins [117, 118]. Although germline remodeling
in spermatogenesis involves DNAm erasure and replacement of most histones with
protamines, a small number of histones still remain, particularly in active CpG-rich
gene regulatory regions [119, 120]. In a transgenic mouse model with
overexpression of the histone demethylase KDM1A leading to depletion of
H3K4me2, there was enrichment for H3K4me3 that escaped reprogramming in the
embryo, supporting that some histone marks can serve as a potential mechanism for
transgenerational inheritance [121]. Other studies have supported a role for small
non-coding RNAs in transgenerational epigenetic inheritance. For example, male
mice subjected to early life stress showed altered stress response pathways in their
offspring, and by isolating microRNAs from the sperm of the stress-exposed males
and injecting them into zygotes, similar behavioral effects were reproduced in
offspring from control (non-stressed) parents [122, 123]. In another model whereby
rats were transiently exposed to agricultural fungicide vinclozolin or pesticide DDT,
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it was observed that changes in DNAm, histone localization, and non-coding RNAs
colocalized to the same chromosomal regions, implying integrated effects that are
mediated by non-coding RNA directed DNAm and DNAm-directed histone
retention [124].

The possibility of epigenetic inheritance in humans is suggested by the Dutch
famine, whereby the offspring of males, but not of females, prenatally exposed to
caloric restriction showed increased adiposity [125]. Furthermore, small non-coding
RNA expression and DNAm differed in the sperm from obese as compared to lean
men [126]. Altered microRNA profiles were also reported in the sperm of men who
smoked [127], while altered DNAm was reported in the sperm of infertile men
taking high dose folate supplements [128]. However, direct evidence for epigenetic
inheritance in humans is scarce, and in many cases where abnormal DNAm appeared
to be transmitted in families, were actually due to genetic mutations that influence
DNAm (e.g., imprinting mutations) [117, 129]. Likely, the same mechanisms shown
in other mammals occur also in humans, but their significance in the context of the
extensive genetic, environmental, and cultural variation in humans remains to be
determined.

5.7 Conclusion

In conclusion, an important area of human epigenetics is understanding the epige-
netic processes that occur during early development and gametogenesis. Histone
modifications, chromosome structure, DNAm, and non-coding RNAs are highly
dynamic in development, and are essential in setting up the epigenetic profiles that
regulate gene expression in differentiated cells in later life. Recent and ongoing
advancements in areas such as single-cell and low-input sequencing technologies are
rapidly enabling characterization of the multifaceted epigenome at critical develop-
mental timepoints. An important area for future research will be to not only continue
measuring these epigenetic marks with advancing technologies, but also to under-
stand the functional relevance of various epigenetic processes, how they contribute
to development itself, and what factors disturb these processes that results in
increased risk of disease in normal development. Recently developed ex vivo
organoid technologies are promising, as more mechanistic studies and particularly
human ones are needed. Although major epigenetic processes are often conserved
across mammals, there is often evolutionary divergence in the timing and function of
the proteins involved. Population studies measuring epigenetic marks in early life
tissues, will also be important to understand how variability in normal development
occurs under the context of genetic and environmental-related variation. Technology
advancements and growing interest promise that the dynamics of the epigenome in
development will be characterized at an unprecedented level of detail than ever
before. This will lead to many exciting new insights that will aid our understanding
of how genetic and environmental factors interact with the epigenome to create the
vast diversity of human phenotypes.
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Abstract

The Developmental Origins of Health and Disease (DOHaD) hypothesis posits
that the prenatal and early postnatal environments shape the future probability of
physical and mental well-being and risk of disease. A wealth of epidemiologic
data document associations among maternal and infant nutrition, stress, and other
exposures, and risk of chronic disease in later life including cardiovascular
disease, hypertension, type 2 diabetes mellitus, obesity, neuropsychiatric
disorders, and cancer. Extensive data from animal models support the biological
plausibility of the DOHaD hypothesis. While the mechanisms underlying these
observations remain unresolved, the DOHaD model assumes developmental
plasticity, which allows adaptive regulation of embryonic, fetal, and infant
development in response to nutritional and environmental perturbations. Estab-
lishment of epigenetic regulation during embryonic, fetal, and early postnatal life
coincides with vulnerable ontogenic periods and provides a potential mechanism
for long-lasting responses to transient environmental stimuli. In this chapter, we
review recent progress in the epigenetic epidemiology of DOHaD and describe
emerging approaches aimed at elucidating causal links between early environ-
ment, induced epigenetic alterations, and human disease.

Abbreviations

BMI body mass index
CoRSIV correlated region of systemic interindividual (epigenetic) variation
CpG cytosine-guanine dinucleotide
DMR differentially methylated region
DOHaD Developmental Origins of Health and Disease
EWAS epigenome-wide association study
GWAS genome-wide association study
HM450 Illumina human methylation 450 microarray
IAP intracisternal A particle
IGF2 insulin-like growth factor 2
IUGR intrauterine growth retardation
PACE Pregnancy and Childhood Epigenetics consortium
SIV systemic interindividual (epigenetic) variation
SPLS-DA sparse partial least squares discriminate analysis
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6.1 The Developmental Origins of Health and Disease

The search for the origins of chronic disease has shifted the focus toward the earliest
phases of the life course. While classic epidemiology has targeted lifestyle patterns
of adults at various ages, in recent decades the importance of early life for determin-
ing lifelong health has been increasingly recognized. Following the seminal work of
Rose [1], Forsdahl [2], and Barker [3, 4], the period from conception to birth and the
first few years of life are considered critical in influencing disease susceptibility
throughout life. This shift in thinking and research gave birth to the “Developmental
Origins of Health and Disease” (DOHaD) hypothesis.

Epidemiologic studies support the hypothesis that chronic diseases have their
roots in early life. Barker’s work linked low birthweight to a number of cardiovas-
cular diseases (including ischemic heart disease), hypertension, cholesterol levels,
stroke, and impaired glucose tolerance [4–8]. His findings have been confirmed by
other groups in different populations [9–11]. Data from the Dutch Famine in 1944/
45, when food rations dropped below 1000 kcal/day for six months, suggest an
increased risk of obesity among offspring of mothers exposed to the famine during
the first and second trimester [12], glucose intolerance if exposure peaked during late
gestation [13], and schizophrenia if conception occurred during the famine
[14]. Other maternal characteristics such as maternal weight and malnutrition also
increase the risk of coronary heart disease in the offspring [15].

However, there is trouble at both ends of the birthweight spectrum. Like low
birthweight, high birthweight is also associated with adult obesity [16]. Similarly,
women are more likely to become obese in adulthood if their mother was obese prior
to pregnancy and/or had very high or very low gestational weight gain [17]. Further-
more, gestational diabetes (associated with fetal macrosomia) increases the risk of
childhood and adult obesity in the offspring [18]. High birthweight is also associated
with an elevated risk of several cancers. Numerous epidemiologic studies support
the association between high birthweight and increased risk of premenopausal breast
cancer [19, 20]. In addition, high birthweight has been linked to childhood leukemia
[21], childhood brain tumors [22], and testicular cancer [23].

6.2 DOHaD Mechanisms

The fetal origins hypothesis suggests that perturbations at a critical period of
development induce persistent alterations with potentially lifelong consequences.
These epidemiologic observations led Hales and Barker to suggest the “thrifty
phenotype” hypothesis, which proposes that poor fetal nutrition and growth lead
to metabolic reprogramming of glycemic metabolism [24]. This adaptive develop-
mental plasticity allows the fetus to adjust to and survive adverse environments.
According to this model, a limited supply of transplacental nutrients compels the
fetus to channel nutrients to the most vital organs, namely brain and heart, at the
expense of other organs, which may remain underdeveloped and compromised in
growth and function [25]. Moreover, permanent insulin resistance may be induced
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during development and reduce basal metabolic requirements; this permits survival
under suboptimal prenatal and predicted postnatal conditions [26]. Indeed, environ-
mental perturbations may have a long-lasting impact at times of greatest plasticity
during growth and development, while decreasing plasticity with increasing age
allows less adaptation.

The potential benefits of such so-called predictive adaptive responses depend on
the accuracy of the prediction; the cost of inaccurate predictions is high [26]. If
developmental conditions that induce intrauterine growth retardation are followed
by a resource-rich postnatal environment, high plasma glucose levels will coincide
with insulin resistance, greatly increasing the risk for metabolic disease in later life
[26]. This “mismatch” between predicted and actual postnatal environment may
explain profound long-lasting implications for chronic disease among individuals
prenatally exposed to the Dutch Hunger Winter, which lasted only nine months and
was followed by normal nutritional availability [27]. Individual variation in sensi-
tivity to mismatch and consequent disease susceptibility is likely due to a variety of
factors including genetic variation and the degree of developmental plasticity [25].

6.3 Potential Critical Periods for Developmental Epigenetics

The biologic mechanisms underlying the long-term persistence of DOHaD phenom-
ena are not well understood. Developmental plasticity allows a specific genotype to
create alternative phenotypes depending on embryonic, intrauterine, and early post-
natal conditions, which may induce lasting changes in chronic disease susceptibility.
Among the various potential biologic mechanisms underlying developmental plas-
ticity [28], environmental influences on developmental epigenetics are receiving
increasing attention [29]. Epigenetics describes the study of mitotically heritable
alterations in gene expression potential that are not mediated by DNA sequence
alterations [30]. Essentially, epigenetic regulation involves a repertoire of cell-
autonomous molecular modifications that govern selective access to the genetic
information; because these are mitotically heritable, they are perpetuated in
differentiated tissues. The specific molecular mechanisms that function interactively
to heritably regulate chromatin conformation include DNA methylation (which
occurs predominantly at cytosines within cytosine-guanine dinucleotides, i.e., CpG
sites), various modifications of the histone proteins that package DNA in the
nucleus, and autoregulatory DNA binding proteins [31]. The ontogenic periods
during which these mechanisms undergo establishment and maturation suggest
potential critical periods of environmental sensitivity (Fig. 6.1).

Many studies of epigenetics in DOHaD have focused on genomically imprinted
genes. Genomic imprinting is the epigenetic silencing of either the maternal or
paternal allele of specific genes by DNA methylation, leading to parent-of-origin-
specific expression. Loss of imprinting results in the aberrant biallelic expression of
an imprinted gene. Loss of imprinting of fetal growth genes, in particular that
encoding insulin-like growth factor 2 (IGF2), has been associated with childhood
disorders such as Beckwith–Wiedemann syndrome [32, 33], Silver–Russell
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syndrome [34], and Wilms’ tumor [35, 36], as well as with adult-onset diseases
[37, 38]. In humans, approximately 100 imprinted genes have been identified. Since
most imprinted genes play a role in intrauterine and early life growth, they have long
been proposed as good candidates to translate early nutritional and environmental
influences into fetal development [29]. Whether epigenetic regulation at imprinted
genes is particularly susceptible to early developmental influences remains unre-
solved [39, 40].

Importantly, the epigenome is established at crucial developmental time points
that coincide with vulnerable periods of adaptive plasticity. In the mouse model,
each generation undergoes two waves of epigenomic reprogramming. As part of
gametogenesis during mid-gestation development, primordial germ cells differenti-
ate into oocyte and sperm [41], assuming distinct epigenomic profiles markedly
different from those of somatic tissues. Then, after fertilization, the non-imprinted
gene regions in the zygotic genome undergo another round of epigenetic
reprogramming that restores totipotency. Genome-wide de novo methylation in the
preimplantation embryo [42–45] permits cell fate commitment of the first cell
lineages (discussed in more detail in Chap. 5). These dramatic waves of epigenetic
reprogramming make mid-gestation and early embryonic development likely critical
periods during which nutritional, environmental, and metabolic factors may affect
the developmental establishment of epigenetic regulation in the gametes and somatic
tissues, respectively.

As a first step toward understanding the role of epigenetic mechanisms in
DOHaD, defining the window of susceptibility is crucial. In the mouse, for example,
de novo methylation occurs at different times for imprinted and non-imprinted genes
and in the developing female and male germline [43] (discussed in more detail in
Chap. 5). The DNA methylation signature of non-imprinted genes may be most
amenable to environmental stimuli just prior to implantation, when the totipotent
blastocyst, largely stripped of genomic methylation, undergoes lineage-specific

Stochastic
Variation

Environmental
Influences

Age

Genetic & 
Epigenetic 
Inheritance

Fig. 6.1 Sources of interindividual variation in the epigenome. Environmental influences on the
epigenome are likely most important during establishment of the epigenetic marks in prenatal and
early postnatal development. [Reprinted with permission from R. A. Waterland and K. B. Michels:
Annu Rev Nutr 27:363–388, 2007 [31]]
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remethylation during cellular differentiation. Nutritional and metabolic factors
affecting the blastocyst during the early part of the first trimester therefore have
great potential to augment or impair the introduction of cytosine methylation. The
timing of remethylation of imprinted genes is less clear. By extrapolation from the
mouse model, cytosine methylation of the differentially methylated regions (DMRs)
of one of the two parental chromosomes is established at different time points for
different imprinted genes [46–48]. In the mouse, maternal imprints are established at
some point between oocyte development and ovulation [48], and paternal imprints
are completed by the time spermatocytes enter meiosis [49]. Whether the establish-
ment of imprinting marks is similar in humans remains to be established.

Periconceptional environmental stressors may yield downstream epigenetic
effects in multiple tissues if induced epimutations are maintained during subsequent
differentiation; perturbations during late gestation, on the other hand, are more likely
to induce cell type-specific epigenetic changes [31]. Further, epigenetic development
is not limited to prenatal life; for example, the early postnatal period appears to be a
critical period for establishment of DNA methylation in the brain [50].

We have previously proposed two mechanisms to explain environmental
influences on the developmental establishment of DNA methylation [31]. First, an
imbalance in dietary methyl donors and/or activity of DNA methyltransferases may
induce hyper- or hypomethylation. While most transposable elements in the mam-
malian genome are silenced by CpG methylation [51, 52], some are metastable and
can also affect expression of neighboring genes [53]. Such metastable epialleles
show large interindividual differences in DNA methylation and gene regulation—
even among isogenic individuals—and appear particularly labile in response to
environmental stimuli during developmental establishment of the epigenome.

Second, nutritional or environmental stimuli may alter transcriptional activity
during periods of de novo DNA methylation, which may permanently alter epige-
netic regulation and corresponding phenotypes. Genes actively transcribed during de
novo methylation are protected from methylation and remain hypomethylated
[54]. Interference with active transcription renders these promoters susceptible to
de novo hypermethylation and alters their function [55].

The placenta’s critical role in nutrient transfer from mother to fetus makes it
particularly vulnerable to adverse intrauterine conditions. Whereas induced epige-
netic changes in the soma persist to influence later phenotype, maternal nutrition
may also induce epigenetic changes in the placenta, affecting nutrient transport and
fetal growth [25]. Imprinted genes are highly expressed in the placenta, which may
make them vulnerable to variation in maternal nutrition [56, 57].

6.4 First Clues from the Agouti Mouse

Seminal experiments in the agouti viable yellow (Avy) mouse model support the idea
that maternal nutrition can induce developmental programming via epigenetic
mechanisms [58]. The agouti gene codes for yellow pigment in fur. Transposition
of an IAP retrotransposon upstream of agouti resulted in the Avymetastable epiallele.
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DNA methylation of the retrotransposon exhibits spontaneous interindividual varia-
tion, controlling expression of the agouti gene and therefore the coat color of the
animal. Moreover, supplementation of mouse dams during pregnancy with the
dietary methyl donors and cofactors folic acid, vitamin B12, betaine, and choline
shifts the coat color distribution of the offspring from yellow to brown [29, 59]. This
was shown to occur by induced hypermethylation at the Avy locus [58] systemically
and permanently reducing expression of agouti.

Similarly, supplementation of the dams with the phytoestrogen genistein results
in an analogous coat color shift also mediated through Avy hypermethylation
[60]. Maternal methyl donor supplementation studies in another murine metastable
epiallele model, the axin fused mouse, corroborated the findings in the Avy model
[61], indicating that epigenetic regulation at metastable epialleles is generally sus-
ceptible to early environmental influences. Putative metastable epialleles are now
being identified in humans [62]; as in the mouse models, these human loci show
dramatic and systemic interindividual epigenetic variation that is influenced by
maternal nutrition around the time of conception [63].

6.5 Epigenetic Epidemiology of DOHaD

Over the past two decades, numerous epidemiologic studies have been performed to
explore the role of epigenetics in DOHaD. Within the epigenetic toolbox, DNA
methylation is the most likely candidate to explain DOHaD observations due to its
relative stability over time; furthermore, it is easiest to study due to its persistence
within stored samples. Within the framework of DOHaD, epigenetic studies have
addressed either the link between perinatal exposures and DNA methylation at
various timepoints throughout life or the link between DNA methylation in early
life and later health outcomes [64]. Studies exploring DNA methylation as a media-
tor connecting early life exposures and later life disease have been sparse [64]. In the
following, we highlight some of the studies of particular interest.

Associations between prenatal and early life exposures and DNA methylation are
being extensively examined by the Pregnancy and Childhood Epigenetics (PACE)
consortium [65] as well as other groups. The best-established association is between
maternal smoking during pregnancy and DNA methylation in the offspring cord
blood, with a consistent change across most studies found in a CpG in the AHRR
gene [66]. Four other CpGs that were changed in cord blood also showed changes in
the placenta in a subset of these cohorts that had also collected placenta tissue
[67]. In another PACE meta-analysis including 9340 mother–newborn dyads, both
very high and very low maternal pre-pregnancy body mass index were linked to
several small DNA methylation differences (<0.2% per BMI unit) in cord blood
[68]. Interestingly, maternal alcohol consumption was not found to be associated
with offspring cord blood methylation [69]. The PACE consortium and other cohorts
have also linked preeclampsia and gestational diabetes to cord blood and placental
DNA methylation [70–73].
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Maternal self-reported high folic acid supplementation (defined as an average
1200 μg/day or more) was associated with 2.4% lower methylation at the H19
differentially methylated region (DMR) in umbilical cord blood leukocytes if
initiated before pregnancy and 3.7% less methylation at that locus if initiated during
pregnancy, compared to mothers not reporting supplementation; no difference was
found for the IGF2 DMR0 [74]. A study from the Netherlands reported 4% higher
methylation at one CpG of IGF2 DMR0 in the blood of 17-month-old children
whose mothers reported taking 400 μg folic acid during pregnancy compared to
those whose mothers took no folic acid supplements; however, IGF2 expression
levels were not examined [75]. Maternal plasma folate levels during pregnancy were
associated with DNA methylation in the cord blood of 1988 newborns [76].

In addition to smoking and folic acid supplementation, studies have linked other
intrauterine exposures to DNA methylation in adulthood. Data on survivors of the
Dutch Famine suggest that, compared to their unexposed siblings, individuals
prenatally exposed to famine had somewhat lower DNA methylation at IGF2 six
decades later [77]. In this study of 60 same-sex sibling pairs, the authors examined
five CpGs in the IGF2 DMR0 and found, on average, 2.7% lower methylation
among individuals exposed to famine in utero. Whether this small difference in
methylation has any functional consequence remains unclear, in particular since the
authors did not examine IGF2 expression levels. Methylation differences of even
smaller magnitude were observed for some other genes including IL10, GNASAS,
INSIGF, LEP, and MEG3 [78]. The association between an epigenetic difference
assessed in adulthood and a prenatal exposure does not allow causal inference about
the induction of that change by the prenatal factor, unless the change is already
present directly after the exposure period [28, 31]. Of course, collecting appropriate
samples in humans to test such causal pathways is logistically challenging.

Studies on DNA methylation in cord blood or placenta have considered several
aspects of weight. A number of studies linked DNA methylation with birthweight
with varying results [79–82]; in any event, changes observed did not persist to
adulthood. The PACE meta-analyses of EWAS including 8825 neonates from
24 birth cohorts found birthweight associated with DNA methylation in neonatal
blood at 914 sites, with a difference in birthweight ranging from �183 to +178
grams per 10% increase in methylation levels [83]. Some studies specifically
explored the epigenetic profile of newborns with low birthweight or intrauterine
growth retardation (IUGR). Einstein and colleagues compared cord blood samples
from five IUGR and five normal pregnancies and identified methylation differences
at a restricted number of loci [84]. A few small studies identified differences in
methylation or expression of selected imprinted genes in the placenta and cord blood
of IUGR or low birthweight compared to normal-weight infants [85–88] and in
selected non-imprinted genes [89–91]. Conversely, high birthweight has been
associated with increased promoter methylation of the glucocorticoid receptor
gene in human placenta [84–88, 92]. Overall, differences in methylation in these
studies were small, and it remains unclear whether DNA methylation changes are a
cause or consequence of aberrant birthweight. Studies on childhood weight
suggested an association between changes in newborn methylation of the RXRA
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gene and the promoter or the long noncoding RNA ANRIL with childhood adiposity
[93, 94]. CpG methylation of 68 CpGs in five candidate genes was assessed in
umbilical cord tissue from healthy neonates in two prospective cohorts [93]; DNA
methylation of one CpG was consistently associated with adiposity at the age of 9 in
both cohorts.

In another childhood obesity study applying an array-based genome-scale screen
to neonatal blood screening cards, although no statistically significant site emerged
comparing the lowest and the highest BMI quartile at age 5, 13 CpG sites showed
a > 5% difference in in DNA methylation levels [95]. All 13 were located in close
proximity to the nc886 gene. This gene, which encodes a small non-coding RNA,
shows polymorphic imprinting in neonatal blood which appears to be modifiable by
maternal age and nutrition status during pregnancy [40]. Methylation of the differ-
entially methylated region nc886 may operate as a mediator between maternal
characteristics and childhood outcomes, although a study demonstrating this link
directly remains to be conducted.

Few studies have directly evaluated DNA methylation as a mediator between
perinatal exposures and subsequent health outcomes. Cardenas et al. examined
whether DNA methylation changes may mediate the association between intrauter-
ine exposure to mercury and lower cognitive performance in childhood [96]. In
newborn cord blood of 321 children, they found prenatal mercury levels were
associated with lower DNA methylation at the paraoxonase 1 gene, which predicted
lower regional cognitive test scores during early childhood. DNA methylation levels
at this site, however, were attenuated in blood samples collected in mid-childhood,
arguing against direct mediation.

Recently, focus has shifted to studies at the interface between epigenetics and the
microbiome to explain DOHaD effect persistence [97]. Similar to epigenetic marks,
the gut microbiome is established at birth, but remains malleable to a certain extent
by lifestyle factors. The gut microbiome can influence DNA methylation and the
activity of DNA methyltransferases and histone deacetylases, although the direction
of this crosstalk is not always clear [98–101]. Bacterial metabolites, in particular
short chain fatty acids, can function as HDAC inhibitors [102] and correlate with
DNA methylation [103].

In summary, epigenetic mechanisms are likely candidates to explain at least some
DOHaD phenomena. Nevertheless, despite a recent proliferation of studies in this
area, it remains unclear whether the mostly small differences in DNA methylation at
birth associated with intrauterine exposures have functional relevance and are
maintained into adulthood. Whether the embryonic, intrauterine, and early postnatal
environments affect adult disease susceptibility in humans via induced epigenetic
alterations remains to be established. Although challenging, longitudinal cohorts
assessing links between the periconceptional, pregnancy, and infant environment
with adult health and disease status (including measurements of DNA methylation
and potentially the gut microbiome at birth and throughout life) are needed to shed
more light on these questions. Due to both their malleability by early nutrition and
other lifestyle factors, and their noted long-term stability once established, DNA
methylation and the gut microbiome hold promise for life-course prevention efforts.
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6.6 Challenges for Epigenetic Epidemiology in DOHaD

In 2003 the International HapMap Project set out to identify common sequence
variants in the human genome [104]. This “toolbox” enabled large-scale studies to
test for associations between these variants and human diseases and phenotypes,
heralding the dawn of the genome-wide association study (GWAS) era. In the past
two decades, GWASs have identified an impressive and growing number of disease
risk-associated genetic variants. Despite this success, however, the majority of
individual variance in disease risk remains unexplained, contributing to increased
interest in the idea that epigenetic variation could influence the etiology of disease
[105–108] and leading to the development of so-called epigenome-wide association
studies (EWAS) [109].

But the epigeneticists skipped a crucial step: no “epiHapMap” project was
conducted. Rather, the overwhelming majority of the hundreds of “EWAS” studies
in the literature employ DNA methylation arrays produced by Illumina (most
notably the HM450 and more recently the EPIC850 array). Inexplicably, interindi-
vidual variation in DNA methylation was never considered in the design of the
Illumina arrays [110, 111]. In fact, most of the probes on these arrays show negligi-
ble interindividual variation [112, 113]. A study evaluating the HM450 array in
blood, using 256 technical replicates from 130 participants, showed that fewer than
half of the CpG sites demonstrated greater interindividual variation than the variation
due to technical errors [114]. Another study showed that the power of EWASs could
be improved by focusing on the minority of CpG sites with substantial interindivid-
ual variation in DNA methylation [115]. A more recent study reported that in
peripheral blood DNA, the greatest source of variation at most HM450 probes is
intra-individual variability (most likely from variation in leukocyte composition)
rather than interindividual variation [116]. The upgrade from the HM450 to the EPIC
array in 2016 has not substantially improved the situation. Between HM450 and
EPIC arrays, about 55% of the CpG sites show a correlation <0.20, due to low
interindividual variability [117]. A recent study that used the EPIC array to examine
test-retest reproducibility of peripheral blood DNA methylation of the same women
over a one-year period [113] found extremely poor performance (average intraclass
correlation coefficient of 0.22), and attributed this to the fact that “99.9% of CpG
sites (covered by the array) in the non-sex chromosomes had similar methylation
profiles between individuals.” These data underscore the unfortunate fact that, over
the last decade, over 1000 studies attempting to associate individual epigenetic
variation with risk of disease have focused on genomic regions in which DNA
methylation is largely invariant.

Another major factor overlooked by the HM450 and EPIC platforms is the cell
type specificity of DNA methylation. Generally, we cannot “epigenotype” an indi-
vidual using peripheral tissues such as blood; epigenetic variation detected in the
blood may not be relevant for a disease involving the brain, for example. Reverse
causality is another major confounding factor for epigenetic epidemiological studies.
Even if the tissue of interest is obtained [118, 119], the disease process itself can
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cause epigenetic differences, making it difficult to infer causality. Based on these
observations, the designs of HM450 and EPIC arrays are far from ideal.

6.7 The Field Needs to Focus on Systemic Interindividual
Epigenetic Variation

A logical approach to overcome these challenges is to focus on genomic regions
displaying systemic interindividual variation (SIV) in DNA methylation [62, 120,
121]. A recent study, which could be viewed as a “mini-epiHapMap” project,
conducted the largest screening of SIV regions in the human genome [122]. A
computational algorithm was developed to analyze deep whole-genome bisulfite-
sequencing data on tissues representing all three embryonic germ layers (thyroid,
heart, and brain) from each of ten donors from the NIH Genotype-Tissue Expression
project [123]. The authors identified 9926 correlated regions of systemic interindi-
vidual variation (CoRSIVs). Each CoRSIV is statistically significant (P < 0.05),
includes at least 5 CpGs, and exhibits an interindividual methylation range of at least
20%. The multiple-tissue interindividual screening approach to identify SIV is
similar to that previously used to identify candidate metastable epialleles [62, 120,
124], but unlike metastable epialleles, CoRSIVs are defined without regard to
potential genetic influences on their interindividual variation.

Although only <1% of HM450 or EPIC probes are within CoRSIVs, these
regions are often associated with a wide range of diseases. For example, the SIV
region encompassing nc886 (also known as VTRNA2–1) is a confirmed metastable
epiallele; DNA methylation at this locus is influenced by maternal nutrition during
periconceptional development [120]. More recently, evidence has emerged
demonstrating this region is influenced by maternal alcohol use prior to pregnancy
[40]. Additional studies found that methylation in this region is associated with risk
of cancer [124, 125], type 2 diabetes [126], and preterm birth [127]. As mentioned
above, a prospective study in infants found that nc886 methylation in peripheral
blood at birth predicts BMI at the age of 5 [95]. Consistent with the DOHaD
hypothesis, hypermethylation at the DUSP22 promoter (another CoRSIV) shows
an association between in utero famine exposure and schizophrenia [128]. Methyla-
tion at a CoRSIV located in the promotor of the PM20D1 gene has been linked with
Alzheimer’s disease [129]. More studies have found associations between CoRSIV
gene methylation and Parkinson’s disease [130], autism [131, 132], major depres-
sion and suicide [133], rheumatoid arthritis [134], multiple sclerosis [135], and
obesity [136]. Methylation in SIV regions near the OR2L13 promoter and gene
body of CYP2E1 [124] is associated with maternal gestational diabetes mellitus
[71]. Hence, despite their under-representation on the Illumina arrays, CoRSIVs are
often among top hits in HM450 and EPIC profiling studies screening for associations
with disease and associated phenotypes, indicating immense potential for these
regions to contribute to disease prediction, diagnosis, and prognosis. From a
DOHaD perspective, a focus on CoRSIVs is particularly warranted, given their
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well-documented plasticity to periconceptional environment [28, 62, 63, 121, 122,
137].

In addition to a focus on CoRSIVs, we believe the field will benefit from
development of novel analytical approaches. Most studies of DNA methylation
and disease have utilized univariate regression methodologies and focused on
detecting associations rather than making predictions [138, 139]. It is increasingly
recognized, however, that individual CpG sites do not provide as much information
as coordinated interactions among multiple CpGs. Multivariate approaches can
harness crucial synergistic biological effects [140], motivating increased interest in
using machine learning to analyze DNA methylation. Target-capture approaches to
study DNA methylation across the entire set of known CoRSIVs are under develop-
ment. Meanwhile, there are many publicly available HM450 and EPIC datasets, in
which ~10% of known CoRSIVs are covered by at least one probe. A recent study
[141] took advantage of a publicly available HM450 data set on peripheral blood of
schizophrenia (SZ) cases and controls [142] to develop a CoRSIV-focused machine
learning classifier based on sparse partial least squares discriminant analysis (SPLS-
DA). The model calculated an epigenetic risk score which was able to identify SZ
cases with 80% positive predictive value, far surpassing the performance of an
analogous SPLS-DA classifier based on polygenic risk score. Additional analyses
indicated that these associations were not due to reverse causality, as might be
caused by the tendency for SZ patients to smoke heavily and/or take psychotropic
medications. Together these findings indicate that the systemic interindividual
variants distinguishing SZ cases from controls were present prior to diagnosis;
prospective studies will be required to confirm this. Nonetheless, this study provides
compelling evidence that a focus on SIV, combined with sophisticated machine
learning approaches, may ultimately enable blood-based disease risk prediction for a
wide range of complex human diseases, with obvious implications for DOHaD.

6.8 Outlook

An epigenetic basis for DOHaD involves two steps: (1) early environmental
influences during critical ontogenic periods can induce lasting epigenetic changes,
and (2) these individual epigenetic differences must influence risk of disease later
in life. There is now extensive evidence supporting the first step. Particularly in
the context of human metastable epialleles and CoRSIVs, it is clear that
periconceptional environment affects establishment of DNA methylation states
that persist for years [62, 120, 122, 124]. The focus now must be on the second
step of the pathway, i.e., establishing causal links between individual epigenetic
variation and risk of disease. Despite the “failed start” due to the problems with the
Illumina platforms, we believe that an increasing focus on CoRSIVs heralds great
potential in the field of epigenetic epidemiology. The systemic nature of interindi-
vidual epigenetic variation means that CoRSIVs are essentially epigenetic
polymorphisms, facilitating the use of DNA samples from blood, saliva, or buccal
cells in large-scale epigenetic epidemiologic studies. Development of commercial
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platforms focused on CoRSIVs, coupled with the establishment of prospective
longitudinal cohorts, will allow epigenetic epidemiologists to probe causal links
between early environment, DNA methylation, and disease.

6.9 Conclusions

The concept of DOHaD arose from epidemiologic studies. Developmental plasticity
implies that fetal development adapts to transient nutritional and environmental
experiences, resulting in lasting changes in chronic disease susceptibility. While
our understanding of the underlying mechanisms is rudimentary, alterations in
epigenetic regulation are likely contributors. Although CoRSIVs provide a
promising avenue for future DOHaD-centered epigenetic studies, we emphasize
that epigenetics is only one of several potential mechanisms explaining develop-
mental plasticity. A better understanding of the mechanisms underlying DOHaD
should someday make it possible to reduce individual risk of disease by both
preventive strategies targeted to early life and corrective approaches designed to
normalize malleable cellular and molecular mechanisms set askew by adverse early
exposures.
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Abstract

The human genome undergoes several phases of epigenetic programming during
gametogenesis and early embryo development. The myriad of exposures unique
to assisted reproductive technologies (ART) including superovulation,
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fertilization procedures, embryo culture variations, embryo biopsy, and gamete/
embryo cryopreservation all occur during this period of intense global
reprogramming. While the vast majority of children born after assisted reproduc-
tive technologies are healthy, epidemiologic studies have demonstrated that ART
is associated with a number of adverse perinatal outcomes including hypertensive
disorders of pregnancy, preterm delivery, low birthweight, and an increased
prevalence of imprinting disorders. Data from animal models support both global
and gene-specific changes after ART exposures. Further studies including pro-
spective longitudinal human cohort studies are needed to delineate the effects of
these exposures on the epigenome, the long-term impacts on immediate offspring,
and transgenerational effects.

Abbreviations

ART assisted reproductive technologies
AS Angelman syndrome
BWS Beckwith–Wiedemann Syndrome
DNA deoxyribonucleic acid
ICSI intracytoplasmic sperm injection
IVF in vitro fertilization
PGT pre-implantation genetic testing
RNA ribonucleic acid

7.1 Introduction

Since the delivery of the first child after in vitro fertilization in 1978, the utilization
of assisted reproductive technologies (ART) for family building and fertility preser-
vation has dramatically increased. ART children now comprise 1.8% of all births in
the USA [1]; nearly 4% of all births in other countries [2] and more than eight
million children have been born using ART [3–5]. While most children born after
assisted reproductive technologies are healthy, ART has been associated with a
number of adverse perinatal outcomes (independent of the higher incidence of
multiple pregnancy), and an increased prevalence of imprinting disorders, including
Beckwith–Wiedemann syndrome (BWS), Prader–Willi syndrome, Silver–Russel
syndrome, and Angelman syndrome (AS) [6]. In the past two decades, we have
also seen a parallel rise in fertility preservation (oocyte, sperm, and embryo cryo-
preservation), as well as third-party reproduction (donor oocyte, use of gestational
carriers), which may bring new considerations as to the effects of extra vitrification/
thaw steps, as well as fetal–maternal genomic compatibility. As such, the potential
epigenetic impact of assisted reproductive technologies continues to evolve with
changes in clinical care.
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7.2 Biologic Plausibility and Methods of Epigenetic
Investigations Peri-Conception

The biologic plausibility for epigenetic perturbations in assisted reproductive
technologies is rooted in the dynamic changes observed in DNA methylation that
occur during gametogenesis and early embryonic development. Oocytes and sperm
are both highly methylated prior to fertilization. After fertilization occurs, the
paternal genome is actively demethylated, while the maternal genome undergoes
passive demethylation. In early embryogenesis, both the maternal and paternal
contributions to the embryonic genome undergo remethylation [7, 8].

Assisted reproductive technologies, and specifically in vitro fertilization (IVF),
involve multiple exposures including superovulation, fertilization procedures,
embryo manipulation, embryo culture, and embryo transfer, exposing oocytes to
an altered hormonal environment and embryos to changes in temperature, pH, and
oxygen tension. These exposures transpire during the global reprogramming of the
epigenome in early embryogenesis and implantation and the observed epigenetic
changes persistent into adulthood, presumably providing the foundation to alter
expression and clinical phenotypes observed throughout life [9]. The predominance
of studies of epigenetic modification in ART have been performed via DNA
methylation assessments of cord blood or placenta in human studies. Initial studies
in human cohorts were restricted to candidate gene approaches focusing primarily on
imprinted genes and imprinting control regions (ICRs) analyzed in cord blood,
peripheral blood, buccal samples, and early/late gestation placental tissues [10–
36]. While these findings seem plausible, there is conflicting data when human
samples have been analyzed [2, 13, 20, 26, 27]. This demonstrates the inherent
limitations of human studies. Notably, it is nearly impossible to completely control
for potential known and unknown genetic and environmental confounders in human
samples. Additionally, there are some concerns that epigenetic findings are highly
cell type-specific, with some tissue types like the placenta demonstrating high levels
of variability in DNA methylation. Extrapolating the impact on clinical phenotype
(s) observed from accessible human tissue samples may be limited. Furthermore,
some of these studies were cross-sectional in nature or otherwise limited in sample
size; thus, study design considerations may further influence the conflicting findings
observed. Finally, epigenetic investigations have primarily focused on changes in
DNA methylation, due to the availability of cost-effective methods to profile
genome-wide change. In the past 10 years, additional focus on other techniques of
assessing epigenetic modifications including histone modifications and noncoding
RNA (e.g., miRNA) expression has supplemented our understanding.

To address some of the limitations inherent to human studies, animal models are
frequently used to examine the effect of ART. These models offer many advantages,
foremost among them being the ability to use inbred strains and strictly controlled
environments, which limit confounding effects and potential bias. However, animal
models also come with challenges. These include basic physiological differences
when it comes to the metabolomic requirement of embryos during development and
overall developmental kinetics [37]. Additionally ART protocols differ between
species. These factors, among others, must be kept in mind when extrapolating
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results from animal models. Despite these differences, animal studies have mirrored
phenotypic and epigenetic changes seen in humans and have offered a deeper
understanding of the changes seen. The ability to use whole genome-wide
techniques in controlled environments in animal studies to study tissue-specific
effects has helped to solidify the associations noted from the clinical epidemiologic
literature and further elucidate the mechanisms involved. A particularly powerful
strategy to consider in future studies would be the use of parallel human and mouse
studies when investigating the epigenetic impact of ART, which would offer
unprecedented value in identifying translatable findings that can be examined in
unbiased and manipulatable models.

7.3 Imprinting Disorders

Investigations regarding potential epigenetic perturbations in assisted reproductive
technologies largely originate from clinical observations of an increased risk of
imprinting disorders in children born after ART. Genomic imprinting is a method
of epigenetic regulation in which the expression of a given gene or chromosomal
region is dependent on differential allele expression based on the sex of the parent of
origin. Importantly, this regulation does not alter the underlying DNA sequence, but
alterations in these imprinting regions, particularly during the critical periods of
gametogenesis and embryonic implantation, can disrupt normal growth and devel-
opment leading to imprinting disorders. Interestingly, although there are over one
hundred known imprinted genes, only a few have been associated with clinical
syndromes.

The relationship between ART and imprinting disorders was first inferred by a
case series of 2 children who were conceived by in vitro fertilization (IVF) with
intracytoplasmic sperm injection (ICSI) who were diagnosed with Angelman syn-
drome—a disorder characterized by severe mental retardation, delayed motor devel-
opment, poor balance, and absence of speech, with a pleasant disposition. DNA
methylation and Southern blot analyses confirmed a sporadic imprinting defect in
each child in the maternally expressed allele of the UBE3A gene on chromosome
15 [38]. Since that time, several cohorts have reported on the incidence of imprinting
disorders with conflicting results. A recent meta-analysis of 23 studies reported
positive associations between ART and four imprinting disorders: Angelman syn-
drome, summary odds ratio (sOR) ¼ 4.7 (95% confidence interval (CI) 2.6–8.5,
4 studies); Beckwith–Wiedemann syndrome, sOR ¼ 5.8 (95% CI 3.1–11.1, 8 stud-
ies); Prader–Willi Syndrome, sOR ¼ 2.2 (95% CI 1.6–3.0, 6 studies); and Silver–
Russell Syndrome, sOR ¼ 11.3 (95% CI 4.5–28.5, 3 studies), with no differences in
retinoblastoma [6]. A binational register-based cohort from the CoNARTaS group
including over 74,000 children born over 24 years demonstrated an increased risk of
imprinting disorders overall among children born after ART compared to unassisted
conceptions (AOR 1.35 [95% CI: 0.80–2.29]); however, it was noted that this
finding was mostly driven by an elevated incidence of Beckwith–Wiedemann
syndrome specifically, with no significant differences noted in the incidence of
Angelman syndrome, Silver–Russell syndrome, and Prader–Willi syndrome [39].
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7.4 Potential Exposures in in Vitro Fertilization

In vitro fertilization (IVF) presents a number of opportunities for potential epigenetic
perturbation. The process of IVF involves ovarian stimulation with exogenous
gonadotropin hormones, followed by retrieval of oocytes under sedation, subsequent
fertilization by sperm in the embryology laboratory (either by conventional or
intracytoplasmic sperm injection), and development of embryos in culture prior to
transfer into the uterus. Embryos can be transferred in a superovulated environment
(fresh transfer), or can be cryopreserved for transfer in a more physiologic environ-
ment in the future (frozen transfer). Additionally, with the advent of fertility preser-
vation techniques, oocytes can be cryopreserved (either at the MII stage or earlier
with in vitro maturation techniques) and later warmed for fertilization and
subsequent embryo transfer, introducing another potential exposure. Furthermore,
with the advent of pre-implantation genetic testing, trophectoderm biopsy introduces
yet another exposure that may impact the epigenome. In the following sections, we
explore the impact of each of these steps or interventions on the epigenome and
subsequent phenotypes observed (Fig. 7.1).

Fig. 7.1 Schematic representation of DNA methylation dynamics showing concurrent timing of
manipulations used in ARTs. After global DNA demethylation takes place during primordial germ
cell (PGC) specification, sex-specific methylation patterns are established. Initiation of
remethylation occurs earlier on in the paternal genome (long dashed line) than the maternal genome.
Superovulation occurs during the acquisition of maternal methylation. After fertilization (dashed
line), genome-wide methylation, except within imprinted genes (round dotted line), occurs before
somatic remethylation patterns are set up. This process coincides with hormone stimulation, oocyte
cryopreservation, insemination techniques such as in vitro fertilization (IVF) and intracytoplasmic
sperm injection (ICSI, embryo culture, and embryo transfer/embryo cryopreservation
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7.5 Hormonal Stimulation

Superovulation, or controlled ovarian stimulation, involves the administration of
exogenous gonadotropins to stimulate follicular growth and is a necessary step to
allow for the retrieval of mature oocytes for IVF. Exposure of the gametes, embryos,
and endometrium to these supraphysiologic hormonal levels has been noted to have
an effect on the epigenome. Specifically, multiple animal studies have demonstrated
the direct effects of superovulation on epigenetic programming during oogenesis,
both with global methylation and at specific loci including KCNQ1OT1 and
KvDMR1 [40–44]. A study examining both a murine model and adult human
oocytes under the influence of superovulation demonstrated that superovulated
oocytes from infertile women demonstrated a gain of H19 methylation and a loss
of PEG1methylation [42]. Changes inH19methylation, the H19 promoter, andH19
expression after superovulation have been reported by other groups as well
[45]. Examinations of early cleavage stage embryos formed after superovulation in
a murine model also demonstrated aberrant DNA methylation patterns
(as determined by immunofluorescence patterns of an anti-5meC antibody) with
greater prevalence in superovulated embryos compared to embryos from naturally
cycling females (20 vs 10%, p < 0.05) [46]. A mouse model designed to isolate the
effects of superovulation from embryo culture found that superovulation resulted in
a loss of Snrpn, Peg3, and Kcnq1ot1 imprinted methylation, and a gain of imprinted
H19 methylation in pre-implantation embryos. The perturbations noted were dose-
dependent with higher gonadotropin dosing associated with more frequent
dysregulation [40]. Of note, both maternal and paternal alleles were altered,
indicating a potential effect on maintenance of imprinting marks post-fertilization.
A study designed to isolate the effects of superovulation from the direct effects of
superovulation on the uterine environment in a murine model demonstrated that
Peg3 DNA methylation levels were decreased in placentas derived from exposure to
superovulation both pre- and peri-implantation compared with unexposed embryos
and exposure of the pre-implantation embryo only, with RNA sequencing
implicating genes involved in immune system regulation, specifically interferon
signaling, as potential drivers of the differences in fetal and placental growth
observed [47]. Furthermore, changes in DNA methylation may differentially impact
embryonic and extraembryonic tissues. In a study designed to isolate the effect of
superovulation and examine both embryonic and placental DNA methylation
changes mid-gestation in a mouse model, superovulation was associated with
biallelic expression of Snrpn and H19 in 9.5 dpc placentas, while Kcnq1ot1 was
unaffected in placentas, and all three imprinted genes had normal monoallelic
expression in the mouse embryos [48].

Histone modification studies in animal models have shown conflicting results
regarding the impact of superovulation. Huffman et al. reported that superovulation
doubled the acetylation abundance at H3K9 and H3K14 in embryos after superovu-
lation compared to naturally ovulating controls [49], while another group specifi-
cally examining the level of H3K9me2 in mouse zygotes demonstrated no difference
in histone modification after administration of exogenous hormones compared to
controls [50]. Yet, another group specifically looking at histone acetylation in a
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murine model of early vs late embryonic development demonstrated that repeated
superovulation reduced H4K12 and H4K16 acetylation in pronuclei, while
H3K9me2 and H3K27me3 were increased in four-cell embryos and blastocysts [51].

Few studies have examined potential embryonic epigenetic effects of hormonal
stimulation captured by miRNA expression. Epigenetic effects on the endometrium,
as assessed by DNA methylation and miRNA expression, similarly show conflicting
results. In a murine model, ovarian stimulation with HMG followed by progesterone
demonstrated an increase in endometrial miR-16-5p, VEGF protein expression, and
angiogenesis. A study of human endometrium biopsied in the luteal phase after
superovulation in oocyte donors compared to naturally cycling controls
demonstrated 785 genes with differential methylation. Altered DNA methylation
did not correlate with gene expression, although there were differences in expression
noted in genes involved in endometrial remodeling including PLAT,HSPE2,MMP2,
and TIMP1 [52].

7.6 Culture Conditions (Media, Duration, Temp, pH)

In vitro embryo culture is an obligatory intervention performed in all
ART-associated procedures and involves culture of fertilized embryos in a variety
of commercially produced (or in-house proprietary) media for 3–5 days. Several
laboratory-controlled variables, including media used for culture, pH, oxygen ten-
sion, and temperature, have the ability to impact embryo culture and act as stressors
that influence embryo development and viability [53]. Of these, most studies have
focused on the impact of different commercially available media used for culture,
both in terms of composition (carbohydrate, amino acid, macromolecular, vitamin,
growth factor content) and strategy used (sequential vs single-step or continuous)
[54, 55]. In this section, we summarize existing data on how embryo culture itself,
and culture media specifically, could change the epigenome. Due to ethical
considerations regarding human embryo experimentation, and difficulties in
isolating individual exposures utilized in ARTs, studies examining epigenetic per-
turbation due to embryo culture so far have primarily utilized animal models. Animal
studies are also powerful as they allow for examining the effects of embryo culture in
isolation, without the confounding factor of IVF. Most current studies examine DNA
methylation changes as a proxy for epigenetic change, primarily due to the existence
of affordable and widely available technologies that are able to investigate DNA
methylation at high resolution even in a limited number of cells [56]. There is limited
knowledge regarding the effects of embryo culture on histone modifications and
small noncoding RNAs, though the increasing use of technologies such as CHIP-seq
could change this. We will thus focus our summary on changes in DNA methylation
due to in vitro culture, including information on alternate epigenetic features as
available. Strategies used for examination of DNA methylation changes vary—due
to the known association between ARTs and imprinting disorders [57, 58]; some
studies approach methylation profiling in an unbiased manner, examining epigenetic
change on a whole genome scale, while others choose a targeted approach, focusing
on selected imprinted genes (Table 7.1). We separate out current knowledge based
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on these two strategies. Studies included in Table 7.1 were chosen from a literature
search using the PubMed database and Google Scholar. Studies between 2000 and
2021 were chosen to make sure relevant information was surveyed. Keywords used
included “embryo culture,” “DNA methylation,” “ART,” “IVF,” “imprinted genes,”
and “whole genome methylation.”

7.6.1 Global Changes in DNA Methylation

Initial examination of DNA methylation changes on a whole genome scale was
performed using 5-methylcytosine immunofluorescent staining. Mice, rabbits, and
rats show aberrant DNA methylation kinetics during early embryo development
when cultured in vitro, which varies with the type of culture medium used [46, 59,
60]. However, high-resolution quantification cannot be performed with immunoflu-
orescence and locus-specific changes cannot be identified using this methodology.
Microarrays and next-generation sequencing techniques allow for genome-wide
examination of DNA with high resolution to identify locus/gene-specific changes.
However, few studies have used high-throughput methods to analyze methylation
differences after culture in animal models [37]. One group used methylation-
sensitive PCR and microarray analysis of a single mouse chromosome to show
that embryo culture in vitro led to overall hypermethylation and increased variation
compared to in vivo conceived blastocysts [61]. Integrating methylated DNA
immunoprecipitation sequencing (MeDIP-seq) and RNA-seq, Tan et al. examined
changes in methylation and corresponding gene expression in mice through gesta-
tion. Examination of extraembryonic and placental tissue revealed 400 genes at each
time point that showed hypo- or hypermethylation accompanied by corresponding
changes in gene expression. These genes were functionally involved in cytoskeletal
organization, vasculogenesis, and energy metabolism [62]. However embryo culture
effects cannot be separated from the impact of IVF overall in this study. Compared to
other ART manipulations, the Rinaudo group has found that in vitro culture of
murine embryos has the greatest impact on global gene expression. They addition-
ally found that using specific culture media can change the impact of embryo culture
on gene expression—mouse embryos cultured in KSOMaa had a transcriptional
profile that was more similar to that of in vivo cultured embryos when compared to
those cultured in Whitten’s media [63, 64].

Non-murine animal models also exhibit tissue-specific epigenetic and gene
expression changes following ART [37, 65–71]. However, most of these studies
do not separate out the effects of in vitro oocyte maturation, in vitro fertilization, and
embryo culture on the abnormalities seen. A recent bovine study examined embryos
cultured to the zygote, 4-cell, 16-cell, or blastocyst stage and found that length of
culture proportionally affected genome-wide DNA methylation, suggesting that
in vitro culture alone was able to alter DNA methylation profile of blastocysts
[72]. An effect of culture media specifically on global gene expression was also
seen in bovine embryos: the addition of serum to culture media led to sex-specific
gene expression dysregulation, and embryos cultured serum-free more closely
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resembled embryos developed in vivo [73]. Porcine embryos cultured in natural
reproductive fluids additionally showed an epigenetic profile similar to embryos that
develop in vitro. Changes in genome-wide methylation seen in embryos cultured in
routinely used NCSU23 media led to epigenetic and transcriptional dysregulation in
developmentally significant genes [74].

Genome-wide methylation effects of in vitro culture have not been examined in
humans. However, genome-wide gene expression changes due to different culture
media utilized in human IVF laboratories have been documented. Comparisons of
G5 to HTF media showed changes in 951 genes, some of which are involved in
DNA replication and oxidative phosphorylation pathways [75]., [76].

7.6.2 Gene-Specific Epigenetic Change

Global demethylation followed by gradual remethylation occurs during early
embryo development to allow for lineage specification of early cell types. Imprinted
genes are, however, protected from these dynamic changes, and epigenetic gene
silencing restricts expression to either maternal or paternal alleles [77]. ART has
been historically associated with imprinting disorders, leading many groups to focus
efforts on the effects of in vitro embryo culture on imprinted genes. An early study in
sheep that focused solely on the effect of embryo culture reported hypomethylation
and corresponding increases in expression of the imprinted gene Igf2R
[78]. Perturbations in imprint establishment in cultured mouse blastocysts have
been comprehensively described underscoring the validity of this approach (see
reviews by the Mann group [79, 80]). Epigenetic perturbations due to culture
alone have been described in paternally imprinted (H19) and maternally imprinted
(Snrpn and Peg3) loci and persist at least into mid-gestation [45, 81–85]. The
presence of fetal calf serum in media and using Whitten’s vs KSOM supplemented
with amino acids (KSOMaa) additionally resulted in aberrant DNA methylation and
gene expression ofH19, Snrpn, Ascl2, and Peg3, suggesting that culture media alone
could impact DNA methylation [82, 83, 86]. To examine these effects further, the
Mann group evaluated five different culture media and found hypomethylation at
imprinted genes including H19, Snrpn, and Peg3 due to all five media, though some
systems more closely mimicked in vivo imprinting patterns [87]. The use of both
single-step and sequential culture media formulations shows evidence of epigenetic
abnormalities [87, 88], though in one study, sequential media led to a lower
proportion of blastocysts presenting epigenetic alterations [45]. Interestingly, tissue
susceptibility to DNA methylation errors in imprinted genes is differential—com-
pared to murine embryos, placental tissues show a higher propensity for loss of
imprinting at the Ascl2, Snrpn, Peg3, and Xist loci [85, 86].

Changes due to embryo culture have also been demonstrated in non-imprinted
genes. Using methylation-sensitive PCR and a custom microarray panel focused on
mouse chromosome 7, one study showed global hypermethylation due to embryo
culture. This result differs from findings in imprinted genes, which commonly show
hypomethylation due to embryo culture, indicating that genome-wide effects could
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differ from regulation at imprinted genes [61]. In line with these data, a recent bovine
study also showed hypermethylation of non-imprinted genes and retrotransposons
important for development [74, 89].

The above studies summarize the epigenetic impact of in vitro embryo culture.
One common theme that emerges from studies on the effect of embryo culture is
intergenic and inter-embryo variation in DNA methylation changes, suggesting that
embryo response to in vitro culture is stochastic [79]. Variation in response to culture
has also been found between mice of different genetic backgrounds [90]. Identifying
culture conditions that reduce epigenetic perturbation is thus complicated by the fact
that most molecular studies focus on the same 4–5 imprinted genes. Clearly, further
studies that are standardized and adopt a whole genome approach are necessary.

Understanding how epigenetic change could occur due to embryo culture is
especially vital due to findings that associate embryo culture conditions with the
rate of embryo development, IVF success rates, and neonatal outcomes [91–
94]. While few studies in mice additionally suggest transgenerational changes in
select genes due to embryo culture [95, 96], and in mice and humans, evidence exists
suggesting that culture media differences could lead to fetal birthweight changes that
persist into childhood [97]. This indicates that epigenetic perturbation due to in vitro
culture of embryos could lead to long-lasting developmental change. However,
understanding the mechanism underlying these changes, and linking changes during
embryo culture with epigenetic perturbations and adverse pregnancy outcomes, has
proved challenging. This is primarily due to difficulties in correlating epigenetic
differences to corresponding variation in gene expression, making it hard to identify
candidate pathways and regulators that could contribute to the development of
adverse outcomes. One reason for this might be that attempts to correlate epigenetic
and gene expression differences are often conducted on tissue obtained at the end of
gestation due to ease of availability. However, epigenetic change could in fact
represent a kind of “fossil record” of perturbations that occur early on in pregnancy.
Well-controlled animal studies isolating embryo culture use should therefore be
performed through gestation to appropriately correlate epigenetic and gene expres-
sion changes. Conducting these studies in parallel to the use of physiologically
accurate in vitro models using human tissue that enables investigation of early
pregnancy would greatly improve our ability to identify factors changed due to
embryo culture that could have diagnostic and therapeutic potential.

7.7 Insemination Techniques

Separate from the embryo culture techniques, the method of oocyte insemination
may directly impact the epigenome. During IVF, oocytes can be conventionally
inseminated or inseminated via intracytoplasmic sperm injection. Conventional
insemination involves placing an oocyte with a droplet of processed semen
containing roughly 50,000 sperm and observing for fertilization. Intracytoplasmic
sperm injection involves isolating an individual sperm and injecting it into the
cytoplasm of the oocyte under direct visualization with high powered magnification
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[98]. An Illumina 450 K methylation array study on air-dried blood spots (Guthrie
cards) from 76 children conceived by ICSI, 18 by intrauterine insemination, and
43 controls revealed numerous differences, in particular at metastable epialleles
between ICSI and spontaneously conceived children including HERC3-NAP1L5,
PEG10, and L3MBTL [99]. Another group evaluated global methylation via 450 k
methylation array using cord blood samples of 48 ICSI and 46 control newborns and
detected differences in 4730 CpG sites, albeit with small (beta<10%) effect sizes,
and also noted a decreased “epigenetic age” at birth in children conceived with ICSI
compared to controls [100]. There remains some debate as to whether the differences
observed are related to the ICSI technology, or driven by abnormalities in the sperm
(often the underlying indication for ICSI). Methylation errors have been shown to be
present at imprinted loci in the sperm of oligospermic men [101, 102]. In a study of
78 paired paternal sperm and trophoblast samples from pregnancy terminations at
6–9 weeks gestation (IVF vs unassisted controls), 41% of cases with abnormal
trophoblast DNA methylation, identical alterations were present in the parental
sperm [11]. Interestingly, in a mouse model of IVF, mice conceived with ICSI that
exhibited epimutations in H19, Snrpn, and Peg3, in somatic cells, normal epigenetic
reprogramming in their germ cells was noted [41]. This observation suggests that
while ICSI can lead to the formation of primary epimutations, and such epimutations
are likely to be maintained indefinitely in somatic cells of those individuals, they are
corrected in the germ line by epigenetic reprogramming and, thus, unlikely to be
propagated to subsequent generations.

7.8 Embryo Cryopreservation

Embryo cryopreservation has gained increasing favor as a method of optimizing
pregnancy and perinatal outcomes, allowing for pre-implantation genetic testing of
embryos when indicated, decreasing maternal risk of ovarian hyperstimulation
syndrome, and allowing for fertility preservation for future pregnancies
[103]. Accumulating evidence suggests that adverse perinatal outcomes in singleton
pregnancies are significantly reduced following frozen/thawed embryo transfer into
a physiologic hormonal environment as opposed to immediate embryo transfer in the
concurrent fresh/hormonally hyperstimulated IVF cycle [104–108]. In a murine
model comparing pregnancies conceived after IVF with and without embryo cryo-
preservation and controls, embryo vitrification was noted to have differential effects
on the methylation and expression of H19/Igf2 [109]. The H19/Igf2 DMD was
hypomethylated in the vitrified group compared to both controls and fresh IVF. H19
expression was decreased in the vitrified group compared to the fresh IVF group,
while Igf2 expression in the vitrified group was greater than in the fresh IVF group.
Ma et al. examined the effect of embryo vitrification on changes in DNAmethylation
in E9.5 mouse fetuses and placentas and noted global methylation levels of fetuses
were increased after vitrification compared with the in vitro cultured group without
vitrification (p < 0.05), yet similar to unassisted conceptions (p > 0.05) [110]. In a
study examining the effects of superovulation and vitrification on global DNA
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methylation and histone modification among 4 exposures groups (control (C),
superovulation (S), superovulation+in vitro culture (SI), and superovulation
+vitrification+in vitro culture (SVI)) in a mouse model, vitrification decreased the
fluorescence intensity of global DNA methylation in the inner cell mass (ICM), in
SVI Group in comparison to C group (P < 0.05), and the fluorescence intensity of
H4K12acetylation in the trophectoderm was higher in the SVI group than in C and S
(P< 0.05) [111]. There are limited data on changes in miRNA expression associated
with vitrification. In a murine model, while levels of miR-21 and let-7a were
significantly decreased in vitrified 8-cell embryos and fresh blastocysts when com-
pared with fresh 8-cell embryos, vitrification did not affect the expression level of
these genes in preimplantation embryos [112].

While it has been hypothesized that the differences in clinical outcomes observed
may be associated with epigenetic changes, few human studies have been done to
date to corroborate these assertions—an opportunity for future research.

7.9 Embryo Biopsy

As IVF has evolved, so have the technologies to augment treatment outcomes,
including pre-implantation genetic testing. Pre-implantation genetic testing (PGT)
first gained traction in the realm of genetic testing for X-linked disorders, with the
first live birth reported in 1990, involving blastomere biopsy followed by fluores-
cence in situ hybridization (FISH) and PCR amplification for detection of repetitive
Y chromosome sequences [113]. As the technology developed from FISH to array
comparative genomic hybridization (aCGH), single-nucleotide polymorphism
(SNP) array, and most recently next-generation sequencing (NGS), so have the
indications expanded to including testing for monogenic disorders (PGT-M), aneu-
ploidy (PGT-A), structural re-arrangements (PGT-SR), and most recently, polygenic
risk scores (PGT-P) [114, 115]. Pre-implantation genetic testing involves ovarian
stimulation and oocyte retrieval, followed by in vitro fertilization methods and
embryo culture to the blastocyst stage with a biopsy of 4–7 mural trophectoderm
cells from an expanded blastocyst and, in most clinical scenarios, subsequent
embryo vitrification. The impact of trophectoderm biopsy specifically on the
epigenome is at this time poorly understood. A study of 72 human blastocysts
donated from 33 couples after IVF for male factor infertility used Methyl Maxi-
Seq (Zymo Research) for genome-wide DNA methylation followed by
pyrosequencing and RT-PCR validation and small cell number-RNA-seq for
transcriptome analyses [116]. Methylome and transcriptome analyses of individual
blastocysts demonstrated perturbations in 1111 CpG sites and 469 transcripts,
respectively (P < 0.05), specifically in genes involved in regulation of cellular
metabolic processes. No studies regarding histone modification or miRNA expres-
sion specifically isolating trophectoderm biopsy as an exposure have been reported.
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7.10 Oocyte Cryopreservation

Oocyte cryopreservation introduces yet another variable in IVF processes with an
opportunity for changes to the gamete, and potentially by extension, the embryonic
epigenome. The first birth after oocyte cryopreservation was described in 1986
[117], utilizing slow freezing methods. Challenges with oocyte post-thaw viability
and subsequent embryo progression limited utilization until the transition to
vitrification techniques. Now, oocyte cryopreservation is widely utilized for fertility
preservation prior to gonadotoxic therapies, as well as for planned deferment of
child-bearing [118, 119]. Animal models indicate a potential effect of vitrification on
global DNA methylation and histone modification. Global DNA methylation
(as reflected by 5-MeC fluorescence intensity) was lower in vitrified MII murine
oocytes as well as the resulting 2–8 cell embryos, compared to control murine MII
oocytes (p < 0.001) [120]. In a bovine model, levels of DNA methylation and
H3K9me3 in previously vitrified/thawed oocytes and early cleavage embryos were
lower (P < 0.05) than those in the control group, but the level of acH3K9 increased
(P< 0.05) in the vitrification group during the early cleavage phases. No differences
were observed for DNA methylation, H3K9me3, and acH3K9 in the inner cell mass
of blastocysts, whereas decreased levels of DNA methylation and acH3K9
(P < 0.05) existed in TE cells after vitrification. The expression of imprinted
genes Peg10, Xist, and Kcnq1ot1 was upregulated in blastocysts formed from
vitrified/thawed bovine oocytes [121]. A study comparing human MII oocytes
without vitrification, MII oocytes that had been previously vitrified, and oocytes
vitrified at the germinal vesicle stage and in vitro matured to the MII stage showed no
difference in global DNA methylation between the three groups [122]. However,
gene-specific studies in animal models have conflicting results. A study of murine
oocytes demonstrated hypomethylation in promoters of Oct4 and Sox 2 genes in
in vitro-matured MII oocytes compared to controls [123]. Yet, human oocytes
previously vitrified at the germinal vesicle stage and in vitro matured demonstrate
no differences in the DNA methylation at H19 and Kcnq1ot1 ICRs [124].

Analyses of histone modifications after oocyte vitrification to date are limited to
animal studies. Lysine 12 of histone H4 (AcH4K12) acetylation levels increased
significantly in vitrified murine oocytes compared to controls as assessed by immu-
nofluorescence [125], while Yan et al. reported that H3K9 methylation and H4K5
acetylation were both increased in mouse oocytes subjected to vitrification [126].

The role of miRNA changes in oocytes after vitrification is similarly limited to
animal studies to date. In a murine model of oocytes collected after superovulation
and analyzed by Illumina Hiseq 2000/2500, twenty-two miRNAs were differentially
expressed between fresh vs vitrified oocytes including miR-134-5p, miR-210-5p,
and miR-21–3p (upregulated), and miR-465c-5p (downregulated). The target genes
regulated by these miRNAs were predominantly metabolic pathway regulators and
those involved in oxidative stress [127].

While the clinical standard of care for oocyte cryopreservation and utilization
currently focuses on oocytes cryopreserved at the MII stage, the role of in vitro
maturation of oocytes and their utilization remains to be optimized. As ovarian tissue
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cryopreservation or retrieval of immature oocytes may be the only options for
fertility preservation in pre-pubescent girls, understanding these potential effects
on the epigenome is important. DNA methylation studies in murine models of fresh
vs cryopreserved immature ovarian tissue grafts demonstrate that methylation status
of H19 and Lit 1 ICR in kidney, muscle, and tongue tissues in the resulting offspring
did not show significant changes in DNA methylation compared to controls
[128]. Global methylation changes in human pregnancies resulting after oocyte
cryopreservation, in vitro oocyte maturation, and ovarian tissue cryopreservation
have not been reported.

7.11 Phenotypic Changes and Long-Term Outcomes

DNA methylation and gene expression differences between children conceived
in vitro and children conceived in vivo have been noted in multiple studies
[10, 11, 18, 20, 36, 129–133]; however, such differences have not been observed
in all studies [13, 15–17, 20, 22, 25–28], raising the question as to whether there may
be a particularly susceptible group and whether the changes observed have a lasting
phenotypic effect.

Epidemiologic studies have demonstrated an increased risk of adverse obstetric
and perinatal outcomes including hypertensive disorders of pregnancy, preterm
delivery, and low birthweight (LBW) [134–137]. In a study of DNA methylation
using human cord blood and placenta samples from 114 patients conceived after IVF
or unassisted conceptions at the lowest and highest quintiles of the birthweight
distribution, children from the lowest quintile of the birthweight distribution had a
significantly greater number of disrupted CpGs than children from the highest
quintile of the birthweight distribution particularly at genes involved in fetal and
placental growth including GRB10 [138]. As children with low birthweight can be
predisposed to health concerns later in life, including obesity, hypertension, and
diabetes, this phenomenon certainly warrants further investigation to identify those
individuals who may be at particularly high risk.

While the vast majority of children born after IVF are healthy, what remains to be
seen is whether these epigenetic perturbations observed with IVF result in changes in
clinical phenotype in adulthood. Conception with in vitro fertilization (IVF) is
associated with multiple altered outcomes in children including elevated blood
pressure, fasting glucose, triglycerides, and increased total body fat composition,
compared to unassisted conceptions, even after controlling for birthweight [139–
143]. IVF is associated with increased epigenetic perturbations compared to unas-
sisted conceptions, specifically, at loci involved in growth and development [15, 25,
129, 130, 133, 138]. The long-term persistence and health impact of these observed
changes remains to be seen. A cohort study of 149 patients born after ART, using
neonatal (Guthrie spot) peripheral whole blood, and 58 unassisted controls were
followed to 18–28 years old. DNA methylation profiles from adult peripheral whole
blood comparisons noted that epigenetic perturbations observed at birth had largely
resolved in adulthood with no difference in health outcomes [144]. However, the
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same group noted an increased rate of maternally reported hospital admissions,
atopic respiratory conditions, and metabolic/endocrine/nutritional disease (ICD-10
coding category) in the ART-conceived group [145]. Thus, there may be a specific
subset of pregnancies that may be at higher risk for persistence in these epigenetic
perturbations observed, and they may be associated with long-term health outcomes
that manifest beyond the fourth decade of life. Certainly, more long-term studies are
needed to quantify and understand the impact of epigenetic perturbations in off-
spring conceived after ART.

7.12 Future Directions

With the increase in ART utilization, and evolving technologies in the ART space,
questions remain as to the impact of added interventions. Specifically, a larger
proportion of patients are now pursuing pre-implantation genetic testing for aneu-
ploidy, monosomic disorders, or polygenic risk, introducing the added variable of
trophectoderm biopsy. New technologies such as intravaginal IVF culture also
introduce unique exposures. Additionally, with improvements in culture and
vitrification techniques, gametes and embryos may be stored for years to decades,
and the impact of storage duration on epigenetic perturbations has not been well
studied. Both animal models and longitudinal human studies will be needed to
delineate the effects of these exposures on the epigenome and any potential long-
term impact on both immediate offspring and transgenerational effects.
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Abstract

Genomic imprinting is a remarkable phenomenon through which certain genes
show monoallelic expression depending on their parent of origin. While imprinting
may have evolved for viviparity and potentially as a mechanism to balance resource
allocation in mammals, functional haploidy presents a clear risk to human health.
Both epigenetic and genetic and aberrations at imprinted loci contribute to genomic
imprinting disorders, such as Beckwith–Wiedemann, Silver–Russell, Prader–Willi
and Angelman syndromes. Beyond these well-documented disorders, changes in
the tissue-specific expression levels of imprinted genes may contribute far more
widely to human disease. The expression of imprinted genes can be disrupted at the
level of a single gene, at the level of an imprinted domain or through changes in
imprinted gene networks. Importantly, imprinted genes can respond to prenatal
adversity leading to persistent changes in gene expression. Consequently, in
addition to identifying the functions of individual imprinted genes, it is important
to understand the mechanisms through which imprints are established, maintained
and erased, with erasure critical to ensure comprehensive erasure of epimutations in
the germline. We review the critical aspects of genomic imprinting and imprinted
human diseases as a paradigm for future studies on epigenetics of human
development and disease.

Abbreviations

5hmC 5-Hydroxymethylcytosine
5mC 5-Methylcytosine
Airn Antisense Of Igf2R non-protein coding RNA
Ascl2 Achaete-scute family bHLH transcription factor 2
BWS Beckwith–Wiedemann Syndrome
Cdkn1c Cyclin-dependent kinase inhibitor 1c
CpG Dinucleotide CG
CTCF CCCTC-binding factor
Dio3 Iodothyronine Deiodinase 3
Dlk1 Delta Like Non-Canonical Notch Ligand 1
DNMT1 DNA methyltransferase 1
DNMT3A DNA methyltransferase 3A
DNMT3B DNA methyltransferase 3B
DNMT3L DNA methyltransferase 3L
(E) Embryonic
ERVK Endogenous retrovirus-K
gDMR Germline differentially methylated region
Gnas GNAS (guanine nucleotide binding protein, alpha

stimulating) complex locus
Grb10 Growth factor receptor-bound protein 10
H19 H19 gene
H3K27me3 Histone H3 lysine 27 trimethylation
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H3K36me2/3 Histone H3 di/trimethylated at lysine 36
H3K4me2/3 Histone H3 di/trimethylated at lysine 4
HELL2 Helicase, lymphoid specific
HELLP Haemolysis, elevated liver enzymes and low platelet count
IC Imprinting centre
Igf2 Insulin-like growth factor 2
Igf2r Insulin-like growth factor 2 receptor
IGN Imprinted gene network
IMAGe Intrauterine growth retardation, metaphyseal dysplasia,

adrenal hypoplasia congenita, and genital anomalies
Inpp5f-v2 Inositol polyphosphate-5-phosphatase F variant 2
Ins2 Insulin 2
Kcnq1ot1 Kcnq1 opposite strand/antisense transcript 1 (non-protein

coding) gene
KvDMR DMR in the Kcnq1ot1 locus
LBW Low birth weight
LTR Long terminal repeat
Mcts2 Malignant T cell amplified sequence
Meg3 (aka Gtl2) Maternally expressed 3
Mest (aka Peg1) Mesoderm-specific transcript
MLID Multilocus imprinting disorders
Nap1l5 Nucleosome assembly protein 1-like 5
NLRP5 NLR family pyrin domain containing 5
NSD1 Nuclear receptor binding SET domain protein 1
Peg1 Paternally expressed gene-1
Peg3 Paternally expressed gene-3
PGCs Primordial germ cells
Phlda2 Pleckstrin homology-like domain, family A, member

2 gene
PIWI P-element induced Wimpy testis
Plag1 (aka Zac1) Pleiomorphic adenoma gene-like 1
Rasgrf1 Ras protein-specific guanine nucleotide releasing factor 1
sDMR Somatic differentially methylated region
SETD2 SET domain containing 2, histone lysine methyltransferase
SETDB1 SET domain bifurcated histone lysine methyltransferase 1
Slc22a18 Solute carrier family 22, member 18
Slc22a2 Solute carrier family 22 member 2
Slc22a3 Solute carrier family 22 member 3
Slc38a4 Solute carrier family 38 member 4
Snrpn Small nuclear ribonucleoprotein polypeptide N
SRS Silver–Russell Syndrome
TAD Topologically associating domain
Tet Ten-eleven translocation protein
TNDM Transient neonatal diabetes mellitus
TRIM28 Tripartite motif containing 28
UHRF1 Ubiquitin like with PHD and ring finger domains 1
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UPD Uniparental disomy
ZFP Zinc-finger protein
Zrsr1 (aka U2af1-rs1) Zinc finger (CCCH type), RNA binding motif and serine/

arginine rich 1

8.1 Introduction

One of the remarkable discoveries of the twentieth century was the finding that some
genes in mammals do not obey the rules of Mendelian inheritance. Accordingly,
“imprinted” genes classically exhibit monoallelic expression in a parent-of-origin
dependent manner [1–3]. Some imprinted genes are monoallelically expressed in all
expressing cell types, while others show partial, tissue-specific, and/or temporal
imprinting. Their most critical and fundamentally important characteristic is that
parent-of-origin expression is dependent on passage through the parental germline
[1]. Functional differences between the parental genomes were first experimentally
demonstrated using pronuclear transfer experiments to artificially generate diploid
mouse embryos whose genomes were exclusive of either maternal or paternal origin
[4–9]. Development of these monoparental embryos was initially relatively normal.
However, embryos consisting of two maternally-derived genomes became progres-
sively growth-restricted and died around embryonic day (E) 10, with particularly
limited development of extra-embryonic tissue. Conversely, embryos with two
paternal copies were both developmentally delayed and growth restricted, dying
around E8.5 with an abundance of extra-embryonic tissue. Similarly, monoparental
embryonic stem cells in chimeras with wild-type cells allocate to essentially recip-
rocal regions in chimeric embryos [10, 11], highlighting the functional differences
and requirement for both parental genomes. Studies of uniparental disomic (UPD)
embryos delineated parent-of-origin functional differences to specific chromosomal
regions [12], with these regions found to contain domains of maternally and pater-
nally expressed genes [13–15].

The discovery of imprinted genes, along with their phylogenetic distribution with
an increasing knowledge of their functions, has led to considerable speculation
concerning the evolution of genomic imprinting with two prevalent explanations
being genetic conflict over maternal resources [16, 17] and maternal-offspring
adaptation [18]. These, and many other theories that attempt to ascribe the impor-
tance of genomic imprinting, account for the intimate and complex relationship
between the mammalian mother and her offspring with increasing investment toward
viviparity dependent on an elaborate placenta and considerable postnatal nurturing
[19] (Fig. 8.1). An important aspect of imprinting is the control of gene dosage by
epigenetic marks inherited from the parental germline. Epigenetic marks under
some circumstances can undergo modifications in response to environmental cues
such as low protein diet in pregnancy [20], with a potential to affect fetal growth and
other phenotypic consequences later in life. The consequent flexibility conferred by
the epigenetic mechanism may be advantageous for supporting adaptation to
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different environments, but may also be responsible for diseases. Understanding the
mechanisms that establish, maintain, and erase imprinting is therefore important for
our understanding of some human diseases.

8.2 Establishment of Canonical Imprinting

Canonical imprinting resulting in monoallelic gene expression depends on the
establishment of heritable DNA methylation marks in either the maternal or paternal
germline, and these differentially methylated regions (gDMRs) are propagated in
post-zygotic cells [1, 21, 22] (Fig. 8.2). In mice de novoDNAmethylation at gDMRs
is initiated in the male germline before birth [23–25] and detectable as DNA
methylation more broadly at intergenic sequences and transposons [26]. For the
two paternally imprinted loci, H19-DMR and IG-DMR, changes in histone
modifications and high transcriptional read-through precede DNA methylation
[27] by the de novo DNA methyltransferase DNMT3A and a DNMT-like protein
DNMT3L; the latter lacks enzymatic activity [28–31]. De novo paternal methylation
of the rodent-specific Rasgrf1 gDMR requires components of the PIWI-interacting
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Fig. 8.1 Genomic imprinting and the increasing investment in viviparity in mammals. Within
vertebrate lineages, genomic imprinting has only been observed in marsupials and, more promi-
nently, in eutherians with prolonged fetal development in utero before birth. Mya—million
years ago
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RNA pathway which normally silences transposable elements in the male germline
[32] and a second de novo DNA methyltransferase, DNMT3B [24]. For the
H19-DMR and IG-DMR, these sequences acquire DNA methylation as part of a
global mechanism methylating the mature sperm genome to an average level of
~90% [26]. A recent study showed recruitment of the DNMT3A/3L complex
extensively to the genome of male germ cells by histone H3 lysine 36 dimethylation
(H3K36me2) marks broadly deposited by the histone methyltransferase NSD1 [33].

De novo DNA methylation in the female germline occurs after birth, during the
growth phase of oogenesis [34]. Between birth and adulthood, the average genomic
DNA methylation level goes from ~2% in non-growing oocytes, to nearly 40% in
fully grown, germinal vesicle oocytes [26, 35]. DNA methylation is preceded by the
loss of histone H3 lysine 4 di/trimethylation (H3K4me2/3), and gain of
trimethylation at lysine 36 (H3K36me3) [36]. These domains with the H3K36me3
marks are established over transcribed gene bodies by the histone methyltransferase
SETD2, which associates with the elongating RNA polymerase II [37, 38]. The
recruitment of DNMT3A/3L complex follows to the H3K36me3-marked regions to
catalyze de novo DNA methylation [28–31, 34, 39–41], resulting in a characteristic
oocyte DNA methylome with a strong correlation between DNA methylation and
the levels of transcription [26, 42]. All maternal gDMRs discovered to date are
CpG-rich promoter elements [43], and each of them is covered by a transcript
initiating from nearby oocyte-specific promoters [42]. Transcription through
gDMRs has been shown experimentally to be functionally required for de novo
DNA methylation at 6 maternal germline DMRs: Nespas/Gnasxl and 1A, KvDMR1,
PWS-IC, Zac1 igDMR, and Peg3DMR [42, 44–48]. The generality of this mecha-
nism for all maternal gDMRs is furthermore supported by the loss of all maternal
imprints in oocytes deficient for DNMT3A, DNMT3L, or SETD2 [29, 35, 37].

8.3 Maintenance

After fertilization, both parental genomes undergo extensive passive (maternal) and
active (maternal and paternal) DNA demethylation [49]. However, DNA methyla-
tion at gDMRs survives this reprogramming, which is not seen for the rest of
gametically methylated regions. The protection of DNA methylation at gDMRs is,
in part, mediated by the zinc-finger proteins ZFP57 and ZFP445, which bind to a
methylated TGCCGC consensus motif within gDMRs [50–54]. These KRAB zinc
finger proteins recruit TRIM28 (also known as KAP1) and the histone
methyltransferase SETDB1. Consequently, the recruitment of this protein complex
at the methylated gDMRs introduces H3K9me3 marks in the region, which
promotes preferential recruitment of the DNMT1 DNA methylation maintenance
machinery. DNA methylation at gDMRs is subsequently propagated for the lifetime
of the individual through the repeated action of the maintenance DNA
methyltransferase DNMT1 [55–57] in conjunction with UHRF1 (also known as
NP95) [58].
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8.4 Spreading

gDMRs operate as imprinting centers (ICs; also known as imprinting control
regions) to establish domains of maternally and paternally expressed genes [13–
15]. In mice, there are estimated to be 21 gDMRs originating during oogenesis,
while three of them are inherited from sperm. These epigenetic marks regulate the
allelic expression of around 100 non-coding transcripts and protein-coding genes
[15, 59, 60]. There is strong evidence that approximately fifteen of these domains are
conserved in humans, while some other are unique to humans, notably with unipa-
rental expression of genes restricted to the placenta [61]. While not all gDMRs have
been functionally demonstrated to act as imprinting centers in mice, there are six that
have been studied through targeted deletion and have been found to regulate
imprinting of the domains within which they reside: Airn/Igf2r, Igf2/H19, Snrpn,
Kcnq1ot1/Cdkn1c, Dlk1/Gtl2, and Gnas cluster [62–67]. Both spreading and main-
tenance of imprinted expression must be carried out in cis because the two alleles
exist in the same nuclear environment. Some domains contain long non-coding
RNAs (lncRNAs) [68] with the expression of the unmethylated parental allele.
Some of these lncRNAs have been shown to have a role in the imprinting of a
domain containing several imprinted loci, while others lncRNAs appear not to play
such a direct epigenetic role [68–77].

8.5 Erasure

Erasure of imprints is prerequisite in each germline cycle in preparation for
the establishment of new epigenetic marks according to the sex of the embryo.
The erasure of DNA methylation imprints occurs in the precursors of the germline,
the primordial germ cells (PGCs). Genome-wide analyses of DNA methylation in
mouse PGCs showed that not all genomic regions follow the same demethylation
kinetics and that near-complete erasure of the genome occurs in two distinct waves.
In phase I of reprogramming, from E8.5 to E10, the genome of migrating PGCs is
gradually demethylated by passive dilution of 5mCmarks [25, 78]. Specific genomic
sequences—called late-demethylating—are largely protected from this first wave of
passive demethylation. These include germline-specific genes, X-linked CpG
islands (CGIs) in female embryos, specific families of repetitive elements, and
imprinted gDMRs [25]. The beginning of phase II of demethylation coincides with
the colonization of the genital ridges by PGCs [79]. It is characterized by a rapid
conversion of 5mC to 5-hydroxymethylcytosine (5hmC) by the ten-eleven translo-
cation dioxygenase TET1, followed by a passive loss of this epigenetic mark, which
is not maintained by DNMT1 [80–83]. From E10.5 to E13.5, the methylation levels
of imprints fall from 70% to ~10% on average, while the genome reaches its lowest
level of global DNA methylation known, at close to only 3% [25]. A strikingly
similar dynamic of demethylation has also been observed in human PGCs,
suggesting that epigenetic reprogramming of the PGC genome is a conserved
process, but the temporal sequence and possibly the mechanism might differ from
the observations in mice [84]. Failure to erase imprints in gonocytes leads to
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abnormal expression of imprinted genes and embryonic lethality in the next genera-
tion because of the direct inheritance of abnormal grand-parental imprints [81, 85].

So far, TET1 is the only factor known to be implicated in phase II reprogramming
in gonocytes in mice. A careful analysis of the progeny from Tet1-null mice revealed
a broad spectrum of embryonic and postnatal phenotypes, suggesting abnormal
expression of imprinted genes [85]. The analysis of DNA methylation patterns at
imprinted gDMRs revealed that loss of TET1 in one of the parents is associated with
abnormal biallelic DNA methylation at gDMRs in the offspring [85, 86]. These
important results established the essential function of TET1 in imprint erasure since
they are consistent with a failure to erase grand-parental imprints, which are then
abnormally passed on to the progeny: perdurance of grand-paternal DNA methyla-
tion marks would be manifested when inherited maternally from Tet1-null females,
and the converse for grand-maternal marks. The precise timing and mechanism of
imprints erasure in the human germline merits further investigation.

8.6 Portrait of an Imprinted Domain: Mouse Distal
Chromosome 7

The imprinted region on mouse distal chromosome 7/human chromosome 11p15 has
been the focus of considerable study in both humans and mice due to links with the
imprinting disorders Beckwith–Wiedemann Syndrome (OMIM 130650; BWS) and
Silver-Russell Syndrome (OMIM 180860; SRS), which both show parent-of-origin
features. Evidence for the presence of imprinted genes at this chromosomal location
came from studies on UPD7 mice which suggested the presence of more than one
imprinted gene [87, 88]. Maternal UPD of the distal chromosome 7 region resulted
in significant impairment of fetal and placental growth, with fetal death by embry-
onic day (E) 17.5 [88]. Paternal UPD of the same region resulted in delayed
embryonic development with lethality by E10.5, alongside significant developmen-
tal abnormalities in the placenta [88–90]. We now know that this region contains two
adjacent but mechanistically distinct imprinted domains (Fig. 8.3A). Moreover,
these domains best exemplify what is known about the mechanisms that establish
domain-wide imprinting.

8.7 The IC1 Imprinted Domain

In mice, the IC1 domain spans over 100 kilobases and contains the paternally
expressed protein-coding genes Igf2 [87, 91] and Ins2 [92], and the maternally
expressed non-coding RNA H19 [93]. Contained within H19 is a functionally
important imprinted microRNA, miR-675 [94]. The gDMR within the IC1 domain,
called H19-DMR, is located approximately 2 kb upstream of the H19 promoter. This
region acquires DNA methylation exclusively in the male germline, resulting in
paternal-allele-specific DNA methylation in offspring [95]. Other regions of differ-
ential DNA methylation in the IC1 domain include the promoter of H19 on the
silenced paternal allele, three other DMRs within the body of the Igf2 gene also on
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the paternal allele which, in the case of Igf2, is the expressed allele. These sites in
sperm are unmethylated but they acquire methylation after implantation and are
referred to as somatic DMRs (sDMR) [96]. Maternal inheritance of targeted
deletions of H19-DMR results in biallelic Igf2 and Ins2 expression alongside loss-
of-expression of H19, even when the H19 promoter is left intact [63, 97]. The
physical arrangement of paternally and maternally expressed genes at this locus
and the observation of similar expression patterns for Igf2 and H19 in the developing
embryos led to the idea that these genes compete for the same enhancers
[97]. H19-DMR contains binding sites for zinc finger protein CCCTC-binding factor
(CTCF) that is conserved amongst mammals [98–100]. Binding of CTCF to
H19-DMR only occurs when this region is unmethylated [98–100]. Accordingly,
the binding of CTCF is thought to organize the domain into a specific chromatin
conformation [101–104] which permits expression of only H19 from the maternal
allele [102, 105, 106]. In the absence of CTCF binding, a different conformation is
adopted, resulting in the expression of Igf2 and Ins2 but not of H19 (Fig. 8.3B).
Similar mechanism involving a structural conformation dependent on methylation-
sensitive CTCF binding regulates imprinted expression of the paternally methylated
Dlk1-Dio3 domain [107].

8.8 The IC2 Imprinted Domain

The IC2 domain spans approximately 800 kb and contains a number of protein-coding
genes with preferential expression of the maternally inherited allele, including Phlda2
[108],Cdkn1c [109] and Ascl2 [110], and the paternally-expressed lncRNA,Kcnq1ot1
(aka Lit1) [65] (Fig. 8.3A). The gDMR within the IC2 domain is known as KvDMR1
(Kv-differentially methylated region 1) [65, 111, 112]. KvDMR1 is methylated on the
maternal allele and contains the promoter for Kcnq1ot1 [111]. Paternal inheritance of a
targeted deletion of this region in mice results in biallelic expression of the normally
maternal-expressed genes upstream and downstream of the gDMR, and the loss of
repressive histone modifications that normally coat the paternal allele [65, 75, 113–
115]. Unlike in the IC1 domain, transcription of the lncRNA Kcnq1ot1 rather than the
DMR itself, is required to establish and maintain paternal silencing of the IC2 domain
[75, 76]. All the protein-coding IC2 domain genes require DNA methylation in cis on
the maternal KvDMR1 allele for their maternal expression [28–30, 116–119]. One of
the consequences of Kcnq1ot1 expression is the acquisition of a somatic DNA
methylation mark on the silent paternal allele of Cdkn1c [120]. In mice deficient for
the HELLS helicase (aka LSH), this somatic DMR is not appropriately established
resulting in the biallelic expression of Cdkn1c [121]. Furthermore, the maintenance of
this somatic DMR by DNMT1 is required for the continued silencing of the paternal
allele of Cdkn1c during development [120, 122, 123]. This additional layer of
epigenetic gene silencing suggests the importance of sustaining imprinting of
Cdkn1c into adulthood.

The loss of domain-wide imprinting at the IC2 domain mirrors the earlier findings
for the imprinted locus spanning the maternally-expressed Igf2r gene, whereby
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truncation of the lncRNA Airn resulted in biallelic expression of Igf2r in the embryo
and placenta, and of the downstream genes Slc22a2 and Slc22a3, normally
imprinted and maternally expressed in the placenta [69]. Various models have
been proposed to explain how the expression of paternal lncRNAs mediates
domain-wide imprinting. The presence of lncRNAs overlapping with and oppositely
transcribed to protein-coding genes, as observed for Kcnq1ot1/Kcnq1 and Airn/
Igf2r, suggested the possibility of transcriptional interference [124], supported by
the finding that Airn transcription through the Igf2r promoter was necessary to
silence Igf2r [73]. However, while this could account for imprinted genes with
promoters overlapping with lncRNAs, for the majority of loci there are imprinted
genes that lie upstream of the lncRNA and ones that are too far downstream to be
overlapping with the transcription of the lncRNA itself. An alternative idea was that
lncRNAs function by disrupting the promoter-enhancer interactions required for
active gene transcription, although there are no enhancers for Slc22a2 or Slc22a2
within the Airn transcribed region [125], and enhancers for Cdkn1c lie outside the
region spanned by Kcnq1ot1 [126]. LncRNAs may instead prevent the expression of
nearby genes in cis by forming RNA “clouds” that coat the domain and recruit
inactivating histone-modifying complexes [114, 127–129] (Fig. 8.3C). LncRNAs
such as Kcnq1ot1 may additionally function by physically localizing and tethering
the paternal allele to the nuclear periphery [127, 130, 131]. There is some evidence
that tethering involves complexing with nucleoporins which are the main
components of nuclear pore complexes embedded in the nuclear membrane
[132]. While posttranscriptional knockdown of Kcnq1ot1 by RNAi does not impact
imprinted gene expression in stem cells [133], conditional deletion of KvDMR1/IC2
in the early mouse embryo results in loss of both paternal gene silencing and
acquisition of somatic DNA methylation [134], which suggests differences in the
epigenetic mechanisms involved in short and longer-term silencing of the IC2
domain.

8.9 Non-canonical Imprinting

Recent genome-wide next-generation sequencing screens have identified genes
exhibiting parent-of-origin behavior that lie outside imprinted domains and are not
clearly associated with gDMRs [22, 135, 136]. These are termed non-canonical
imprinted genes and their imprinted expression is mostly transient, generally
restricted to the early embryo and extra-embryonic lineages. These genes rely on
allelic histone modification, particularly histone H3 lysine 27 trimethylation
(H3K27me3), following direct inheritance from the oocyte [137–139]. These
observations revealed that inheritance of DNA methylation is not the only epigenetic
mark for the direct inheritance from the mature gametes to regulate the expression of
imprinted genes during development. The functional relevance of non-canonical
imprinting in humans merits further investigation [140, 141].
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8.10 Evolution of Genomic Imprinting

The evolution of genomic imprinting remains a fascinating subject for discussion
since imprinting leads to monoallelic expression of specific genes with critical roles
in development. Why would evolution favor a system that is vulnerable to recessive
mutations [16, 17], and why is this specific phenomenon observed in mammals and
flowering plants [142]. Clues may come from the observation that genomic imprint-
ing leading to parent-of-origin-specific expression in not universal to all mammals
and has not been reported in egg-laying mammalian species, such as monotremes,
platypus and echidnas [143]. The emergence of imprinting in mammals predates the
bifurcation between metatherians (marsupials) and eutherians (placentals), with
some imprinted genes being shared amongst them. This suggests a link to the
emergence of viviparity and fetal development in utero, leading to new energetic
demands on the pregnant female [144] (Fig. 8.1). A few “classical” imprinted genes
appear to be well conserved in mammals, but several species-specific differences
have also been observed.

With respect to mechanisms, two different mechanisms that might have
contributed to the emergence of species-specific imprinted genes, both related to
transcription-coupled de novo DNA methylation in oocytes, have been described.
The first mechanism implicates the generation of a new gene via retrotransposition
within the intron of a host gene. Since this host gene is expressed in growing oocytes,
the inserted retrogene acquires a maternal gDMR and becomes imprinted and
paternally expressed in the progeny. Four different examples have been documented,
one of which is rodent-specific (Zrsr1/U2af1-rs1), while the other three are more
evolutionarily ancient, and also imprinted in human (Mcts2, Nap1l5, Inpp5f_v2)
[145–148]. Although the retrotransposition event might have triggered the formation
of a new imprinted gene, it is also possible that the necessary signals were already
present at the ancestral host gene, although these are not imprinted themselves.

A second mechanism is based on the insertion of a new oocyte-specific promoter
next to a host gene promoter. Here, the oocyte promoter is provided by a long
terminal repeat (LTR) retrotransposon. Specific families of LTR elements evade
silencing mechanisms operating in oocytes and act as promoters for diverse
transcripts in growing oocytes. Since LTR elements are highly polymorphic and
different families of elements have colonized different lineages during evolution,
they have been shown to be responsible for species-specific differences in the DNA
methylome of oocytes, which is guided by transcription [149]. Notably, specific
LTR elements drive oocyte transcription through a number of species-specific
gDMR. Indeed, a comparison of mouse and human maternal gDMRs has identified
4 mouse-specific and 17 human-specific examples of paternally-expressed imprinted
genes acquiring DNA methylation in oocytes as a consequence of a nearby LTR
promoter [61]. These results suggest that novel imprinted genes can be generated
during evolution at least in part via the insertion of an active LTR promoter through
retrotransposition. The targeted deletions of the upstream LTR at the imprinted
genes Slc38a4 and Impact lead to loss of imprinting and biallelic expression,
providing functional support for this model [61].
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Once established, further elaboration of canonical imprinted genes and
arrangements in domains can be envisaged. Regulated by gDMRs, three essential
requirements must be met for functional imprinting to evolve: (i) acquisition of a
DNA methylation imprint in one germ line; (ii) maintenance of the gDMR through
the preimplantation phase of epigenetic erasure; and (iii) prevention of acquisition of
DNA methylation on the unmethylated allele during postimplantation waves of de
novo methylation [150].

Endogenous retroviruses have also been implicated in the regulation of allelic
expression at non-canonical imprinted genes, which are all paternally expressed and
show imprinted expression only in preimplantation embryos and extra-embryonic
lineages. More importantly, imprinting in this case is independent of gametic DNA
methylation and relies instead on direct inheritance of repressive H3K27me3 histone
marks from the oocyte [137], but these imprints are transient and do not persist after
implantation. The expression of paternally inherited non-canonical imprinted genes
in the extra-embryonic ectoderm showed that the maternal allele acquires DNA
methylation as a somatic DMR, via DNMT3A/3B activity [138, 139]. So the
germline imprint at those genes with a histone mark (H3K27me3) is eventually
replaced by a DNAmethylation mark for maintenance of imprinted expression in the
extra-embryonic tissues. Furthermore, this epigenetic mechanism preferentially
targets endogenous retroviruses, specifically ERVK LTRs [138]. These repetitive
elements, which can act as promoters or enhancers in extra-embryonic tissues,
appear to guide this unusual form of tissue-specific imprinting by protecting the
paternal allele from DNA methylation-mediated silencing, which is the default
pathway in embryonic lineages. Since endogenous retroviruses are implicated in
non-canonical imprinting, we can expect this mechanism to regulate mostly species-
specific imprinted genes.

8.11 The Function of Imprinted Genes in Mouse Development

Several imprinted genes function in a dosage-sensitive manner to regulate fetal
growth and placental development early in life, and to influence both metabolic
and behavioral processes later in life including those relating to mothering, as has
been extensively and elegantly reviewed [22, 151–156]. As with imprinting
mechanisms, the function of imprinted gene located within the mouse distal chro-
mosome 7 epitomize the function of imprinted genes more generally.

8.12 IC1 Domain Genes

Igf2 was one of the first imprinted genes to be identified in mice [87, 91], along with
H19 [93] and Igf2r [157]. Igf2 encodes a fetal growth factor structurally related to
insulin that normally signals to promote cell proliferation, growth, differentiation,
and survival via IGF1R. IGF2 also binds to IGF2R, which sequesters and degrades
excess IGF2 [158]. The finding that IGF2R is a maternally-expressed imprinted gene
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[157] was instrumental in supporting the idea that genomic imprinting evolved in
response to a parental “tug-of-war” imposed by the development of mammalian
offspring in utero [16, 17]. While deletion studies were important for understanding
the normal function of IGF2, manipulating the dosage of Igf2 can provide greater
insight into the function of imprinting. In mice, loss of imprinting (LOI) of Igf2
results from disruption of H19-DMR. Expression of both Igf2 and Ins2 occurs at
approximately twice the normal level in this model with concomitant loss of H19,
resulting in increased birth weight of between 8 and 30% together with placental
overgrowth [97, 159]. Fetal growth is supported by the placenta which functions
both in the transport of nutrients and in securing the availability of nutrients through
the action of placental hormones on the mother [160]. IGF2 positively regulates the
development of the region of the placenta involved in nutrient transport
[161, 162]. Together, these experiments identify Igf2 as a paternally-expressed
imprinted gene that normally functions to promote fetal growth and instruct changes
in the placenta required to enhance nutrient transport.

H19 was the first noncoding transcript to be identified as an imprinted gene, and
one of the most abundant polyadenylated RNAs in the developing mouse embryo
[93, 163]. The precise function of H19 has been challenging to study because of the
mechanistic and reciprocal link with Igf2 imprinting. Accordingly, a deletion to
facilitate the loss of H19 resulted in upregulation of Igf2 alongside an overgrowth
phenotype despite not disrupting the gDMR [159]. Mice lacking the H19 transcript
appear to develop normally [164] but there is evidence that H19 functions as a tumor
suppressor with the loss of H19 associated with faster progression in mouse
tumorigenesis models [165]. H19 function may, in part, be mediated by the
microRNA mir-675 which is processed from the first exon of the H19 transcript in
both mice and humans [94, 166, 167]. In mice, loss-of-function of Ins2 alone does
not lead to developmental or metabolic dysfunction [168, 169] but when combined
with ablation of the related Ins1 gene, pups are born small and die shortly thereafter
from neonatal diabetes [168].

8.13 IC2 Domain Genes

Loss of imprinting of the IC2 domain, in which all paternally-silenced IC2 domain
genes become biallelically expressed, results in both fetal and placental growth
restriction [65]. Within this domain, the function of Cdkn1c, Phlda2, and Ascl2
has been studied most intently. Cdkn1c encodes a cyclin-dependent kinase inhibitor,
which normally suppresses proliferation and promotes differentiation in a wide
range of tissues. Ablation of Cdkn1c in mice results in fetal overgrowth,
placentomegaly with expansion of placental endocrine lineages, abdominal wall
defects, cleft palate, renal dysplasia, adrenal cytomegaly, maternal preeclampsia,
and premature birth [170–175]. Transgenic mice expressing Cdkn1c at twice the
normal level are growth restricted identifying Cdkn1c as the major regulator of
embryonic growth within the IC2 domain [176]. These experiments in mice
identified Cdkn1c as a maternally-expressed imprinted gene that normally functions
to restrain fetal growth and placental development. Imprinting of Cdkn1c (reduced
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paternal expression) would therefore be predicted to enhance fetal and placental
growth, and potentially support longer gestation.

Phlda2 encodes a PH domain-only protein normally maternally expressed in the
mouse and human placenta where expression is highest [108, 177]. Phlda2 functions
to limit expansion of a major placental endocrine lineage in mice [178–181]. Pre-
cisely regulated expression of Phlda2 is necessary for normal fetal growth with both
loss- and gain-in-expression resulting in growth restriction [179, 181, 182]. Just
two-fold expression of Phlda2 driven by a transgene resulted in >10% reduction in
birthweight with relative sparing of the head, neonatal hypoglycemia followed by
catch-up growth [182]. Rather than playing a direct role in regulating fetal growth,
fetal growth restriction occurs as a consequence of the placental endocrine insuffi-
ciency induced by the reduction in placental endocrine cells. In addition to regulating
placental development and fetal growth, Phlda2 plays a critically important role in
instructing maternal caregiving behavior through controlling the production of
placental hormones that act on the mother. Wild-type dams carrying and caring for
offspring with different doses of Phlda2, behave atypically toward their offspring
[183]. Dams carrying and caring for Phlda2 knockout offspring with an expanded
placental endocrine compartment engage in more pup-focused behaviors whereas
dams carrying and caring for Phlda2 transgenic offspring with a reduced placental
endocrine compartment neglect their pups and prioritize nest building [183]. A direct
role for imprinted genes in regulating maternal behavior has previously been
highlighted by studies on the paternally expressed genes Peg1 and Peg3 but in
both these examples, the dam was genetically altered [184, 185]. In the case of the
Phlda2 studies it is the genetically altered offspring that influence their mother’s
behavior before birth, consistent with the function of placental hormones in pro-
gramming the maternal brain in pregnancy. High-quality maternal care is important
for the offspring’s later life behavior, and both transgenic Phlda2 offspring and their
wild-type siblings sharing the same abnormal environment were found to exhibit
anxiety-like symptoms, mild depression, atypical social behavior, and reduced
cognitive abilities as adults [186]. Together, these studies illustrate the
far-reaching roles of imprinted genes both within and across generations.

Ascl2 encodes a bHLH transcription factor imprinted in the mouse placenta but
not the fetus [110]. Ascl2 plays a critically important role in the placenta supporting
the development of the endocrine lineages with full ablation resulting in embryonic
lethality at E9.5 [110, 187, 188]. More modest reductions in the expression level of
Ascl2 are also associated with placental defects alongside fetal growth restriction
[189, 190]. Conversely, overexpression of Ascl2 results in reduced development of
several placental endocrine lineages and fetal growth restriction [191]. These
experiments indicate that a single dose of Ascl2 in the placenta is required for the
proper allocation of progenitors to the different placental endocrine lineages required
to support optimal fetal growth.

Cdkn1c, Ascl2, and Phlda2, through limiting the developing of the placental
endocrine lineages, all function to limit the production of placental hormones.
Consequently, alterations in their dosage can impact both fetal growth and maternal
adaptations to pregnancy which in human populations may manifest as classic
complications of pregnancy [192].
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8.14 Imprinted Genes Influencing Adult Physiology
and Behavior

In addition to these fundamentally important roles during gestation, imprinted genes
also function to influence behavioral [22] and metabolic processes [193] critically
important for the survival of mammals. Briefly, both Igf2 and Cdkn1c are expressed
in the developing and adult nervous system and both genes are important for adult
neurogenesis, with IGF2 functioning both as a paracrine and autocrine factor [194]
while Cdkn1c is required for neural stem cell quiescence and differentiation
[195]. Cdkn1c is also required for the maturation of midbrain dopamine neuronal
cells [196]. Consistent with important roles during brain development and into
adulthood, manipulating the expression of these genes results in alterations in
behavior. Increased dosage of Cdkn1c has been linked to altered reward behaviors
and social functions in mice [197–199] and Igf2 has been shown to be important for
memory consolidation and cognitive function [200]. There is evidence for expres-
sion of the normally silenced allele of these two genes in the adult brain with the
maternal expression of Igf2 in the choroid plexus and leptomeninges [201], func-
tionally important for neurogenesis [194], and paternal expression of Cdkn1c in the
brain important for neocortical development [202]. In addition to the nervous
system, both Igf2 and Cdkn1c are expressed during development in tissues with
important metabolic functions. For example, Igf2 and Cdkn1c are both relatively
highly expressed in the developing pituitary [203] where Cdkn1c regulates progeni-
tor proliferation but not differentiation [204]. Igf2 null mice possess more brown
adipose tissue just prior to their birth [205] while Cdkn1c is both required for the
proper differentiation of intrascapular brown adipose and stimulates “browning”
within white adipose depots in mice [206]. Igf2 functions in different lineages to
regulate both the size and function of the pancreas [207] while Cdkn1c regulates cell
cycle exit of progenitors during the early stages of pancreas formation [208]. These
multi-fold, multi-tissue roles mean that precisely regulated expression of Igf2 and
Cdkn1c is key not only for early development but also for later life metabolism and
behavior.

8.15 Variations in Genomic Imprinting and Human Disease

8.15.1 Genomic Imprinting Disorders

A number of classic congenital disorders are associated with alterations in imprinted
domains, involving both genetic and epigenetic abnormalities in patients (Table 8.1)
[209, 210]. These disorders classically exhibit parent-of-origin transmission, where
transmission is possible, with clinical features commonly affecting growth, metabo-
lism, and behavior consistent with the identified functions of many imprinted genes.
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Table 8.1 Overview of eight different imprinting disorders in humans

Disorder Frequency MIM#
Chromosomal
region(s) Mutations

Beckwith–Wiedemann
syndrome (BWS)

1 in
15,000

130650 11p15.5 KvDMR1
hypomethylation
(40–50%)
upd(11p15)pat
(20%)
H19-DMR
hypermethylation
(5–10%)
CDKN1C point
mutations (5%)
Translocations (rare)

Silver–Russell syndrome
(SRS)

1 in
75,000 to
1 in
100,000

180860 11p15.5 H19-DMR
hypomethylation
(30–60%)
upd(11p15)mat
(rare)
IGF2 point
mutations (rare)
CDKN1C point
mutations (rare)
Maternal CDKN1C
duplication (rare)

7p13q32 upd(7)mat (5–10%)

Prader–Willi syndrome
(PWS)

1 in
25,000 to
1 in
10,000

176270 15q11.2 Paternal deletion
(70%)
upd(15)mat (<30%)
Aberrant IC
methylation (rare)
chromosomal
rearrangements/
translocations (rare)

Angelman syndrome (AS) 1 in
20, 000 to
1 in
12,000

105830 15q11.2 Maternal deletion
(70%)
UBE3A point
mutations (10–15%)
Aberrant IC
methylation (4%)
upd(15)pat (rare)

Transient neonatal diabetes
mellitus (TNDM)

1 in
300,000

601410 6q24 Upd(6)pat (41%)
Paternal duplications
(29%)
Methylation defects
(30%)

Temple syndrome (TS14) Unknown 616222 14q32 Upd(14)mat (29%)
IGDMR Paternal
deletion (10%)
MEG3DMR

(continued)
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8.16 Beckwith–Wiedemann Syndrome (BWS; OMIM #130650)

One of the most common imprinting disorders is BWS, which is associated with a
variety of genetic and/or epigenetic alterations localized to human chromosome
11p15.5 [210] (Fig. 8.4). BWS is estimated to occur in one in every 15,000 births
and primarily involves overgrowth features [211]. BWS is usually diagnosed based
on the presence characteristics including macrosomia (birth weight >97th percen-
tile), macroglossia (unusually large tongue), neonatal hypoglycemia, ear creases or
pits and abdominal wall defects, hemihypertrophy (one side of the body or a part of
one side of the body is larger than the other), visceromegaly, nervus flammeus (port-
wine stain), cleft palate, cardiac abnormalities, advanced bone age, enlarged placenta
and abnormalities in placental vasculature. There is a high incidence of premature
birth for BWS infants, sometimes in combination with polyhydramnios (excessive
amniotic fluid) and gestational hypertension [212], with some BWS mother’s
suffering the potentially life-threatening disorder of preeclampsia with HELLP
(hemolysis, elevated liver enzymes, and low platelet count) [213]. Infants are at
increased risk of developing congenital/childhood tumors such as Wilms’ tumor,
adrenocortical carcinoma, hepatoblastoma, and neuroblastoma, although this risk
decreases with age. Five to ten percent of BWS patients exhibit gain of methylation
at H19-DMR (IC1), predicted from mouse studies to result in overexpression of
IGF2, while 40–50% of patients have loss of DNA methylation at KvDMR1 (aka
IC2) predicted to result in loss of expression of all the IC2 domain protein-coding
genes. Although several BWS patients may sporadically lose DNA methylation at
IC2 as an epimutation, recent evidence points to cis-acting genetic causes in some

Table 8.1 (continued)

Disorder Frequency MIM#
Chromosomal
region(s) Mutations

Aberrant
methylation (61%)

Kagami–Ogata syndrome
(KOS14)

Unknown 608149 14q32 Upd(14)pat (65%)
IGDMR maternal
deletion (15%)
MEG3DMR
Aberrant
methylation (20%)

Pseudohypoparathyroidism
1B (PHP1b)

Unknown 603233 20q13 GNAS DMRs
hypomethylation
(42.5%)
Maternal deletion
(8.5%)
Point mutations
46.5%
Upd(20)pat (rare)

Type and frequencies of alterations associated with disorders summarized from [209, 210]
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cases. Since IC2 is located in an intron of the KCNQ1 gene, implicated in long QT
syndrome-1 [111], de novo establishment of the maternal DNA methylation imprint
at IC2 is predicted to be guided by transcription through the region during oocyte
growth, possibly from a KCNQ1 transcript initiating at its canonical start site. Such a
model is in fact supported by studies of mouse mutants carrying the insertion of a
transcriptional termination sequence adjacent to IC2, which prevents extension of a
Kcnq1 transcript across IC2 [46]. That such a mechanism is conserved in humans is
supported by rare BWS patients, also affected by long QT syndrome, in which
transcription from the KCNQ1 promoter through IC2 is perturbed by maternally
inherited translocations, promoter deletions, splice variants, or duplications within
the KCNQ1 locus [214–217]. Patients with familial BWS carry inactivating germ
line mutations in the coding sequence of the maternally inherited CDKN1C allele
[218, 219], further highlighting the pathological contribution of CDKN1C in BWS.
Functional studies in mice have been highly informative for our understanding of the
gene changes underlying BWS [220]. While overgrowth in BWS could result from
either too much IGF2 or too little CDKN1C, mice that overexpress IGF2 do not
exhibit defining features of BWS such as cleft palate and abdominal wall defects
which are observed in response to loss of murine Cdkn1c [170, 171]. It seems likely
that either or both alterations have potential to contribute to BWS.
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Fig. 8.4 Contribution of imprinted genes to both rare and highly common human diseases
exemplified by human chromosome 11p15. Genetic and epigenetic disruptions to imprinted
domains are associated with rare imprinting disorders while variations in the expression levels of
individual genes or IGNs may underlie highly common conditions such as low birth weight, type
2 diabetes, obesity, neurodevelopmental and behavioral disorders
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8.17 Silver-Russell Syndrome (SRS; OMIM #180860)

SRS is a very rare imprinting disorder with approximately 70% of patients having
alterations affecting human chromosome 7 or 11, with 30% of unknown origin [210]
(Fig. 8.4). SRS is diagnosed with an approximate frequency of 1 in 300,000 but may
be far more common. SRS is defined by fetal growth restriction and failure to thrive
postnatally and some or all of the following: normal head circumference, triangular-
shaped face with a large protruding forehead, clinodactyly, undergrowth of one side
of the body (hemihypotrophy), fasting hypoglycaemia, night sweats and excessive
thinness into adulthood. An international consensus statement summarizing
recommendations for clinical diagnosis, investigation, and management was
published in 2017 [221]. As with BWS, the cognitive and behavioral characteristics
of SRS are less well established but there are reports of specific learning difficulties
[222–225], hyperactivity [226], attention deficits [224], autistic regression [227],
and eating difficulties [228–231]. Maternal uniparental disomy of chromosome 7 is
present in 5–10% of SRS patients (mUPD7; two maternal copies). Within the
duplicated region there are two imprinted domains one of which contains the
maternally-expressed GRB10 gene which has been implicated in both growth and
behavior in mice [232, 233] and one of which spans MEST (aka PEG1) which has
similar growth regulatory properties in mutant mice [184]. The larger proportion of
SRS cases (30–60%) have hypomethylation of H19-DMR predicted, from mouse
studies, to be associated with loss of expression of IGF2. A few SRS patients carry
maternal microduplications of the 11p15 IC2 domain with the minimally duplicated
region spanning CDKN1C, KCNQ1, PHLDA2, and SLC22A18 [234–236]. These
patients are predicted to have twice the normal level of CDKN1C expression. Rarely,
patients diagnosed with SRS possess mutations within CDKN1C thought to increase
the stability of the protein [237–239]. Maternally inherited dominant missense
mutations primarily within the PCNA-binding domain of CDKN1C have been
reported in IMAGe syndrome (Intrauterine growth retardation, metaphyseal dyspla-
sia, adrenal hypoplasia congenita, and genital anomalies; # 614732) [240, 241]
(Fig. 8.4). IMAGe syndrome is a very rare condition combining intrauterine growth
restriction, metaphyseal dysplasia, adrenal hypoplasia congenita, and genital
anomalies and is clinically distinguished from SRS by the presence of adrenal
insufficiency. As with BWS, mouse studies provide support for too little IGF2 or
too much CDKN1C in SRS cases linked to chromosome 11p15. However, mice with
loss-of-expression of Igf2 do not exhibit the more defining features of SRS such as
lack of body fat and altered behaviors, which are seen in mouse models with gain-in
expression of Cdkn1c [197–199, 206, 242].

8.18 Multilocus Imprinting Disorders (MLID)

A number of patients with BWS have epigenetic alterations affecting additional
imprinted regions with the first suggestion coming from the finding that some
patients diagnosed with transient neonatal diabetes mellitus (TNDM) also have
hypomethylation at KvDMR1 [243]. It is now clear that a significant proportion of
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patients with a diagnosed imprinting disorder have an MLID, whereby more than
one imprinted domain is impacted [244, 245]. In BWS 20–50% of patients with loss
of KvDMR1 (IC2) methylation have an MLID, and MLID have been reported in
approximately 15% of SRS cases [246]. One widely held explanation for simulta-
neous epigenetic defects at multiple ICs is a failure to maintain DNA methylation at
these sites during the genome-wide reprogramming that occurs shortly after fertili-
zation. Evidence for such a mechanism comes from studies on TNDM patients with
DNA methylation defects at other imprinted loci, many of whom carry recessive
mutations in ZFP57 [247], one of the proteins that maintain allelic DNA methylation
and H3K9me3 at imprinted DMRs in mouse preimplantation embryos
[52, 53]. Although mutations in ZFP57 have not, as yet, been reported in BWS or
SRS patients with MLID [248, 249], a case of BWS with MLID has been described
in the progeny of a mother homozygous for mutation in NLRP2 [250]. Interestingly,
mutations in the related NLRP5 gene, coding for a component of the oocyte
subcortical complex, are associated with MLID [251]. Given the multiple epigenetic
modifiers involved in establishing and maintaining genomic imprinting, it is likely
that other epigenetic regulators (such as ZNF445, DNMT1, UHRF1, SETDB1, or
TRIM28) could be found to be involved in the DNA maintenance defects character-
istic of MLID.

8.19 Imprinted Genes and More Common Complications
of Pregnancy

Imprinting disorders are relatively rare (Table 8.1) but low birth weight (LBW),
defined by The World Health Organisation as birth weight <2500 g at any gesta-
tional age (United Nations Children’s Fund andWorld Health Organisation 2004), is
one of the most common complications of pregnancy, affecting up to 19% of all
births in the developing world and between 5 and 7.5% of births in developed
countries [252]. Several genes within the 11p15.5 IC1/IC2 domain are known to
play an important role in determining birth weight in mice, either by intrinsically
regulating fetal growth potential or through regulating placental development to
extrinsically impact fetal growth (Fig. 8.4). Alterations in the expression of IC1/IC2
domain genes have been reported in association with fetal growth disorders in
human pregnancy. Placental expression of IGF2 generally positively correlates
with birthweight consistent with studies in mice [91, 253]. For example, elevated
placental IGF2 has been reported in large for gestational age infants [254, 255] and
lower placental IGF2 in small for gestational age infants [256, 257]. Conversely,
placental expression of CDKN1C generally negatively correlates with birthweight
[234, 235, 256, 258–260], consistent with the finding that birth weight decreases
with increasing levels of Cdkn1c in mice [176, 206]. IGF2 and CDKN1C are not the
only fetal growth restriction genes located on human chromosome 11p15. In mice
elevated Phlda2 drives late fetal growth restriction resulting in LBW followed by
catch-up growth [182]. Abnormally elevated placental PHLDA2 is a highly common
alteration linked to LBW [261] with a prevalence that may be as high as 25% in
confirmed cases of fetal growth restriction [262]. Increased placental expression of
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both PHLDA2 and CDKN1C has been observed in small-for-gestational-age (SGA)
infants, highlighting the potential for domain-wide loss of imprinting [256].

In addition to regulating fetal growth, imprinted genes within the IC1/IC2 domain
are critically important for placental development in mice, involved in both nutrient
transport and the regulation of placental hormone production. Consequently, aber-
rant expression of imprinted genes in the fetally-derived placenta may contribute to
disorders impacting the mother during pregnancy. For example, loss of function of
Cdkn1c in the offspring has been linked to preeclampsia-like symptoms in the mouse
dams [174], consistent with the finding of HELLP syndrome in human mothers of
BWS infants with maternally inherited CDKN1C mutations [213]. Similarly in mice
increased expression of fetal/placental Igf2 mediated by disrupted IC1 domain
imprinting impacts maternal glucose management with potential relevance to gesta-
tional diabetes [263]. Changes in the expression of Phlda2 in the mouse placenta
have been linked to alterations in the behavior of mothers toward their newborns
[154] with potential relevance to pregnancy-related mood disorders [264].

8.20 Imprinted Gene Networks

In addition to the domain-wide regulation of allelic expression, some imprinted
genes have been observed to interact within imprinted gene networks (IGNs) with
important roles in development [265]. A number of imprinted genes located in
different domains possess a strikingly similar pattern of expression suggesting
interactions, with Cdkn1c and Plagl1 (aka Zac1) providing a key early example
[243]. The interaction between imprinted genes in networks was further highlighted
through the bioinformatic analysis of genes co-expressed with Plagl1 [266]. Disrup-
tion of these networks can result from changes in the expression of individual
imprinted genes as shown for H19 [267] or disruption of epigenetic regulators, as
shown for Trim28 [268]. To add further complexity, mutations disrupting networks
can have more than one phenotypic outcome as a consequence of IGNs adjusting
stochastically. Bimodal phenotypes have been reported for a number of mouse
models in which individual imprinted genes have been genetically modified, further
exemplified by studies on Trim28mutants, where haploinsufficiency disrupted IGNs
in mice manifesting an obese phenotype but not those of normal weight [268]. Evi-
dence for similar stratification of IGNs in human populations was also reported in
this study. Disrupted expression of IGNs may therefore contribute to the consider-
able clinical overlap noted for several imprinting disorders [210]. Disruptions to
IGNs may contribute to a wide range of common human diseases (Fig. 8.4).

8.21 Imprinted Genes and Early Life Adversity

Imprinted genes may respond to external exposures at the individual, domain-wide,
or IGN level contributing to human disease. Early life adversity is a major threat to
human health because of the harmful outcomes for offspring in the short and longer
term, a phenomenon described as fetal programming or developmental origins of
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health and disease [269, 270]. The clear role of imprinted genes in regulating fetal
growth and postnatal phenotypes along with the predicted flexibility of epigenetic
marks involved in the establishment, spreading, and maintenance of their expression
has led to many researchers asking whether imprinted genes respond to adversity.
Such studies are dependent on the demonstration of loss of monoallelic expression
mediated by changes in epigenetics marks which can be challenging to demonstrate.
Exposure to a maternal low-protein diet drives persistent loss-of-imprinting of at
least one gene within the IC2 domain [20]. In this study, Cdkn1c luciferase reporter
mice were used in which gene expression is visualized as a bioluminescent signal in
living mice. Exposure to low-protein diet from conception resulted in loss of normal
paternal silencing alongside loss of DNA methylation at the somatic Cdkn1c-sDMR
but without impacting methylation of the IC2 domain gDMR, consistent with
previous studies reporting that DNA methylation at gDMRs is relatively resistant
to dietary adversities [271, 272]. Expression and methylation changes occurred
before birth and persisted into adulthood even under conditions of a normal diet.
Critically, supplementation with the methyl donor folate in pregnancy prevented loss
of silencing. While this study provides definitive experimental evidence that
imprinted genes can respond epigenetically to a dietary exposure, it remains to be
determined how many genes are responsive, under what adversity conditions and to
what extent the mechanisms underpinning responsiveness are conserved. Given that
different mechanisms lead to the establishment and maintenance of imprinting, it
seems likely that multiple pathways could disrupt the epigenetic regulation of
imprinted loci. Outcomes of individual adversities may, however, be similar due
to disruptions in IGNs.

8.22 Conclusion

Imprinted genes are associated with rare imprinting disorders such as BWS and SRS,
but animal models suggest that imprinted genes have a greater potential to contribute
more widely to human diseases including low birth weight, and chronic health
conditions such as obesity, type 2 diabetes, and mental health disorders (Fig. 8.4).
Imprinted genes may also, at least in part, be associated with the well-established
relationship between early life adversity and human disease. A major challenge is
how to translate functional outcomes from genetically modified mice to humans.
Many studies have focused on comparing DNA methylation levels at gDMRs as a
proxy for imprinted gene expression levels. However, the majority of imprinted
genes are not directly spanned by gDMRs, and multistep epigenetic processes are
required to establish and maintain their monoallelic expression. Developments in
genome-wide approaches, single-cell technologies, combined with mathematical
modeling are required to fully establish the extent to which variation in the expres-
sion of imprinted genes might contribute to wide-ranging human disease.
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Abstract

Twin studies have played an important role in our understanding of individual
variation for over a century. The strength of these lies in the capacity to almost
perfectly control for inter-individual genetic variation through the study of
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monozygotic (MZ) twin pairs. Despite their genetic identity, MZ twins usually
show phenotypic variability, often solely ascribed to non-shared environmental
exposures. Given that epigenetic mechanisms are widely believed to be the
mediators of the influence of environmental factors on the underlying genome, it
is not surprising that study of twins in epigenetic research is an important approach
to help unravel the complexities associated with gene: environment interactions in
human development and disease. In addition, the strategic use of twins in epige-
netic studies has revealed the importance of genetic factors and both in utero and
postnatal environments to the establishment and maintenance of the human
epigenome. However, a note of caution is warranted given emerging evidence for
epigenetic variation as an inherent feature of MZ twinning and the potential for MZ
twins to show genetic variability. Irrespective of this, twin studies are beginning to
reveal evidence linking epigenetic disruption to disease-associated risk in humans.

Abbreviations

2D Two dimensional
30UTR Non-protein coding 30 untranslated region of RNA transcript
5MeC 5-methylcytosine
AIMS Amplification of inter-methylated sites
ANOVA Analysis of variance
CBMC Cord blood mononuclear cells
CGI CpG island region (enriched for CpG dinucleotides)
COMT Catechol-O-methyltransferase
DC Dichorionic (two placentas)
DM Dermatomyositis
DMR Differentially methylated regions
DNA Deoxyribonucleic acid
DRD2 Dopaminergic receptor D2
DZ Dizygotic
EEA Equal environments assumption
HUVEC Human umbilical vein endothelial cells
ICC Intraclass correlation
MC Monochorionic
MSRDA Methylation-sensitive representational difference analysis
MZ Monozygotic
PPIEL Peptidylprolyl isomerase E-like
RA Rheumatoid arthritis
RNA Ribonucleic acid
RRBS Reduced representation bisulphite sequencing
SLE Systemic lupus erythematosus
SMS Spermine synthase
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9.1 Why Study Epigenetics in Twins?

Twin studies have played an important role in understanding the determinants of
phenotypic variation for over a century. The classical definition of phenotype as the
‘physical manifestation of genotype’ has expanded over time to include not only
phenotype at the macro level (e.g appearance, health status), but also the micro/
molecular level, as encompassed by a suite of cellular and molecular variation. This
includes variation in gene expression, itself subject to regulation by genetic and
environmental influence and ultimately universally regulated by epigenetic factors.

The similarity of genetically ‘identical’ Monozygotic (MZ) twins as a group
relative to non-identical dizygotic (DZ) twins has traditionally allowed an estimation
of heritability (the proportion of the total variance in a trait attributable to genetic
factors). MZ twins are generally considered to be genetically identical, while DZ
twins share on average 50% of their genetic (DNA sequence) variation (0–100%
theoretical range). MZ twins exhibit a wide range of concordance rates for any
phenotype, including disease. A MZ phenotypic concordance approaching 100%
likely indicates the coinheritance of highly dominant/penetrant genetic variants.
However, most diseases or traits show MZ concordance rates far lower than this,
indicating a modifying role of environmental and/or stochastic factors in regulating
phenotype in association with underlying genotypes.

Given that epigenetic mechanisms are widely believed to be the mediators of the
influence of environmental factors on the underlying genome, it is not surprising that
the study of twins in epigenetic research is becoming increasingly popular. However,
studies to date in this field have relied on the assumption of genetic identity of MZ
twin pairs and the equivalent responsiveness of embryonic epigenetic variation
between MZ and DZ twin pairs. Each of these assumptions has been directly
challenged by observational data and thus caution is warranted when applying
classical twin approaches to understand the determinants of epigenetic variation
and/or its link to phenotype in humans.

9.2 Twin Studies and the Regulation of Epigenetic Profile

9.2.1 Gene Expression Differences in Twins

Previous studies examining gene expression in MZ twins have identified many
hundreds of genes whose within-pair expression discordance [the absolute value of
the ratio of gene expression of twin 1: twin 2] is greater than an arbitrarily defined
threshold (set above the level of experimental ‘noise’) [1, 2]. This supports diver-
gence in gene expression between MZ twins in response to environmental and
stochastic factors, as the driver of subsequent phenotypic divergence. In accordance
with expectations, studies have also demonstrated a higher degree of similarity
between specific gene expression patterns in MZ than in DZ pairs, highlighting the
contribution of genetic factors to overall expression profile [1, 3]. This relation
equally applies to newborn twin pairs [4]. However, MZ pairs also show clear
discordance in gene expression profiles at birth, highlighting the importance of the

9 The Utility of Twins for Epigenetic Analysis 215



non-shared in utero environment in determining gene expression profile [5]. Given
the unequivocal role of epigenetic variation in regulating gene expression, it is clear
that such discordance in MZ twins is likely to have an epigenetic origin.

9.2.2 Contributors to Epigenetic Variation

Elegant studies in mice have demonstrated that almost any phenotype measured in
genetically identical (inbred) animals reared in essentially identical environments
shows a normal distribution, highlighting the role of probabilistic (stochastic) factors
in phenotype [6]. This is also true to DNA methylation levels at specific loci. A
similar pattern of distribution is also apparent in relation to epigenetic marks
assessed in any reasonably sized groups of humans. An exception to this is the
highly skewed distribution seen in many cancers, relatively rare imprinting
disorders, or so-called ‘metastable epialleles’. However, unlike inbred mice, the
relative contributions of genetic, environmental and stochastic factors to the estab-
lishment and maintenance of epigenetic profile in outbred humans, and its relative
stability over time, remain poorly understood. What is becoming increasingly clear
is that all four factors (genes, environment, stochastic and age/time) play some role
in both the levels of epigenetic variation and resulting phenotypes more generally.
The strategic study of twins provides a unique opportunity to circumvent some of the
complexities associated with dissecting the relative contributions of these factors to a
range of complex health and disease phenotypes in humans or to molecular variation
such as epigenetic profile.

9.2.3 The Importance of Genetic (Heritable) Factors in Regulating
the Epigenetic Profile

MZ twins share maternal, obstetric and genetic factors at birth, but differences in
epigenetic profile between MZ twins within a pair may still accumulate in response
to differences in environmental exposures and stochastic factors, accumulated both
in utero and postnatally. In contrast DZ pairs also share maternal and obstetric
factors but the likelihood of sharing specific genetic variation is the same as that
of non-twin siblings. Given the large number of genes and/or proteins implicated in
the establishment and maintenance of the epigenetic profile, and the demonstrated
link between genetic variation and epigenetic profile [7, 8], it is reasonable to
speculate that DZ twins as a group will be more epigenetically divergent than MZ
twins due to inherent genetic differences.

A powerful method for estimating the relative contribution of heritable and
environmental/stochastic influences on variation in any quantitative trait such as
DNA methylation is to compare the degree of discordance in MZ pairs as a group
relative to that of DZ twin pairs. Both MZ and DZ twins are required to estimate the
relative contributions of genetic vs. common environmental contributors. Age
differences between groups of MZ and DZ twin pairs may be a potential
confounding factor specific to epigenetic analyses [9, 10] and, as such, care must
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be taken to match as closely as possible in this regard. Additionally, the contribution
of stochastic factors to epigenetic divergence is equally assumed to be constant
across populations in these analyses. Nevertheless, by treating epigenetic variation,
such as DNA methylation, as a quantitative phenotype, the classical twin model can
be applied to estimate the relative genetic and environmental components to varia-
tion in epigenetic profile. For example the variance in DNAmethylation within twins
at a specific site is due to a combination of genetic make-up (A), shared environ-
mental influences (C) and residual (including stochastic and non-shared) environ-
mental factors (E), that in combination form the basis of the ACE model (Fig. 9.1)
that can be used to calculate A, C and E components while also allowing adjusting
for a range of covariates such as age. Various derivative models that account for only
some of the three components can also be tested (AC, E, CE) to identify the model
which best fits the observed data. Alternatives to ACE include the ADE model,
whereby D stands for a dominant genetic effect [12]. Such studies can provide an
estimate of the proportion of epigenetic variance at a locus that can be attributed to
genetic variation and also the proportion of epigenetic variance that can be attributed
to shared environment [13].

Heritability is an estimate of the proportion of the total phenotypic (outcome)
variance in a population that is attributable to genetic effects. In twin studies,
heritability is estimated by comparing the degree of phenotypic similarities between
groups of MZ and DZ twins, either as the concordance rate or intraclass correlation.
In the context of twins, the additive heritability (h2) is determined as twice the
difference between MZ and DZ concordance rates (correlation; h2 ¼ 2(rMZ � rDZ),
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Fig. 9.1 Distribution of intraclass correlations reveals a higher median correlation coefficient for
DNA methylation at the IGF2/H19 locus in MZ than DZ twin pairs in five tissues from newborns.
The ICC measures the proportion of total variance attributable to within pair variation within MZ
and DZ groups of twins. ICC analysis. CBMC—cord blood mononuclear cells; HUVEC—human
umbilical vein endothelial cells. Figure adapted from [11]
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where r is the concordance or intraclass correlation between each type of twin
[14]. Heritability estimates are population specific unless the environment is
constant.

Early studies involving twins estimated the heritability of DNA methylation
profiles both at specific genes [11, 15] and across the genome [4, 16]. The average
heritability of methylation across all sites yet examined appears in the range of
0.1–0.3, supported by non-twin family studies [17].

A strength of the twin study design is the lack of confounding by age effects
between individuals within a twin pair. Despite this, epigenetic heritability estimates
will invariably be cell, tissue, time and locus specific. For example whereas certain
regions of the genome show strong evidence of being under genetic control, others
do not. Heritability estimates of DNA methylation at specific sites vary widely from
0 to 0.99. Such wide variation in the influence of genetic variation in DNA
methylation is now fully supported by a host of singleton studies assessing the
widespread genetic influence on DNA methylation profile [18, 19].

Classic studies in twins are predicated on the equal environments assumption
(EEA) that no interaction exists between genes and environment [i.e. no twin-type
(DZ vs. MZ) specific environmental differences]. If this is not the case, then the
classical model may lack utility in that genetic factors may not be the sole driver of
cumulative MZ vs. DZ disparity. Furthermore, MZ and DZ twins as groups may be
inherently epigenetically different from early embryogenesis, either through the very
early influence of genetic variation and environment in DZ relative to MZ twins or in
association with the process of twinning itself. This is supported by recent findings
of inherent epigenetic variation as a hallmark of MZ twinning [20]. The implications
of such observations challenge the assumption that classical twin studies as suitable
models for dissecting the variance components of epigenetic variation.

9.2.4 Twin Studies Reveal Cumulative Environmental Contributors
to ‘Epigenetic Drift’ Over Time

The cumulative effects of environmental and stochastic variation on changing
epigenetic profile were first illustrated by a widely cited study that examined both
genome wide and locus-specific DNA methylation variation in a small number of
young and middle-aged MZ twins [10]. Whereas 3-year-old MZ twins showed
relatively few epigenetic differences within pairs, those aged 50 years showed
considerable variability within pairs, and this was greater if the twins had divergent
lifestyles. A multi-level statistical analysis was performed that generated a single
descriptive value for each type of epigenetic measure. Using this approach, the
general conclusion was that epigenetic profile is in constant ‘drift’ from early in
life, although very few young twins were studied and statistical precision was low
[10]. In addition, this was a cross-sectional study and did not evaluate methylation in
the same individuals over time. Finally, the specific epigenetic analyses employed
were all low resolution in that they did not examine the distribution of epigenetic
differences within the genome, but rather provided a global ‘snapshot’ of different
classes of epigenetic disparity within twin pairs.
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More recent studies have also examined epigenetic drift longitudinally in twins,
for example in young twins [21]. Analysis focused on buccal cell DNA methylation
in 3 genes in 46 MZ and 45 DZ at 5 and 10 years of age. Longitudinal change within
individuals was calculated by assessing the correlation in methylation at each age.
To assess the relative contributions of heritable and environmental/stochastic
components to methylation levels, correlations within MZ pairs were compared to
correlations within DZ pairs. Finally, to assess the relative contributions of heritable
and environmental/stochastic components to changes in DNA methylation over
time, intra-individual change scores were calculated and correlations within MZ
twin pairs were compared to correlations within DZ pairs. This study was the first to
reveal the extent of epigenetic discordance in MZ twins in early life and highlighted
the ongoing instability of methylation levels over time. Importantly different geno-
mic regions were found to show varying levels of epigenetic divergence over time.

Another examination of DNA methylation levels at several sites in multiple
tissues from newborn twins confirmed that epigenetic drift between genetically
identical individuals (MZ twins) begins in utero and in a tissue-specific manner. In
this study, intraclass correlation coefficients (ICC) were higher in MZ than in DZ
twins [11] (Fig. 9.2), supporting previous findings of a role for genetic/heritable
factors in the establishment of epigenetic profile. Interestingly, a subsequent study of
a different tissue (buccal epithelial cells) from some of the same MZ twins found

A EP A1 A2M1C1 C2M2 A1 A2M1C1 C2M2E2E1E2E1EC

M P1 P2 P1 P2

DNA 
methyla�on

complex 
phenotypes

one individual MZ twins DZ twins

1.00
1.00 1.00

0.50

0.4[-0.5,1] 0.2[-0.7,1]

Fig. 9.2 The relation between epigenetic and phenotypic heritability. Proposed contribution of
latent variables to the methylation status of an individual at a genomic region (M) and to their
phenotype (P). The left pane shows variables contributing to DNA methylation status at one
genomic region in one individual; effects will be specific to age, sex, population (genetic factors)
and tissue sampled, and will also include stochastic factors. Methylation latent factors include
additive genetic factors (A), common environmental factors (C), unique environment (E), and
heritable and stable epigenetic factors that are not DNA sequence dependent (Ep). The right pane
represents the path model in twins, depicting the contribution of DNAmethylation and other factors
to the phenotype (P) in twin i with correlation estimates in MZ (left) and DZ (right) twins of latent
variables including additive genetic effects (Ai), common environment (Ci), DNA methylation
(Mi), and unique environment (Ei). Correlation estimates were obtained from previous genetic [22]
and epigenetic studies [16] in twins. In siblings, the correlation in M will be lower than that
observed in DZ twins due to age differences and associated increased level of cumulative stochastic
change. Figure adapted from [14]
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evidence of both epigenetic drift and epigenetic convergence in different sets of
twins from birth to 18 months of age [23]. Similar differences in the level of within
pair methylation variation over a relatively short period of time have similarly been
described in MZ adolescent twins [24].

Many non-twin studies have now described epigenetic variation (drift) in associa-
tion with ageing. Often described as the ‘epigenetic clocks’, it has become clear that a
subset of epigenetic variation is directly attributable to ageing and has potential as a
marker of ‘biological’ (as opposed to chronological) age [25]. Epigenetic clocks have
now been generated across a variety of tissue types and developmental stages. For
example gestational age-associated epigenetic clocks [26, 27] may be sensitive to
specific pregnancy exposures/risk factors or predict subsequent offspring
characteristics [28]. The relative contribution of genetic, environmental and stochastic
factors to epigenetic variation associated with ‘drift’ and/or ‘epigenetic ageing’ remains
to be fully elaborated, but is clearly itself subject to genetic influence. A combined
genetic/DNA methylation analysis of more than 40,000 individuals identified 137 loci
implicated in the biological ageing captured by four epigenetic clocks [29].

Numerous twin studies have attempted to disentangle the relative contribution of
cumulative genetic and/or environmental influence to age-associated epigenetic
variation (as assessed by various DNA methylation ‘clocks’). For example study
of ~100 female twins identified a large number of sites showing heritable DNA
methylation ageing across two different timepoints, with decreasing heritability
apparent over 10 years (23.8% to 18.0%). Previously identified age-sensitive sites
showed strong genetic contribution, while other sites of variation were more
environmentally sensitive [30]. Another study of 104 Swedish and Danish twin
pairs estimated the genetic and environmental influence on two epigenetic ‘clocks’ at
the mean age of 70 (baseline) and 79 years (follow-up). Individual specific environ-
mental influences were found to influence epigenetic age over the two timepoints
examined, even at this advanced age [31]. Further, a study of 413 pairs of Finnish
twins (age 63–76) tested the influence of genetic and lifestyle factors to accelerated
ageing (assessed by GrimAge clock) and mortality. The findings confirmed the
strong predictive value of the GrimAge with mortality and further that this predictive
value was independent of genetic influence [32]. In one of the largest study of its
kind studying 4217 individuals, including twins (0–92 years of age), variation in
DNAm age is was mostly attributed to environmental factors, including those shared
within twins/families [33]. This suggested the equal environment assumption of the
classic twin study may not hold in studies exploring epigenetic ageing.

9.3 Epigenetics and the Discordant Twin Model

9.3.1 The Assumption of Genetic Identity

Many studies have reported phenotypic differences between MZ co-twins (reviewed
in [34]). Discordant MZ pairs have proved very valuable in revealing the contribu-
tion of non-genetic variation to disease penetrance, etiology or effect of therapies.
The underlying assumption in all such studies is that MZ twins are genetically
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identical. This has been directly disproved in many instances, where either specific
point mutations [35–37], uniparental disomy [38], triplet repeat expansion [39, 40],
chromosomal mosaicism [41], heteroplasmy for mitochondrial-encoded mutations
[42, 43] or chromosomal aneuploidies (reviewed in [34]), have been linked to
specific phenotypic differences in pairs of MZ twins. Importantly, differences in
both copy number [44] and telomere length [45, 46] have been also described in
phenotypically discordant and concordant MZ twin pairs.

In the most sensitive analysis of its kind, an in-depth examination of the DNA
sequence of 381 MZ twin pairs identified on average 5.2 early developmental
mutations within pairs. Of these, mutations were specific to one individual in
approximately 15% of pairs. Overall, this revealed the potential different cellular
origins of some MZ co-twins within the very early embryo, highlighting the need to
consider the potential for genomic discordance in MZ pairs when analyzing complex
traits [47].

9.3.2 Inferring Causation: Epigenetic Vs. Genetic Analysis

Since every cell in an individual derives from a single zygote with one genome,
genetic studies generally require only a single DNA sample per individual, taken
from any tissue at any age. Cause and effect can be reliably predicted or excluded, as
genomic variation is not considered to be variable over the life course (except in the
case of relatively ‘rare’ somatic mutation). Such rules may not apply to most
epigenetic studies where repeated samples from more than one tissue may be
desirable. Unless biospecimens are collected very early in life (prior to phenotypic
manifestation), unravelling cause and effect in human epigenetic studies is problem-
atic. Despite this and the many other caveats associated with inferring causation in
any epigenetic association study (covered in other chapters of this book), several
investigators have ‘taken the plunge’ and attempted to link specific epigenetic
changes to disease phenotypes.

9.3.3 Localized Epigenetic Variation in Phenotypically
Discordant Twins

Several studies have attempted to characterize the epigenetic contribution to a range
of complex human phenotypes through a variety of variable resolution approaches
applied to a wide range of, generally low to modest, sample sizes. Given its inherent
stability as a covalent modification, and relative ease of simultaneously mapping
DNA methylation profile across large regions of the genome relative to other order
epigenetic marks, it is not surprising that twin studies carried out in this space have
generally focused on DNA methylation variation in phenotypically discordant MZ
twins (examples in Table 9.1). The advent of the Illumina Infinium Human Methyl-
ation arrays (27 K, 450 k and now 850 K EPIC) has revolutionized this analysis by
allowing robust measurements of up to over 850,000 individual sites of DNA
methylation within any human samples for which genomic DNA can be obtained.
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The most commonly approached twin-based study design involves associating
DNA methylation variation to phenotypic discordance in MZ twin pairs. Many
studies have now explored the link in a wide range of phenotypes (Table 9.1).
However to date, utilizing the phenotype discordant MZ twin pair model has played
a relatively limited role in identifying epigenetic modifications associated with
specific human phenotypes, likely due to limited sample sizes, despite the
advantages afforded by largely controlling for underlying genetic variation. Com-
pelling findings are few with limited biological plausibility and a lack of independent
replication. As such, the biological and clinical relevance of many such findings
remains largely unclear.

9.3.4 Skewed X-Chromosome Inactivation in Phenotypically
Discordant Twins

One of the most widely studied epigenetic phenomena in mammals involves the
inactivation of the majority of genes on one X-chromosome in females. This ‘dosage
compensation’ equalizes the expression of most X-chromosome genes in males
(XY) and females (XX) and usually occurs in a random manner, with roughly
50% of cells in a female showing inactivation of the maternally-derived X, whereas
the other 50% show inactivation of the paternally-derived X-chromosome. However,
in some individuals, a skewed pattern of X-inactivation is apparent, with one
parental X over represented in a particular tissue or cell type. In such instances, an
otherwise recessive mutation can have profound adverse phenotypic effects. Thus,
skewed X-inactivation, or more precisely the chance inactivation of a single func-
tional allele in a physiologically-relevant tissue, has been associated with discor-
dance for several disorders including hemophilia [78], Fragile-X syndrome [40, 79]
and Duchenne Muscular Dystrophy [80].

9.3.5 Ultra-High Resolution of Genetic and Epigenetic Variation
in Twins

The future of both genomic and epigenomic analysis of twins lies in the use of high
throughput nucleotide sequencing. Baranzini et al. [57] were amongst the first to
adopt this approach, searching for genetic, expression and DNA methylation
differences in purified CD4+ T cells in a small number of MZ twin pairs discordant
for multiple sclerosis (MS). Between 50 and 68 million different sequencing reads of
messenger RNAs were counted for each pair, broadly speaking as the expression
‘output’ in each sample. A diagnosis of MS accounted for only 9.4% of the total
variance in gene expression, with no robust differences ascribed to the MS pheno-
type in isolation. An examination of 50–90 million high-quality reads of reduced
representation bisulphite sequencing (RRBS) methylation data from CD4+ T cells of
the three discordant twins similarly showed little evidence of DNA methylation
changes that could be specifically associated with the MS phenotype. Unfortunately,
there was no independent validation of limited observed within pair differences
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using an alternative methodology, so the robustness of the few observed DNA
methylation changes within MZ pairs remains unclear [57].

9.4 Future Directions

There may be epigenetic effects specific to twins that limit their utility as a model to
reveal contributors to disease more broadly applicable in the wider singleton popu-
lation. For example recent data suggest the processes of MZ twinning itself involves
a distinct subset of epigenetic variation, stable throughout life [20], that may
potentially underpin the embryo splitting process [81]. If specific to MZ twins, this
would have the effect of confounding any MZ vs. DZ comparisons aimed at
identifying components of epigenetic variation as several key assumptions of equiv-
alence would be violated. Further, it remains to be determined if this also results in
differential epigenomes of two newly created MZ embryos independently of later
onset of phenotypic discordance.

Nearly all considerations associated with epigenetic analyses generally also apply
to studies examining twins. This includes issues of tissue/cell specificity, variation
over time and the potential for confounding or reverse causation. The primary
advantage afforded by twin studies, namely the additional power and thereby smaller
sample size requirements afforded through largely controlling for genetic and some
environmental contributors to variation, makes the ongoing longitudinal study of
twin cohorts of paramount importance in this ever-expanding research area.

It is hard to believe that just over 20 years ago, the human genome had not been
characterized fully, micro RNAs and other non-coding RNAs were considered
largely artefactual, and epigenetics was often considered to be of ‘limited’ clinical
importance, beyond rare imprinted disorders and potentially some cancers. Today,
reference epigenomes, mapping many different epigenetic marks, exist for almost
every human tissue and cell type, across several different ages, and health states. It is
now unequivocal that epigenetic variation plays a role in healthy development and
ageing throughout the life course and is also key in the progression of all human
neoplasia, and likely a gamut of other adverse health outcomes. Distinct subsets of
DNA methylation variation not only act as a robust biomarker of tobacco smoke
exposure, but also define accelerated ‘epigenetic ageing’ one of the best population
predictors of a range of adult-onset non-communicable diseases and all-cause
mortality. As a new generation of human cohorts begins to mature and techniques
for measuring epigenetic markers increase in sensitivity and decline in cost, it is
likely that a full characterization of both genomic and epigenomic data in humans
will soon be within the reach of most researchers. It is also likely that the level of
complexity and variation revealed within individual cells/tissues/organs of any
individual, and between individuals over time will be immense, potentially hinder-
ing the identification of clinically relevant variation in epigenetic profile. Despite
this, the inherent capacity to control for genetic variation in MZ twin pairs (and to a
lesser extent environmental factors) will prove incredibly valuable in helping to
unravel the mind boggling complexity of gene:environment: epigenetic interactions
that underpin human health and disease.
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Abstract

Methylation is a ubiquitous, naturally occurring biochemical modification of DNA
in mammalian cells that regulates gene expression. DNA methylation patterns are
generally stable in the short term but show prominent changes in aging cells. DNA
methylation changes are tissue specific and bidirectional, including gains of meth-
ylation at previously protected promoter regions and losses of methylation genome
wide. In fact, DNA methylation changes linearly with age and could be used to
estimate the biological age (methylation age). To this end, in the past decade,
several epigenetic clocks have been developed to measure biological rather than
chronological ages. The differences between the estimated and the chronological
ages could reflect biological variability and correlate with life expectancy. These

K. Keith · J.-P. J. Issa · S. Panjarian (*)
Coriell Institute for Medical Research, Camden, NJ, USA
e-mail: spanjarian@coriell.org

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
K. B. Michels (ed.), Epigenetic Epidemiology,
https://doi.org/10.1007/978-3-030-94475-9_10

235

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-94475-9_10&domain=pdf
mailto:spanjarian@coriell.org
https://doi.org/10.1007/978-3-030-94475-9_10#DOI


age-related methylation changes remain mechanistically mysterious and complex
but are conserved across species and are likely caused by infidelity in the replication
of the epigenome over time. Because of the link between DNA methylation and
gene expression, these changes result in a mosaic epigenome in aged cells that
could underlie diseases of aging such as cancer.

Abbreviations

5hmC 5-hydroxymethylcytosine
5mC 5-methylcytosine
BER base excision repair
CGI CpG island
DHEA dehydroepiandrosterone
DNMT DNA methyl transferase
NGS next generation sequencing
PRC2 polycomb repressor complex 2
rhGH recombinant human growth hormone
TDG thymine DNA glycosylase
TET Ten-eleven translocation

10.1 DNA Methylation, Demethylation, and Gene Expression

Methylation of human DNA consists of the transfer of a methyl (CH3) group from
S-adenosylmethionine to the C5 position of cytosine when followed by guanosine (the
CpG dinucleotide) to form 5-methylcytosine (5mC) [1, 2]. This covalent biochemical
modification takes place after DNA synthesis and is catalyzed by DNA
methyltransferases (DNMTs). There are three DNMT enzymes: DNMT1,
DNMT3A, and DNMT3B. DNMT3A and DNMT3B are de novo methyltransferases
that are essential in initiating and establishing the methylation pattern during embryo-
genesis and in stem cells. The methyl mark is then faithfully copied from the parental
strand to the daughter strand and propagated by the maintenance methyltransferase
DNMT1 enzyme [3–5]. There are two isoforms of DNMT3A and over thirty isoforms
of DNMT3B that were suggested to play important roles as accessory proteins to
restore DNA methylation and in aberrant methylation in tumorigenesis [6, 7]. Other
related proteins include DNMT3L (DNMT 3-like) that lacks catalytic activity and
DNMT2 which has RNA methyltransferase activity [8, 9].

Until the discovery of TET enzymes in 2009, DNA demethylation was thought to
take place only because of a passive dilution process during DNA replication in the
absence of DNMTs. TET enzymes (TET1, TET2, TET3) are Fe2+ and 2-oxoglutarate-
dependent dioxygenases that oxidize 5mC into 5-hydroxymethylcytosine (5hmC)
which then can be further oxidized into 5-formylcytosine (5fC) and
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5-carboxylcytosine (5caC) [10, 11]. These oxidized derivatives are excised and
repaired by the thymine DNA glycosylase (TDG) and base excision repair (BER)
pathways, respectively, leading to demethylation of 5mC [12]. All TET enzymes have a
common core catalytic domain with key residues that interact with substrates and
cofactors such as 2-oxoglutarate, Fe (II), and molecular oxygen to carry the oxidation
reaction. At the N-terminal region, TET1 and TET3 contain a CXXC domain that
targets these enzymes to unmethylated CpG islands while TET2 lacks CXXC domain
and pairs up with CXXC containing IDAX protein. TET enzymes are primarily
expressed during embryogenesis but are also detected in different adult tissues [13–15].

DNA methylation is a highly regulated mechanism that plays important roles in
gene expression. This effect on gene expression is dependent on the CpG location
within the genomic compartment (gene body, promoter, intergenic regions) as well
as whether the CpG is in CpG islands (CGI, short stretches of CpG rich DNA
regions) or non-CGIs [1, 16, 17]. The best-known role of DNA methylation and its
concomitant effect on gene expression is at promoter CGIs. Methylation at these
loci, though rare, is associated with stable gene silencing, such as on imprinted
genes, on the inactive X-chromosome in women, and on germ cell specific genes
[1, 18]. The effect of methylation on CpG sites at other loci has variable effects on
gene expression. On the other hand, unlike methylation, which is maintained and
propagated through cell division, TET-mediated demethylation could also induce
gene expression by the demethylation of promoter non-CGIs [19].

10.2 DNA Methylation Changes with Age: Location, Tissue
Variability, and Rate of Change

The understanding of DNAmethylation changes with age has been facilitated by and
evolved with the advancement of genome-wide quantitative technologies. The
earliest studies used global measurement of 5-methylcytosine, which primarily
reflects non-promoter, non-CpG island DNA [20]. These initial studies showed
progressive depletion associated with passaging of fibroblasts in vitro and subse-
quently similar changes were observed in aging mouse and human tissues [21, 22].

Later, quantitative analysis of DNA methylation at specific sites indicated that
human aging was accompanied by small, but measurable, changes in many genes.
Initial studies focused on a handful of genes with unmethylated promoter CpG islands
in normal tissues that hypermethylated in tumors. For example, ERα was one of the
first genes where it was shown that DNA methylation in normal tissue increased
linearly with age at a rate of 1% every 3 years in human colon [23]. This was also true
for many other genes and genome-wide studies showed that promoter CpG islands that
gain DNAmethylation in cancer also gain methylation with age [24, 25]. Additionally,
DNAmethylation changes as well as the degree of the changes vary in a tissue-specific
manner [26, 27]. For example, in mouse tissues the most prominent changes are
observed in the most proliferative organ, the GI tract, followed by spleen and other
tissues [27]. Studies in human tissues also showed similar changes with age. Thus it
has been proposed that, although the changes are tissue specific, one can estimate an

10 Age-Related Variation in DNA Methylation 237



individual’s age through the DNAmethylation in peripheral blood through calculating
the rate of change with age [28–32].

10.3 Methylation Changes and Correlation with Lifespan

DNA methylation changes with age are characterized by both losses and gains of
methylation at different loci [27, 33]. This phenomenon is referred to as methylation
drift. Methylation drift takes place in different species such as mice, rhesus monkeys,
dogs, whales, and humans. Age-related methylation drift is evolutionary conserved
[34], allowing one to compare rates of change across species. In one study, a
multilevel linear mixed effect model was applied to 10 age-related hypermethylated
genes with high sequence conservation between the species, yielding drift rates
(mean � SEM) for mice (4.1 � 1.2% per year), monkeys (0.34 � 0.14% per
year), and humans (0.1 � 0.02% per year) that show that methylation drift is
inversely proportional to longevity [34]. Consistent with this, age-related DNA
methylation changes in 26 different bat species showed that in long-lived bat species
age-related sites had slower rate of change while short-lived species had a faster rate
of change [35]. Additionally, it has been shown that a methylation age can be
estimated using different sets of CpG sites with age-related DNA methylation
changes [31, 36, 37]. The difference between the estimated age and the chronologi-
cal age could reflect biological variability in aging and correlate with life expectancy
within a species. In fact, it was demonstrated that when estimated age is much higher
than chronological age, this accelerated methylation aging is associated with higher
all-cause mortality [38].

10.4 Epigenetic Clocks

As age and aging-related diseases are a large burden on individuals and on healthcare
systems, there is interest in developing a measure of biological, rather than chrono-
logical age. DNA methylation patterns, which are generally stable but also change
with age, have been used as an important tool towards this end. Using CpG sites that
are strongly correlated with chronological age, researchers have constructed DNA
methylation clocks that accurately predict an individual’s age [31, 36, 39, 40]. Most
commonly used are the Hannum clock for human blood and the human Horvath
clock, which claims to be a pan-tissue master clock [31, 36]. While these clocks have
been shown to be accurate at predicting chronological age, which could be useful for
forensic applications, clinicians and researchers are interested in the biological age of
the subjects. There is wide variation in the visible aging of people and in their burden
of age-related frailty and disease. This is reflected in many biological measures, such
as mutation rate, telomere length, and, the subject of this chapter, DNA methylation
[41]. By calculating individual’s ages using these clocks, clinicians could theoreti-
cally identify individuals with aging faster than average (i.e., accelerated aging), and
target them for interventions, such as screening them more carefully for diseases of
age. On the other hand, screening could be relaxed for individuals with decelerated
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aging. Predicting chronological age directly, as the Horvath and Hannum clocks do,
might not be the best way to detect accelerated biological aging and therefore disease
risk. Other clocks have been designed to specifically examine disease and mortality
risk, incorporating additional measurement such as tissue mitoses [42, 43], known
physiological changes [44–46], and environmental factors [47]. In addition to clocks
developed in humans, there have been several clocks developed in other organisms,
including whales [48], canines [49], and mice [50–52]. These clocks are useful to
test interventions that may alter the rate of aging in model organisms. See Table 10.1
for a list of the clocks and Chap. 11: Epigenetic Clocks for a more detailed
description of epigenetic clock construction and applications.

Since the inception of these clocks, they have been applied to study an array of
aging-related changes and disorders. Looking at healthy individuals, age-related
methylation changes begin early in life [46, 57–59] and continue over an
individual’s lifetime, although theoretically the rate decelerates the older an individ-
ual is [60]. Many diseases are associated with accelerated aging, both environmental
[42, 43, 61–70] and non-environmental genetic diseases [71–73] as well as physio-
logical markers of aging [56, 74–76], and environmental and lifestyle factors
[31, 77–82]. However, with the exceptions of cancer and HIV, the association
between accelerated aging and these factors have not been replicated, so more
work needs to be done to confirm those findings. Especially for lifestyle factors,
the association could be correlation, not causation, where both the variable of interest
and aging could be correlated with some third factor that is causing the accelerated
aging. Finally, multiple studies have found that increased epigenetic age is
associated with all-cause mortality [38, 45, 54, 66, 68, 83, 84]. On the other hand,
as you would expect, very long-lived super centenarian humans show decelerated
aging [85] and positive lifestyle factors are associated with modest decelerated aging
in the clocks [79]. Then, having established that the clocks are associated with
disease and mortality risk, but also that some interventions can slow the clocks,
researchers have tested whether the rate of the clock can be actively perturbed. In
model organisms, researchers have been able to test interventions to slow down or
speed up aging. Interventions in mice have showed the ability to accelerate, ovari-
ectomy or high-fat diet [51], or decelerate, dwarfism, calorie restriction, or
rapamycin treatment [50–52], aging. Additionally, a very early and small safety
study in 10 human males treated with recombinant human growth hormone (rhGH),
dehydroepiandrosterone (DHEA), and metformin over 9 months has tentatively
showed some age deceleration effects. Using a blood sample and calculating
biological age using the Horvath, Levine, Hannum, and GrimAge/Lu clocks, the
biological age of subjects was on average 1.5 years younger after treatment
[86]. While the sample size is wholly inadequate to draw any conclusions from the
study, it does demonstrate that trials testing aging interventions can be safely carried
out in humans and is a first step down the road to further work.

Despite the progress that has been made using these clocks, there are structural
issues with the construction of the clocks that affect their accuracy. First, clocks have
been developed primarily with 450k arrays, ignoring 99% of the possible CpG sites
in the human genome which could carry interesting biology as well. Second, many
of the clocks have been developed using “normal” tissue sampled during cancer

10 Age-Related Variation in DNA Methylation 239



Ta
b
le

10
.1

O
ve
rv
ie
w

of
ex
is
tin

g
ep
ig
en
et
ic
cl
oc
ks

C
lo
ck

S
ig
ni
fi
ca
nc
e

N
um

be
r
of

C
pG

si
te
s

T
is
su
e

S
pe
ci
es

Y
ea
r

R
ef
er
en
ce
s

B
oc
kl
an
dt

O
ne

of
th
e
fi
rs
t
cl
oc
ks

88
S
al
iv
a

H
om

o
sa
pi
en
s

20
11

[3
9]

K
oc
h

O
ne

of
th
e
fi
rs
t
cl
oc
ks

5
M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
11

[4
0]

H
an
nu

m
O
ne

of
th
e
fi
rs
t
cl
oc
ks

71
B
lo
od

H
om

o
sa
pi
en
s

20
13

[3
1]

H
or
va
th

M
os
t
us
ed

cl
oc
k

35
3

M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
13

[3
6]

W
ei
dn

er
H
yp

ot
he
tic
al
ly
,o

nl
y
a
fe
w
[3
]
C
pG

si
te
s
ar
e
ne
ce
ss
ar
y

fo
r
ac
cu
ra
te
ag
e
pr
ed
ic
tio

n
3

B
lo
od

H
om

o
sa
pi
en
s

20
14

[3
7]

H
um

pb
ac
k
E
pi
ge
ne
tic

A
ge

A
ss
ay

(H
E
A
A
)

O
nl
y
w
ha
le
cl
oc
k.

U
se
fu
lt
o
es
tim

at
e
w
ha
le
ag
e
si
nc
e

th
e
on

ly
ot
he
r
w
ay

to
de
te
rm

in
e
w
ha
le
ag
e
is
th
ro
ug

h
m
or
ph

ol
og

ic
al
fe
at
ur
es

3
S
ki
n

M
eg
ap

te
ra

no
va
ea
ng

lia
e

20
14

[4
8]

L
in

C
lo
ck

re
su
lts

ar
e
as
so
ci
at
ed

w
ith

m
or
ta
lit
y

99
B
lo
od

H
om

o
sa
pi
en
s

20
16

[3
8]

V
id
al
-B
ra
lo

A
ga
in
,o

nl
y
a
fe
w
C
pG

si
te
s
ne
ed

an
d
th
is
cl
oc
k
ca
n
be

ru
n
in

a
si
ng

le
m
ul
tip

le
x
as
sa
y

10
B
lo
od

H
om

o
sa
pi
en
s

20
16

[5
3]

E
pi
ge
ne
tic

T
im

er
of

C
an
ce
r
(e
pi
T
oc
)

In
co
rp
or
at
es

nu
m
be
r
of

m
ito

se
s
in

tis
su
e
an
d
ba
se
lin

e
m
et
hy

la
tio

n
at
bi
rt
h,

m
ak
in
g
it
m
or
e
ac
cu
ra
te

38
5

M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
16

[4
2]

In
tr
in
si
c
E
pi
ge
ne
tic

A
ge

A
cc
el
er
at
io
n
(I
E
A
A
)

A
tte
m
pt
s
to

el
im

in
at
e
th
e
ef
fe
ct
of

ch
an
gi
ng

bl
oo

d
ce
ll

co
m
po

si
tio

n
w
ith

ag
e
in

th
e
m
od

el
71

or
35

3
M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
16

[4
5]

E
xt
ri
ns
ic
E
pi
ge
ne
tic

A
ge

A
cc
el
er
at
io
n
(E
E
A
A
)

In
co
rp
or
at
es

ch
an
gi
ng

bl
oo

d
ce
ll
co
m
po

si
tio

n
w
ith

ag
e

in
to

th
e
m
od

el
al
on

g
w
ith

D
N
A

m
et
hy

la
tio

n
ch
an
ge
s

71
or

35
3

M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
16

[4
5]

Z
ha
ng

P
ro
vi
de
s
a
m
or
ta
lit
y
ri
sk

sc
or
e
ra
th
er

th
an

pr
ed
ic
tin

g
bi
ol
og

ic
al
ag
e

58
B
lo
od

H
om

o
sa
pi
en
s

20
17

[ 5
4]

T
ho

m
ps
on

O
nl
y
do

g
cl
oc
k.

U
se
fu
l
fo
r
ag
in
g
st
ud

ie
s
th
at
us
e
do

gs
as

m
od

el
or
ga
ni
sm

s
an
d
to

es
tim

at
e
w
ol
f
ag
es
,w

hi
ch

lik
e
w
ha
le
s,
is
di
ffi
cu
lt

11
5

B
lo
od

C
an

is
fa
m
ili
ar
is

an
d
C
an

is
lu
pu

s
20

17
[4
9]

P
et
ko

vi
ch

P
ub

lis
he
d
th
e
sa
m
e
m
on

th
as

S
tu
bb

s,
on

e
of

th
e
fi
rs
tt
w
o

m
ou

se
cl
oc
ks

90
B
lo
od

M
us

m
us
cu
lu
s

20
17

[5
0]

240 K. Keith et al.



S
tu
bb

s
P
ub

lis
he
d
th
e
sa
m
e
m
on

th
as

P
et
ko

vi
sh
,o

ne
of

th
e
fi
rs
t

tw
o
m
ou

se
cl
oc
ks
.A

ls
o
sh
ow

s
th
at
m
ou

se
an
d
hu

m
an

ag
in
g
is
si
m
ila
r

32
9

P
an
-

tis
su
e

M
us

m
us
cu
lu
s

20
17

[5
1]

W
an
g

F
or

liv
er

ag
in
g
sp
ec
ifi
ca
lly

ra
th
er

th
an

bl
oo

d
or

a
un

iv
er
sa
l
m
ul
ti-
tis
su
e
cl
oc
k

14
8

L
iv
er

M
us

m
us
cu
lu
s

20
17

[5
2]

M
iA
ge

E
st
im

at
es

th
e
nu

m
be
r
of

ce
ll
di
vi
si
on

s
a
sa
m
pl
e
ha
s

un
de
rg
on

e
ra
th
er

th
an

bi
ol
og

ic
al
ag
e

26
8

M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
18

[5
5]

D
N
A
m

P
he
no

A
ge

U
se
s
ph

en
ot
yp

ic
ag
e
ba
se
d
on

th
e
su
bj
ec
t’
s
he
al
th

ra
th
er

th
an

ch
ro
no

lo
gi
ca
l
ag
e
to

bu
ild

th
e
m
od

el
51

3
B
lo
od

H
om

o
sa
pi
en
s

20
18

[4
4]

D
un

ed
in
P
oA

m
In
cl
ud

es
18

ph
ys
io
lo
gi
ca
l
m
ar
ke
rs
as
so
ci
at
ed

w
ith

ag
in
g
in

ad
di
tio

na
l
to

bi
ol
og

ic
al
ag
e
in

a
lo
ng

itu
di
na
l

co
ho

rt

46
B
lo
od

H
om

o
sa
pi
en
s

20
20

[4
6]

E
pi
ge
ne
tic

T
im

er
of

C
an
ce
r
2
(e
pi
T
O
C
2)

Im
pr
ov

em
en
t
to

or
ig
in
al
ep
iT
O
C
,e
xp

an
di
ng

on
nu

m
be
r
an
d
ty
pe
s
of

si
te
s
in
cl
ud

in
g
w
ith

m
or
e
tr
ai
ni
ng

da
ta

16
3

M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
20

[4
3]

H
yp

oC
lo
ck

O
nl
y
cl
oc
k
lo
ok

in
g
so
le
ly

ab
ou

t
hy

po
m
et
hy

la
tin

g
si
te
s

67
8

M
ul
ti-

tis
su
e

H
om

o
sa
pi
en
s

20
20

[5
6]

10 Age-Related Variation in DNA Methylation 241



biopsies. This is routinely collected in order to compare the cancer to the patient’s
own tissue, but these normal adjacent samples have an intermediate phenotype
between truly normal tissue and cancer [87, 88] and also show accelerated aging
compared to normal tissues [32, 89]. The normal adjacent samples do not represent
normal human aging and skew the clocks including them, such as the Horvath clock.
Third, these clocks have been developed, either partially or totally, using elastic net
regularized regression. The rule of thumb for model building is that one needs
10 times as many samples as there are features to select the most informative
features; in the case of the 450k array, 4.5 million samples would be needed, a
number of samples that simply does not exist. Using elastic net solves this problem
since, out of all the CpG sites measured, the technique finds a small subset of CpG
sites that are strongly associated with age and eliminates the rest of the sites,
removing the need for an exorbitantly large sample size. The small subset of CpGs
elastic net selects also allow the clocks to be easily applied to new datasets if those
same CpGs are measured [90]. Measuring the same CpGs is not an issue if one
continues to use the same 450K arrays from the original papers, but with various
NGS sequencing technologies, measuring all the same CpGs is unlikely, with as
little as 24% overlap between libraries [91]. Also, many sites are equivalently
predictive of age and there elastic net will select the “best” ones based on the
underlying data [51]. Since most of these clocks have been developed with different
data in different tissues, the underlying data will affect which CpG sites are “best,”
causing tissue-specific effects, and certainly making it difficult to compare clocks
since few CpG sites overlap between any of them. Fourth, there are accuracy issues
with the clocks themselves, both with their age predictions and especially in
applying the same age prediction across multiple tissues. As mentioned earlier,
even in the original Horvath paper, correlation with age was only 0.55 in some
tissues [36]. Similarly, the DNAm PhenoAge clock, developed using whole blood,
had a correlation of 0.35 in breast tissue [44] and in the cerebellum, in an indepen-
dent study, the Horvath clock only has a correlation of 0.66 with age [92]. Recently,
a study found that blood cell composition does affect predictions and that compen-
sating for it can improve the accuracy of clocks, demonstrating that cell composition
does confound the clocks [93]. Additionally, in an independent study of 7 tissues, the
majority of CpG sites (85% of hypermethylated CpGs, 97% of hypomethylated
CpGs) were tissue specific [94]. More troublingly than the poor correlations, the
Horvath clock, and clocks constructed using elastic net, systematically overestimate
the age of young individuals and underestimate the age of old individuals [92]. In
longitudinal study, the Horvath and Hannum clocks predict that aging slows over an
individual’s lifetime [60]. Some of this may be, as the study authors suggest, driven
by survivor bias since only healthy individuals live to be included in a longitudinal
study, but it could also be a consequence of the math behind elastic net optimizing
for the mean of the data. Because it optimizes for the mean, elastic net will predict
the ages of people close to the mean, middle-aged people from about their 30s–50s,
the most accurately. Young people aged under 30 will be overestimated because that
is closer to the middle-aged mean of the data, while the opposite will happen with
older individuals and their ages will be underestimated, again because that is closer
to the mean of the data. The underestimation of the age of older individuals is a huge
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confounding error with epigenetic clocks overall as their main purpose is to detect
individuals with accelerated aging and the systematic underestimation undermines
that. Finally, a recent systematic review and meta-analysis of epigenetic clocks
found that there was a positive publication bias [95], offering evidence that negative
data is not being published, so more work needs to be done to acknowledge and
address the issues with the existing clocks.

In addition to the technical issues behind clock construction, there are many
unanswered questions about the biology underlying the phenomenon. First, the
biological and chronological components of clocks need to be teased apart. While a
chronological clock could be useful for forensics, the greater the accuracy of the
chronological age prediction, the less it is associated with disease and mortality
[54]. To construct better biological clocks, we need to understand the mechanisms
underlying the changes in DNA methylation with age and construct clocks guided by
the underlying biology. The current clocks also suffer from the type and quantity of the
data available. Currently, at best, clocks can be constructed using a few thousand
samples that have 450k array data, which measures only 1% of the genome with only a
few hundred longitudinal samples existing. Thousands more samples measuring DNA
methylation genome wide and with longitudinal data are necessary to start teasing out
the biological underpinnings of age. In addition to bulk data, single cell data is vitally
necessary to identify how different cell types and changing proportions of cell types
within a tissue contribute to the clocks and aging generally. These samples need to be
acquired not only for humans but also for important model organisms like mice and
rats, so that pre-clinical intervention testing can be done [41].

10.5 Methylation Outliers

In recent years, interest in DNA methylation outliers has been the focus of many
publications within the context of identifying these phenotypes, understanding the
causes of this variation, and the biological implications in terms of disease susceptibil-
ity and clinical outcomes [89, 96–98]. To understand the causes and the consequences
of the outlier phenotype, it is necessary to understand what the outlier phenotype
is. Individuals are considered outliers for DNA methylation when DNA methylation
levels in their normal tissues vary significantly from the population mean. Different
studies have used different statistical algorithms to identify these individuals with the
outlier phenotype, which is a rare event, making their identification a non-trivial task.
Additionally, identifying these individuals is also dependent on important technical
and biological considerations, such as the number of CpG sites, the nature of the CpG
sites, and the direction of the change—gain or loss of methylation.

In a very recent study using whole genome DNA methylation analyses, we found
that individuals with outlier DNA methylation phenotype could be identified by
about 150 CpG sites that show tissue-specific age-dependent DNA methylation
changes [32]. These rare outliers could be best identified using tissue-specific
changes rather than tissue-agnostic clocks and could not be identified by Horvath’s
multi-tissue estimator CpG sites nor random CpG sites. Outlier individuals were
predicted to be older than their chronological age based on the methylation levels of
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these CpG sites. Thus, accelerated aging is one phenotype that characterizes a group
of outlier individuals based on alterations in their epigenomes. However, there are
many unanswered questions concerning the outliers, such as if these individuals with
an accelerated aging phenotype are at higher risk of cancer development sooner
since cancer is an aging disease? Alternatively, are outlier individuals with
decelerated aging protected from developing cancer? Would it be possible to predict
who is at higher risk of phenotypic variation based on DNA methylation sites that
change with age?

10.6 Causes of Age-Related DNA Methylation Alterations

10.6.1 Replication Error and the Mitotic Clock Hypothesis

There is no simple explanation for age-related changes in methylation. As it is
bidirectional, increasing at some sites and decreasing at others, this eliminates simple
explanations such as changes in DNMTs or TETs alone [27]. Changes are also not
completely random; certain genomic compartments and features are more prone to
age-related errors [99]. Age-related changes are also conserved over evolution and
tissue specific, with the most proliferative tissues, like intestinal epithelium, showing
the most change with age [27]. This gives rise to the mitotic clock hypothesis, which
postulates the error accumulation is the result of errors in the maintenance of
epigenetic states during replication. Emerging evidence is beginning to show how
small errors accumulate in stem cells over time and are passed on to their
differentiated daughters, leading to dysfunction and pathogenesis with age.

Some mechanisms of aging DNA methylation alterations have been identified.
While, again, it does not explain all age-related changes, alterations in readers and
writers of methylation like mutations [100], altered gene expression [101–103],
altered enzymatic activity through changes in the levels of their co-enzymes [104],
and altered chromatin recruitment [105, 106] do result in age-related changes.
Another cause of age-related changes, primarily hypomethylation, is mistakes in
DNA re-methylation during replication. Not totally elucidated, the kinetics of
re-methylation after DNA replication are complicated; most methylation is
re-established quickly after replication, but a large portion of DNA takes several
hours after replication to re-methylate, especially in heterochromatin [99, 107,
108]. This later methylating DNA has been found to be more prone to errors and
loss of methylation [57, 109]. DNMT1 is also less efficient at re-methylation where
CpGs marked for demethylation are present, so the activity of TETs can also lead to
passive demethylation in cycling cells [110, 111]. These errors can accumulate over
a lifetime because, unlike with DNA mutations, there seems to be no strict check-
point or error checking for methylation after replication. Even in extreme cases, such
as treatment with strong demethylating agent 5-aza-20-deoxycytidine, it does not
prevent cells from entering the cell cycle and completing replication [112]. Another
known mechanism of age-related hypomethylation is transcription-factor induced
hypomethylation. Transcription factors can recruit TET to demethylate DNA when a
cell needs to activate a previously silent gene, but this could cause errors in two

244 K. Keith et al.



ways, either through erroneous recruitment itself and/or through re-methylation
never occurring [113–117].

Considering mechanisms that cause gain of methylation, inactivation or reduction
in expressions of TETs leads to gains in DNA methylation since methylation is not
removed [29, 118, 119]. Going back to replication, a recent study using hairpin-
DNA sequencing, which distinguishes the mother and daughter strands, showed up
to 5% new methylation after replication [99]. One mechanism for gain of methyla-
tion during replication could be through aberrant recruitment of DNMT1 (through
misplaced histone marks or errors from recruitment partners) during replication
[120]. Another could be loss of DNMT1 regulatory partners that manage the levels
of DNMT1 in the cell, which has been shown to occur in vitro [121]. For example,
polycomb repressor targets, which are unmethylated during development, are known
features that gain methylation with age, [42, 43, 122] and polycomb repressor
complex 2 (PRC2) is a known recruitment partner of DNMTs [123], so likely the
methylation gain is through aberrant recruitment. The frequency of de novo DNA
methylation is correlated with the density of CpGs [124], where if there are many
methylated CpGs close together, neighboring CpGs are more likely to gain methyl-
ation, [99, 125, 126], while solo CpG sites are likely to lose methylation [99]. It is
proposed that de novo DNA methylation can also happen through DNMT1 sliding
on DNA, where it is appropriately recruited to hemi-methylated DNA and then
erroneously continues down the strand [127]; there is biochemical evidence that
DNMT1 can travel down a piece of DNA, methylating each CpG [128, 129],
although there is currently no in vitro or in vivo confirmation.

10.6.2 Inflammation and Environmental Exposures

As mentioned earlier, the causes of DNA methylation changes are multifactorial,
with chronic inflammation and environmental exposures playing important direct
and indirect roles. Understanding how these contribute to age-related methylation
changes is important for interventions to modulate the impact of those changes and
reduce the associated disease incidence.

Chronic inflammation has been strongly linked to age-related DNA methylation
changes and the observed changes are again bidirectional (gains and losses). In
the gastrointestinal system, chronic inflammation in colon, esophagus, stomach, and
liver is associated with increases in DNA methylation in apparently normal tissues
[130–133]. Additionally, individuals with inflammatory bowel diseases have more
DNAmethylation changes in the colon compared with individuals without the chronic
inflammatory diseases [130, 134, 135]. Increase in methylation is also associated with
Helicobacter pylori infection-related inflammation in the stomach [136].

On the other hand, the associations between environmental factors such as diet,
nutrition, stress, physical activity, air pollutants, and smoking, and age-related DNA
methylation changes are less well studied [31, 137, 138]. This is partly because it is
hard to design a precise study about the effect of, for example, dietary factors on
DNA methylation changes, but it is plausible that dietary factors can induce inflam-
mation and hence cause epigenetic changes, or they can directly impact the
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epigenome through their metabolites. One-carbon metabolism provides a direct link
between nutrients such as folate and B-vitamins, which influence the availability of
the substrate of DNMTs, S-adenosyl methionine, and drives the methylation reac-
tion. In mice, it was shown that gestational exposure to folate and vitamin B12 could
impact methylation patterns in neonates. In another study in humans, it was reported
that low dietary intake of vitamin B12 can lead to increased DNA methylation of
genes involved in one-carbon metabolism which could confer cardiovascular disease
[139]. Additionally, an epigenome-wide association study revealed that supplemen-
tation of vitamin B12 and folate modulates DNA methylation patterns in older
adults, highlighting key targets of age-related DNA methylation sites for further
investigation [140, 141]. In another cross-sectional study of postmenopausal women
from the Women’s Health Initiative and the Italian cohort study InCHIANTI, that
included both male and female participants, association of environmental factors on
epigenetic age acceleration in blood was studied. The study reported that there was
significant association with a younger epigenetic age and potential health benefits
associated with higher intake of fish, poultry, fruits and vegetables, BMI [79].

Indeed, DNA methylation drift is also modulated by not just the type of dietary
exposure but also by calorie count. Twenty-two to 30 year old rhesus monkeys
exposed to 30% caloric restriction and 2.7–3.2 year old mice exposed to 40% caloric
restriction, showed attenuated age-related DNA methylation drift [34]. In fact, based
on age-related methylation changes early life dietary and lifestyle interventions were
recently proposed to prevent colorectal cancer, because the premalignant cells form
decades prior to giving rise to detectable cancer [142].

10.6.3 Epigenetic Mosaicism

As discussed in the previous section, errors in DNA methylation accumulate with
age through intrinsic and extrinsic factors, and these erroneous DNA methylation
states in somatic cells are faithfully inherited [109]. The variation in these errors
increases with age as well. Considering an individual CpG site, at young ages
methylation is highly similar, but as age increases, methylation at the same CpG
site in different individuals can vary by up to 20% [143]. The number of individuals
with outlier methylation increases with age as well [144]. These changes are also
highly heterogeneous, as one longitudinal study found that only 0.32% of CpGs had
age-related changes in 5% or more of samples in the study [145]. These intrinsic
heterogeneous age-related changes must be a stochastic process innate to our
biology, as several studies examining twins have found that the increase in methyla-
tion errors and disorder is independent of both genetics and environment, because
even monozygotic twins living in the same environment do not accumulate the same
errors [83, 145, 146].

Epigenetically repressed genes can be reactivated by age-related changes
[147]. Changes in promoter methylation with age can affect the expression of
genes, turning on previously silenced genes and turning off currently active genes.
Promoters do not have to be completely methylated to affect gene expression; even
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small amounts of stochastic methylation at the promoter have been associated with a
reduction in gene expression [148, 149]. Examining single cell data, clonal
populations were found which had activated previously repressed genes through
demethylation of their promoters and were stably expressing them. Importantly, this
was expression of 98 different genes in 97 different clones, genes that were totally
uncorrelated with each other, demonstrating how stochastic methylation changes can
lead to transcriptionally diverse subpopulations [148]. In addition to abnormal
promoter methylation, aberrant targeting of transcription factors due to differentially
methylated DNA can alter the gene expression program. Approximately 30% of
transcription factors preferentially bind methylated motifs [150], so disruption to the
methylation regulatory sequences can alter the expression program of the cell as
well. Finally, methylation also silences transposable elements, which tend to lose
methylation with age and become active, moving about the genome [151–
153]. Reactivation of transposable elements causes DNA damage [154–156] and
mutagenesis through breaking the DNA to insert new copies, and can also lead to
inflammation through the innate immune system [153, 157–159].

We have postulated that errors in methylation accumulate in stem cells, and as the
stem cells divide those errors accumulate and cause functional errors in their
differentiated daughter cells. It is known that a high number of mutations and
epigenetic modifications correlates with the number of cell divisions, and that higher
mitotic age is associated with worse survival [55]. Also, considering disease for a
moment, cancers and their associated adjacent tissues with the highest degree of
aberrant methylation had the highest cell division rates [42, 43]. Considering stem
cells directly, bulk analyses of stem cells in the intestine [160], germ line [161],
hematopoiesis [162], and skeletal muscle [163] have shown that, with age, these
cells become mosaics of different DNA methylation changes. Using unique molec-
ular identifiers and single-cell cloning, it was found that embryonic stem cells
maintain disordered methylation patterns [109]. However, to tease out what epige-
netic subpopulations exist, we need to look at single cell data, which has become
possible with the rise of high-throughput technologies in recent years. Looking at
single cell data over many cell types in the liver methylome, 3.3% of locations show
methylation variation with age, an order of magnitude higher than the number of
somatic mutations, and heterogeneity increased with age [164]. Examining single
cells of immortalized fibroblasts, lung, and colon cancer cells, sequencing both their
founding populations and expanded clonal populations, most hypomethylating CpG
sites were found in late-replicating domains and were putatively caused by DNA
replication. Additionally, looking at hypermethylation, the changes were associated
with cell proliferation and poor maintenance of methylation [148]. Looking directly
at muscle stem cells, where they simultaneously measured methylation and tran-
scription in the same cells, aged stem cells have increased cell-to-cell variability and
genes with promoters with increased methylation heterogeneity have increased
expression heterogeneity. Importantly while global heterogeneity was increased,
individual cells expressed fewer genes [165]. This reduced gene expression program
indicates competition and natural selection between the stem cells which has caused
focal stem cell proliferation.
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Epigenetic mosaicism leading to changes in gene expression is an engine for
natural selection. Evolutionary theory predicts that epigenetic variation would lead
to competition among cells in a tissue and lead to the emergence of subpopulations
with a selective growth advantage. From single cell data, we know this epigenetic
variation takes place with age and leads to clonal subpopulations [148, 163, 164] and
we also know that cancers have high rates of epigenetic heterogeneity [42, 43]. There-
fore, the simplest model predicts that variation-driven natural selection results in
hyperproliferative lesions and eventually cancer. As many oncogenic events lead to
the death of normal cells, the convergence of selection of a lifetime likely explains
the enormous rise in cancer incidence as humans age (Fig. 10.1). Even outside of the
extreme of cancer, age-related methylation changes are known to happen in many
disease of age like cardiovascular disease [66], where methylation-driven alterations
can result in gene expression changes [147, 148] or inflammation [153, 157–159].

Fig. 10.1 Model of how age-related DNA methylation changes contribute to focal diseases,
specifically cancer. Normal stem cells (upper left) start with uniform patterns of epigenetic regula-
tion. Age-related DNA methylation changes result in epigenetic mosaicism (upper right) as
represented by the differently colored cells and creating cell-to-cell expression variation. Gene
expression variation drives natural selection and results in the overgrowth of the variant that is
randomly most fit (bottom right). Because of this overgrowth, those cells are more susceptible to
further changes, either random further epigenetic changes or DNAmutations or carcinogen-induced
changes. The combination of all the damage acquired allows the cells to transform into full-fledged
malignancy (bottom left)
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10.7 Emerging Quantitative Approaches to Mosaicism

Quantifying epigenetic mosaicism is an ongoing challenge. Current approaches
draw from information theory and attempt to quantify the disorder in the system.
As discussed previously, the variability in the system is important because even
small amounts of methylation can alter gene expression [148, 149]. A new metric,
Cell Heterogeneity-Adjusted cLonal Methylation (CHALM), is a variation on stan-
dard percent methylation, where if any CpG on a read is methylated, that location
counts as methylated. CHALM, which treats any amount of local methylation the
same as if the region was fully methylated, correlates much better with gene
expression than standard percent methylation. This is particularly true at lowly
methylated promoters suggesting that a small amount of methylation in regulatory
regions is sufficient to disrupt the expression program [149]. Instead of compressing
the effects of methylation disorder as CHALM does, entropy measures attempt to
directly quantify the disorder present in a region (Table 10.2). They work by
measuring regions of bisulfite sequencing that are covered by a single read and
quantifying how many of the reads have the same methylation patterns (Fig. 10.2).
Entropy is associated with gene expression [167] and transcriptional heterogeneity
[171]. It has been used successfully to detect regions and genes with accelerated
aging both in bulk and single-cell bisulfite data [143, 165, 172]. As entropy measures
and methylation are calculated from the same source, they detect many of the same
regions, but also each find unique patterns that have relevant biological information
[169]. Of course, there are issues to be aware of with these scores. Disordered
methylation can be confounded by cell-type heterogeneity and sample

Table 10.2 Published entropy scores. Some scores have more intuitive ranges where 0 is no
entropy and 1 is maximum entropy. Others have maximum entropy equal to the number of CpGs
analyzed; for example, if there are 4 CpGs in a region, a score of 4 would indicate maximum
entropy. Differently from the rest, combinatorial entropy reaches maximum entropy at a score of
�144

Entropy score Score range
Publication
year References

Epipolymorphism 0 to 1 2012 [166]

Shannon entropy 0 to number of CpGs
analyzed

2012 [166]

Proportion of Discordant Reads (PDR) 0 to 1 2014 [167]

Methclone 0 to �144 2014 [168]

Hamming distance 0 to number of CpGs
analyzed

2014 [168]

Methylation haplotype load (MHL) 0 to 1 2017 [124]

Normalized Shannon entropy 0 to 1 2018 [169]

Jensen–Shannon Distance 0 to 1 2018 [169]

Fraction of Discordant Read Pairs
(FDRP)

0 to number of CpGs
analyzed

2020 [170]

Quantitative Fraction of Discordant Read
Pairs (qFDRP)

0 to number of CpGs
analyzed

2020 [170]
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contamination [170], although as single-cell technologies improve and become
cheaper the cell-type issues can be resolved. Entropy measures can also detect
allele-specific methylation [170], which does occur with age [148], but can also
come from imprinted genes, which must be controlled for. It is also important to
consider the underlying biology when looking at entropy scores since they can have
the same values for a baseline methylated and a baseline unmethylated state, but that
would lead to opposite effects in the cell. For this reason, entropy scores are best
used in conjunction with other measures, usually percent methylation, as
combinations of percent methylation and multiple entropy scores can yield more
information than any one metric alone [169].

10.8 Conclusions

Aging is accompanied by progressive, proliferation-dependent DNA methylation
changes that regulate gene expression and create epigenetic mosaicism in older
tissues. These changes may compromise stem cell function and contribute to
diseases of aging such as cancer. Epigenetic clocks and quantitative measurement
of epigenetic mosaicism, despite their limitations, could serve in developing a
measure of biological variation and estimating methylation age rather than chrono-
logical age. Interventions aimed at reducing age-related methylation deregulation
have the potential to attenuate the occurrence and severity of aging diseases.
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Abstract

Epigenetic clocks are DNA methylation-based estimators of chronological age or
mortality risk that have been integrated into a wide array of epidemiologic
studies. In this chapter, we review fundamental considerations in the development
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of epigenetic clocks, including the features of aging upon which they were trained,
and the characteristics of the training dataset. We discuss the implications of these
decisions on the relation of epigenetic clocks with morbidity and mortality across
populations. We review the assumptions underlying the incorporation of epigenetic
clocks into human studies of disease etiology, as well as distinct analytic
considerations when the study objective is to appraise the value of epigenetic
clocks as risk predictors. We expand on a few key characteristics expected of
candidate biomarkers proposed for integration into a clinical setting. Throughout
this chapter, we highlight the extensive epidemiologic literature on epigenetic
clocks to date, and opportunities to expand on the current research.

Abbreviations

DNAm DNA methylation
epiTOC Epigenetic Timer of Cancer clocks
MiAge Mitotic Age clock
IEAA Intrinsic epigenetic age acceleration
EEAA Extrinsic epigenetic age acceleration
PedBE Pediatric-Buccal-Epigenetic clock
MR Mendelian Randomization

11.1 Developing an Epigenetic Estimator of Biologic Aging

The term “epigenetic clock” has been used to refer to multivariate regression models
that estimate age or mortality risk based on specific DNA methylation (DNAm)
signatures. As such, a clock is defined by a set of CpG loci and coefficient values.
Many epigenetic clock algorithms have been published to date, and the number
continues to expand as new clocks are developed for distinct purposes. Some clocks
apply to a specific source of DNA (e.g., saliva), while others apply to all sources of
DNA (e.g., pan-tissue clocks). Epigenetic clocks vary based on the features of aging
upon which they were trained (e.g., telomere length), as well as the characteristics of
the training dataset (e.g., pediatric samples). In this section, we describe some of the
considerations in epigenetic clock development, which influence the relation
between each measure and aging-related conditions, as well as mortality rate.

11.1.1 Choice of Outcome

A defining aspect of an epigenetic clock is the characteristic upon which it was
trained. The first generation of epigenetic clocks was built to predict chronologic age
based on DNAm levels at specific CpG loci. The residual variation in DNAm-

262 A. M. Binder and S. Horvath



estimated age (i.e., “epigenetic age”), independent of chronologic age, was proposed
to serve as an indicator of biologic aging. In this framework, those with a DNAm-
estimated age higher than their chronologic age are described to have an older
(“accelerated”) epigenetic age, whereas those with a relatively lower DNAm-
estimated age have a younger (“decelerated”) epigenetic age. Since this first genera-
tion of clocks, additional variants have been developed to predict mortality or
morbidity risk (e.g., GrimAge). These clocks also give rise to estimates of epigenetic
age acceleration that measure the discrepancy between predicted mortality risk
relative to that expected on the basis of chronologic age.

11.1.1.1 Chronologic Age
Training epigenetic clocks on chronologic age is a logical choice given its strong
correlation with mortality/morbidity risk and biologic age (Fig. 11.1). While several
clocks have been developed based on chronologic age, they vary in how CpG loci
were prioritized for inclusion into the clock algorithm, and the types of datasets in
which the algorithms were trained [1–10]. Regularized regression models, such as
elastic net or lasso, are commonly used to select CpG loci for inclusion in these
prediction algorithms. Given the relatively high degree of shared variance across the
methylome, a major benefit of this approach is the capacity to accommodate a large
amount of collinearity in the prediction model. With the goal to minimize prediction
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Fig. 11.1 Evaluating relative biologic age based on an epigenetic clock. DNAm-estimated age
(i.e., “epigenetic age”) is plotted against chronologic age, with a line of best fit between the two age
measures. The dashed line represents the difference between observed epigenetic age and predicted
epigenetic age among individuals of the same chronologic age; in other words, the residual variation
in epigenetic age, independent of chronologic age. Epigenetic age is “accelerated” if it is higher than
expected (red), and considered “decelerated” if it is lower than expected (blue)
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error, regularized regression introduces bias into the traditional linear regression to
decrease the high variance induced by the incorporation of highly correlated
variables [11]. This is accomplished by imposing a size constraint on the model
coefficients that is controlled by a penalty, the strength of which is modified by a
tuning parameter selected to optimize the cross-validated penalized likelihood
[11]. The lasso penalty optimizes a sparse solution that tends to select a predictor
among highly correlated variables, and is somewhat indifferent to predictor choice
[11]. The ridge penalty optimizes a model that shrinks the coefficients of correlated
predictors towards each other [11]. The elastic net penalty is a compromise between
the lasso and ridge, and encourages balancing the contributions of correlated
variables and a sparse solution [11]. Both the Horvath pan-tissue (PanTissue)
clock [3] and the Hannum clock [2] were developed by modeling chronologic age
as a function of CpG loci interrogated on DNAm arrays using elastic net regression.
For other clocks, the CpG loci considered for inclusion into the prediction model
were first reduced to a subset based on their site-specific association with chrono-
logic age [4, 10]. The skin and blood clock is an example of this approach, which
first estimated the correlation between site-specific DNAm and chronologic age
across human fibroblasts, keratinocytes, buccal cells, endothelial cells,
lymphoblastoid cells, skin, blood, and saliva samples [4]. An elastic net regression
for calibrated chronologic age was then estimated, including the CpG loci with the
strongest correlation with chronological age in different cell types, and 500 CpGs
with the least significant correlation with age [4]. The Weidner clock similarly first
applied a filtering approach to develop a clock that prioritized minimizing the
number of CpG loci necessary to predict age [7]. Restricting to CpG loci with an
absolute correlation with chronologic age greater than 0.85 in blood, recursive
feature elimination was used to inform the selection of three CpG loci to predict
age [7]. Several authors have aimed to develop sparse clocks on the basis of a single
CpG (e.g., a single CpG in the ELOVL2 gene [12]) or a handful of CpGs. Sparse
clocks are attractive for two main reasons: (1) reduced assay costs and (2) enhanced
interpretability with respect to neighboring genes. However, sparse clocks tend to be
less robust and accurate than clocks based on larger numbers of CpGs. For all
chronologic age-trained clocks, the accuracy of the predictor has some important
implications for associations with health outcomes. As demonstrated by Zhang et al.
[9], it is feasible to develop a near-perfect age predictor when the training sample
size is sufficiently large. However, when the prediction of chronologic age is very
accurate, the variation in epigenetic age independent of chronologic age is no longer
associated with mortality [9]. Optimally, a chronologic age predictor should charac-
terize average trends in the methylome with age, while accommodating individual
variation in that trend.

11.1.1.2 Mitotic Age
An alternative approach to describe the aging process is on the cellular level. A
number of epigenetic clocks have been developed to estimate “mitotic age,”which is
a term used to describe the cumulative number of divisions within the stem cell pool
[13–16]. This age is influenced by the intrinsic cell turnover rate of a given tissue, as
well as factors that contribute to cellular injury. To estimate mitotic age,
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investigators have taken advantage of trends in DNAm maintenance over successive
cell divisions. Clocks applying this approach include the HypoClock, which predicts
mitotic age based on DNAm loss in late-replicating regions due to incomplete
methylation maintenance [16]. The Epigenetic Timer of Cancer (epiTOC) clocks
were alternatively developed based CpG-rich regions marked by the polycomb
repressive complex-2, which gradually gain methylation over cell divisions
[13, 14]. Assuming mitotic age is a predictor of neoplastic potential, the Mitotic
Age (MiAge) clock used tumor and adjacent normal tissue samples to develop an
estimator based on a model of stochastic errors in DNAm maintenance and de novo
DNAm [15]. As expected, each of these mitotic clocks estimate greater cell prolifer-
ation among tumor tissue relative to normal tissue [13–16]. Given telomeres undergo
progressive degradation with DNA replication, a recently developed DNAm-based
estimator of telomere length also falls within the category of mitotic clocks [17]. Leu-
kocyte telomere length measured using Southern blots was predicted based on site-
specific DNAm using elastic net regression [17]. This DNAm-based estimator of
telomere length was shown to have a stronger association with time-to-death than
measured leukocyte telomere length [17]. Analysis of cultured cells with and
without telomerase suggested this DNAm-based estimator of telomere length is
correlated with cellular proliferation, even independent of telomere attrition
[17]. Given the cell-type specificity of cell turnover rates, the interpretation of
associations with mitotic clocks should consider the potential influence of cellular
heterogeneity among the samples assayed.

11.1.1.3 Time-to-Death and Characteristics Associated
with Mortality Rates

Estimation of biologic age can inform an appraisal of an individual’s relative risk of
an accelerated aging trajectory, characterized by a greater incidence of aging-related
chronic conditions, and increased hazard of death. Given this potential application of
biologic age estimators, a few epigenetic clocks have been specifically developed to
capture variation in the methylome associated with time-to-death and clinical
characteristics associated with aging and mortality rates. One of these clocks,
Mortality Score, was created by first identifying CpG loci with a genome-wide
significant association with mortality rate that replicated in a validation set
[18]. Among this subset of sites, a lasso Cox regression was used to select 10 CpG
loci that were the most predictive of time-to-death to estimate the DNAm-based
Mortality Score [18]. For the PhenoAge clock, Levine et al. [19] began by first
creating a composite measure of “phenotypic age” based on characteristics
associated with time-to-death. To develop this measure, a penalized Cox regression
was used to identify a subset of clinical markers that were the most predictive of
all-cause mortality in the nationally representative National Health and Nutrition
Examination Survey (NHANES) [19]. Among the 42 clinical markers considered for
inclusion, the final subgroup included: albumin, creatinine, glucose, c-reactive
protein, lymphocyte percent, mean red cell volume, red cell distribution width,
alkaline phosphatase, and white blood cell count, as well as chronologic age
[19]. A DNAm-based estimator of this phenotypic age measure was then trained
in an independent dataset using elastic net regression [19]. To construct the
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DunedinPoAm clock, an estimated “Pace of Aging” was initially developed based
on a panel of 18 blood-chemistry and organ-system-function biomarkers measured
at ages 26, 32, and 38 years old in the Dunedin Study birth cohort [20]. The Pace of
Aging was calculated as an individual’s rate of change in these 18 biomarkers
relative to the average change across all study participants over time
[20]. Accelerated aging based on this measure was associated with less physical
ability, greater cognitive decline, and worse self-reported health among Dunedin
Study participants [20]. Among the subset of individuals with DNAm assayed at age
38, a DNAm-based estimator of this Pace of Aging was derived using elastic net
regression [21]. The GrimAge clock was created using a distinct two-step approach,
beginning with the development of DNAm-based estimators of plasma protein levels
and smoking pack-years [22]. A penalized Cox regression model was then used to
identify the subset of DNAm-based estimators that were the most predictive of time-
to-death [22]. GrimAge is calculated as the transformed linear combination of
covariates resulting from this model, which included age, sex, DNAm pack-years,
and seven DNAm-based surrogate markers of plasma proteins (adrenomedullin,
beta-2 microglobulin, cystatin C, growth differentiation factor 15, leptin, plasmino-
gen activator inhibitor-1, tissue inhibitor metalloproteinase 1) [22].

11.1.2 Choice of Tissue

The choice of tissue used to train an epigenetic clock is shaped by three primary
factors: study feasibility, the intended ease of assay for the target population, and the
tissue-specificity of the aging process the clock is designed to evaluate. For clocks
developed based on a composite measure of aging processes (e.g., GrimAge,
PhenoAge, and DunedinPoAm), a large, well-defined cohort is required for the
training set. Clocks partially trained on time-to-death, such as GrimAge and Mortal-
ity Score, require many years of participant follow-up to build a relatively precise
predictor. Using samples of convenience, the GrimAge, PhenoAge, Mortality Score,
and DunedInPoAm clocks were all trained using peripheral blood, which is the most
commonly available stored biospecimen for existing cohorts. Blood is a heteroge-
neous tissue that can capture distinct patterns of aging-related DNAm variation
across several cell types. For biomarkers intended to measure multiple facets of
aging, this can be a benefit. To minimize the degree to which blood composition
drives associations with epigenetic clocks, investigators can adjust for DNAm-based
estimators of blood cell counts and relative abundance [23, 24]. Intrinsic epigenetic
age acceleration (IEAA) is an example of this approach, as it estimates PanTissue
age adjusting for chronologic age and DNAm-estimated counts of naïve CD8+ T
cells, exhausted CD8+ T cells, plasma B cells, CD4+ T cells, natural killer cells,
monocytes, and granulocytes [23]. This residual variation is assumed to measure
age-related changes in DNAm that are consistent across cell types. When epigenetic
clocks are intended to serve as an indicator of risk, removing this variation may have
important implications for predictive accuracy. Aging is characterized by changes in
the distribution of immune cells, including a decrease in naïve cytotoxic T cells and
an increase in memory or exhausted cytotoxic T cells [25, 26]. Estimated extrinsic
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epigenetic age acceleration (EEAA) was designed to capture these age-related
changes by calculating an age-adjusted weighted average of Hannum epigenetic
age and DNAm-estimated blood cell counts of cytotoxic T cell sub-populations and
plasma B cells [23]. Highlighting the predictive value of these age-related changes in
blood composition, EEAA was found to have a stronger association with all-cause
mortality than the PanTissue clock and IEAA in a meta-analysis of 13 cohorts
[27]. However, EEAA is inferior to second-generation clocks, such as GrimAge,
when it comes to predicting mortality risk.

Epigenetic clocks that perform well in blood samples have high clinical utility
given the relative ease of collecting peripheral blood. The drawback to clocks trained
exclusively using blood samples is potential poor transportability to other tissues.
For pediatric studies and investigations that require multiple assessments of epige-
netic age over time, estimation of epigenetic age from buccal swabs and saliva
collections is likely more practical. Blood may also not be a strong surrogate for
more tissue-specific mechanisms of age-related complications. The PanTissue clock
was explicitly built to have broad external validity, incorporating samples from
51 healthy tissues and cell types into its development [3]. The trade-off is that clocks
trained for specific target tissues tend to have higher accuracy. For example, the skin
and blood clock has a much stronger correlation with chronologic age than the
PanTissue clock in buccal swabs [4]. Generally, most tissues exhibit a similar
PanTissue age, but there are some exceptions. Notably, average PanTissue age is
significantly younger in the cerebellum [28], while female breast tissue is estimated
to be much older relative to chronologic age [3, 29]. The PanTissue clock was
trained using wide-spectrum tissue types, but it only involved few skeletal muscle
samples. A predictor of chronologic age in skeletal muscle was recently developed to
address this gap, and found to have a stronger correlation with age than the
PanTissue clock in muscle samples [6]. Tissue-specific epigenetic clocks, like the
skeletal muscle clock, may provide more nuanced insight into the etiology of
age-related conditions, such as frailty. However, clocks for less accessible tissues
reduce the feasibility of integrating epigenetic clock estimation into a broad public
health screening paradigm. Therefore, the intent to measure tissue-specific
mechanisms should be balanced by consideration of whether the clock is intended
to be used as a clinical risk predictor.

11.1.3 Choice of Age Range

The factors influencing the rate of aging change across the life course. For this
reason, epigenetic clocks trained among individuals of a relatively narrow age range
may be stronger predictors of health for target populations of a similar age range. In
contrast, clocks trained across a broad range of ages, like the Hannum (ages 19 to
101 years) and PanTissue (ages 0 to 101 years) clocks, are more likely to be
generalizable across studies. Epigenetic clocks created for specific critical periods
of development include predictors of gestational age. Gestational age is frequently
used as a proxy for developmental maturity and is strongly related to both short-term
and long-term morbidity and mortality [30]. Epigenetic clocks for gestational age
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have been developed for both neonatal cord blood [31–33] and placenta
[34, 35]. Comparison of these clocks across chorionic villus, placenta, and cord
blood tissues found epigenetic age acceleration in the cord and placental samples
was not correlated, suggesting these clocks capture distinct variation in gestational
age-related DNAm [36]. The training sets for these predictors should be carefully
considered when evaluating associations of these gestational age clocks with preg-
nancy complications, as well as maternal characteristics and exposures. Early deliv-
ery is indicated in the case of certain maternal and fetal conditions, including
pre-eclampsia or eclampsia, diabetes, and intrauterine growth restriction
[37]. Some of the risk factors for spontaneous preterm birth include inflammation,
stress, smoking, low pre-pregnancy body mass index, and periodontal disease
[37]. Training sets that include an overrepresentation of preterm births are partially
built to capture these characteristics. Potentially due to the influence of multiple
factors on gestational age, the predictive accuracy of cord blood gestational age
clocks has been shown to be particularly sensitive to the size of training set [38]. For
the cord blood clock trained on a larger sample size [31], epigenetic age acceleration
has been associated with higher birthweight and greater birth length [39], but lower
weight in childhood [40]. Childhood and adolescence also represent critical
windows of development with implications for adult health. The timing and rate of
pubertal development have been associated with both early life adversity and future
cardiometabolic health and cancer risk [41]. Pediatric epigenetic clocks trained on
chronologic age have been developed to more accurately characterize aging rates
during this period [5, 8]. The first of these predictors was developed using peripheral
blood from individuals ages 9 months to 18 years [8], while the Pediatric-Buccal-
Epigenetic (PedBE) clock was derived using DNAm assayed in buccal swabs
collected from individuals ages 0 to 20 years [5]. Comparison of epigenetic clocks
across pediatric tissues highlights the added value of clocks specific to pediatric
samples [42]. Although the correlation between chronologic age and the PanTissue,
Hannum, PhenoAge, skin and blood, and pediatric clocks was similar in pediatric
blood samples, the correlation was much stronger for the PedBE and skin and blood
clocks in pediatric buccal and saliva samples [42]. Across tissues, the deviation
between chronologic age and age estimated by the PedBE and blood pediatric clocks
was lower among young individuals [42].

11.1.4 Validation

To appraise the potential value of a predictor, it must first be compared to the gold
standard upon which it was developed. For epigenetic clocks trained on chronologic
age, we expect the DNAm-based estimate to be highly correlated with chronologic
age. Epigenetic clocks derived using penalized regression models tend to use cross-
validation to reduce the likelihood of overfitting the model to the training dataset.
Overfitting creates a predictor that is highly correlated with the gold standard among
the training data, but tends to perform poorly among external samples. While the
cross-validation procedure can inform selection of a tuning parameter that minimizes
the estimated prediction error, the characteristics of the training dataset can influence
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the external validity of the predictor. For example, an epigenetic clock developed
among older women may not perform well among a cohort of young men. If
assuming broad external validity, it is useful to assess the concordance between
the predictor and the gold standard in an external dataset. As an example of the ideal
approach, 13 data sets were used to construct the skin and blood clock age predictor,
and 13 independent data sets were used to validate it [3]. When this ideal approach is
not feasible, the prediction error can be appraised by separating a cohort of samples
into distinct training and testing subgroups. Validation of the DNAm-based
estimators of plasma proteins integrated into the GrimAge clock applied this alter-
native approach. A random sample of the Framingham Heart Study Offspring
Cohort was used to develop the prediction models for each plasma protein, which
were then tested in a distinct subgroup of cohort participants [22].

The characteristics of the training dataset require careful consideration when the
surrogate measure of aging used to train the epigenetic clock must also be developed.
To train the DunedinPoAm clock, the Pace of Aging estimate was first derived
among Dunedin Study birth cohort participants, who were then used to create a
DNAm-based estimator of this measure [21]. Estimation of this Pace of Aging
measure was only feasible due to the rich, longitudinal biomarker data available
for this birth cohort. However, the uniqueness of this data impeded validation of this
composite rate of aging estimator in an external dataset. Given participants were
primarily white, and all were young adults, the transportability of the DunedinPoAm
clock to ethnic minorities and older individuals requires additional appraisal.
Although the phenotypic age measure used to derive the PhenoAge clock was not
built to capture longitudinal trends in clinical markers like the DunedinPoAm clock,
it was trained to be broadly generalizable to US demographics. One cross-sectional
wave of the nationally representative NHANES participants was used to create the
phenotypic age measure, which was validated among a subsequent, independent
wave of NHANES participants [19]. A separate cohort was then used to train a
DNAm-based estimator of phenotypic age [19].

As indicators of biologic aging, validation of epigenetic clocks is ultimately
dependent on well-replicated relations with aging-related conditions and mortality
rate. To support validity claims, publications introducing a new epigenetic clock
tend to include evaluation of associations with morbidity and/or mortality in cohorts
that were not used to train the clock [4, 18, 19, 21, 22]. While the original
publications for the PanTissue and Hannum clocks did not assess relations with
aging outcomes, subsequent meta-analyses demonstrate that these clocks are consis-
tent predictors of morbidity and mortality across cohorts [27, 43, 44]. With the
expansion of new epigenetic clocks, investigators must not only validate
associations with aging outcomes, but also appraise the strength of a new predictor
relative to established epigenetic clocks. If a new clock does not improve the
predictive accuracy relative to other clocks in some target population, other
considerations could be used to argue utility, e.g., sparsity (few CpGs) or biological
interpretability (e.g., clocks that are based on CpGs in specific genomic locations).
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11.2 Integration into Epidemiologic Studies

Epigenetic clocks have been integrated into a wide array of epidemiologic
investigations [45, 46]. The intent of these studies can be broadly categorized into
two primary goals: to understand disease etiology and improve risk prediction. In
practice, it is common to combine these interests by minimizing all forms of bias in
the analysis and making assumptions about the underlying mechanism in the
interpretation. The characteristics how an epigenetic clock was trained may inform
its inclusion into a specific research question. However, the ease of estimating
multiple clocks from a single DNAm assay enables a more hypothesis-generating
approach. Many studies evaluate multiple epigenetic clocks to inform discussion of
the aging mechanisms driving observed associations. In this section, we review the
ways epidemiology studies of epigenetic clocks can inform our understanding of
aging and risk of aging-related conditions.

11.2.1 To Understand Disease Etiology

When the interest is causality, a fundamental question is whether the shifts in DNAm
underlying estimated epigenetic age have a direct effect on disease risk, or whether
these changes in DNAm are surrogates for a disease process. The distinction has
important implications for creating targeted therapies intended to reverse epigenetic
age. As described in the first section, several epigenetic clocks have been developed
to serve as surrogates for specific facets of aging (e.g., the mitotic clocks) or
composite measures of aging (e.g., the PhenoAge, GrimAge, and DunedinPoAm
clocks). In these cases, it is possible to more confidently infer the mechanisms
underlying the associations after adjusting for putative confounders. If the goal is
to provide insight into disease etiology, a logical question is whether it would be
more sensible to directly assay the facets of aging used to train these clocks. This
viewpoint assumes that any discrepancies between the characteristic the clock was
trained on and its DNAm-based estimate is uninformative error. However, there is
compelling evidence that this error is partially what characterizes the risk of
accelerated aging trajectories. This is well illustrated in case of epigenetic clocks
trained on chronologic age, where the residual variation in the clock, independent of
age, is associated with mortality and morbidity [27, 43, 44]. The stronger association
between DNAm-estimated leukocyte telomere length and mortality rate, relative to
Southern blot measured leukocyte telomere length, also supports this premise
[17]. Similarly, the DunedinPoAm clock was more strongly associated with several
physical and cognitive function characteristics than the original Pace of Aging
measure on which it was trained [21]. The assumption that shifts in DNAm used
to estimate epigenetic clocks are directly associated with outcomes is further com-
plicated by the relatively high degree of shared variation across the methylome.
Given prediction models that feature variable selection are commonly used to train
epigenetic clocks, the specific CpG loci included in the epigenetic clock model may
not be causal, but highly correlated with causal sites. The specific sites in the clock
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may therefore be considered representative examples of a specific pattern of DNAm
variation. To estimate a causal effect of this variation on conditions of aging, we
must assume the capacity to control for all confounders of the relation. This
presumes we know all possible confounders, which is a strong supposition given
evidence for a quickly expanding list of epigenetic age predictors. An alternative
approach that is more robust to residual unmeasured confounding is Mendelian
Randomization (MR) [47, 48]. This approach uses a genetic proxy for epigenetic
age to estimate the causal relation between epigenetic age and aging-related
outcomes. MR also requires some strong assumptions, notably that the
polymorphisms associated with epigenetic age do not have a direct effect on the
outcome of interest (pleiotropy) [48]. However, an adaption of Egger regression can
be used to detect and correct for this potential bias [49]. Most critically, this approach
requires a genetic instrument that describes sufficient variation in epigenetic age. To
date, there have been a few genome-wide association studies of different epigenetic
clocks [50, 51]. Estimated SNP-based heritability has been relatively low, ranging
from 0.15 to 0.19, suggesting an MR analysis would require a very large sample size
to be adequately powered [50, 51]. Beyond causal modeling techniques, the biologic
mechanism of epigenetic clocks can be informed by multi-omic analyses, as well as
in vivo and in vitro studies [52]. These complementary investigations will be
important validation of findings in human studies and will inform the interpretation
of subsequent analyses.

11.2.2 Epigenetic Clocks as Risk Predictors

Our analytic considerations are distinct when appraising the potential value of
epigenetic clocks as risk predictors. When the objective is to use epigenetic clocks
as a general screening tool to inform risk management, causality is irrelevant if
epigenetic clocks provide an easy, cost-effective means to measure facets of aging
that strongly predict risk of morbidity and mortality. For example, a single blood-
based estimate of the DunedinPoAm clock may be more feasible to integrate into a
clinical setting than measuring the longitudinal change in the 18 blood-chemistry
and organ-system-function biomarkers used train this clock. The relative ease of
measurement is highly dependent on the tissue proposed for assay, incentivizing risk
prediction studies to focus on easily accessible samples like peripheral blood or
buccal swabs. For more targeted screening proposals, the use of less accessible
tissues may be justifiable if the predictive accuracy can be improved. For example,
the estimation of mitotic age in tumor tissue to predict prognosis among cancer
patients [15].

Another important factor informing the use of epigenetic clocks in a clinical
setting is the external validity of these algorithms across populations, which is
characterized by both their generalizability and transportability. Generalizability
refers to the consistency of study findings from a potentially biased sampling of
the target population to the full target population. For example, if sex is an effect
modifier of the relation between chronologic age and DNAm, and the study
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population included an overrepresentation of females, the model may not be gener-
alizable to a sampling of the source population with a more equal distribution of
males and females. Distinctly, transportability refers to the consistency of study
findings to the target population when the source population and target population
only partially overlap or do not overlap. Modifying our example, a model trained
only among females may not be transportable to a population of males. Ideally, the
external validity of the epigenetic clock algorithms should be appraised by
evaluating the consistency between the trait used to train the epigenetic clock and
its corresponding DNAm-based estimate across groups of interest within our target
population. As discussed in Sect. 11.1.4, new clocks frequently use a test set that is
distinct from the training set to validate the epigenetic age algorithm. Alternatively,
we can evaluate whether specific characteristics modify the relation between epige-
netic age and conditions of aging. This second approach captures both the external
validity of the epigenetic clock algorithms and potential effect measure modification
of associations with epigenetic clocks, both of which are informative in the context
of prediction modeling. Notably, studies evaluating epigenetic clocks as predictors
of morbidity and mortality should consider heterogeneity in associations across sex
and race/ethnicity. An extreme test of transportability arises when generalizing
findings from one species (e.g., mice) to another (e.g., primates). This challenge is
met by third-generation epigenetic clocks that use a single model to estimate age in
all mammalian species (e.g., universal mammalian clocks [53]).

To track longitudinal variation in risk profile, epigenetic clocks must have a high
reliability and be responsive to interventions. High reliability is indicated by consis-
tent epigenetic age estimates across technical replicates and over short timeframes.
Extraneous variation that contributes to low reliability reduces our capacity to track
changes in epigenetic age over time. To date, specific epigenetic age estimates have
been shown to have relatively high reliability across DNAm preprocessing pipelines
and DNAm arrays [54]. However, additional characterization of ways to maximize
the reliability of these estimates is needed to optimize the calculation of epigenetic
age in a clinical setting. There is growing evidence from longitudinal studies that the
rate of epigenetic aging is responsive to specific interventions [55–58]. In a phase I
clinical trial of 9 healthy men, GrimAge was reversed by 2.5 years after one year of
treatment with a protocol intended to regenerate the thymus and revert
immunosenescent trends [56]. Recently, PanTissue age was shown to be signifi-
cantly reversed after 16 weeks of vitamin D3 supplementation in a clinical trial of
overweight/obese African Americans [55]. In spite of their relatively small sample
sizes, these studies provide compelling initial evidence that specific interventions
can rejuvenate epigenetic age, even within a relatively short timeframe. To serve as
an indicator of shifts in in risk profile with time, intervention-induced epigenetic age
rejuvenation needs to correspond to a reduced risk of conditions of aging. With the
expansion of longitudinal studies of epigenetic age, we will be able to better appraise
whether the rate of epigenetic aging improves risk prediction above a point in time
estimate of epigenetic age.
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11.3 Conclusions

Epigenetic clocks have been and will be widely used in epidemiological studies.
Investigators need to carefully think about how the clock was trained (e.g., as a
mortality predictor) and the source of DNA (blood, buccal swabs, saliva, urine,
adipose tissue), since the results often depend on it. The new frontier is to adapt
epigenetic clocks for specific applications and to qualify these molecular biomarkers
of aging as surrogate endpoints for human clinical trials.
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Abstract

In this chapter we consider the role of environmental factors on the epigenome. The
importance of research into exposures that may alter epigenetic marks is now well
recognized. Relations of exposures such as tobacco, alcohol, diet, endocrine
disruptors, metals, and environmental contaminants with epigenetic states have
been investigated and are reviewed here. We will briefly cover environmental
exposures and imprinting and development, as well as discuss potential mechanisms
for exposures to modify epigenetic states. Appropriate epidemiologic studies are
crucial to understanding the true effect of environmental exposures on the human
epigenome and this work is urgently needed to better understand the biology of
epigenetic alterations which may constitute biology underlying risk for pathogenesis
of disease.With a more comprehensive understanding of the effects of exposures on
the epigenome (including consideration of genetic background), not only will the
prediction of the toxic potential of new compounds be more readily achieved, but
precision prevention and intervention strategies also may be developed.

Abbreviations

ADHD attention deficit hyperactivity disorder
ART assisted reproductive technology
AUC area under the curve
BMI body mass index
BPA bisphenol A
BPF bisphenol F
BPS bisphenol S
DES diethylstilbestrol
DMRs differentially methylated regions
EWAS Epigenome wide association study
GST glutathione transferase
H3K4 Histone 3 lysine 4
HNSCC head and neck squamous cell carcinoma
ICR imprinting control regions
IQR inter-quartile range
LINE long interspersed nucleotide elements
mQTL methylation quantitative trait loci
NTD neural tube defects
PBMC peripheral blood mononuclear cells
PCBs polychlorinated biphenyls
PFASs per-and polyfluoroalkyl substances
PM10 inhalable particulate matter
PM2.5 fine particulate matter
RRBS reduced-representation bisulfite sequencing
SAM S-adenosyl methionine
UV ultraviolet
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12.1 Introduction

The epigenome is the landscape of mitotically heritable changes in gene expression
and gene expression potential that are mediated without altering genetic sequence. A
role for environmental exposures in epigenetic alteration is increasingly recognized
and investigated, and much of the initial evidence implicating a role of environmen-
tal factors on the epigenome came from studies of disease outcomes such as cancer
and adverse reproductive/developmental events. Initially, epigenetic alterations were
identified in various human tumors and consequently, environmental exposures
known to have an etiologic role in cancer, such as tobacco, air pollutants, and metals
have been studied and implicated in the modification of epigenetic marks. Of course,
this has highlighted the need to consider how environmental factors may influence
the epigenome in pathologically normal tissues, perhaps representing alterations
necessary to initiate or predispose to disease phenotypes. Since the first edition of
this work, evidence of relations between environmental factors and the epigenome
also has emerged from cohort studies. The majority of epigenetic alteration work in
human biospecimens focused on DNA methylation, though emerging work is
beginning to test potential associations of environmental exposures on chromatin
conformation. This chapter highlights evidence that epigenetic alterations are
associated with environmental exposures, focusing on human studies, including
epigenome-wide association studies (EWASs). The potential mechanisms behind
environmentally related epigenetic alterations and methods for studying the relation
between the epigenome and the environment that are amenable to epidemiologic
research are also presented. As the data from human biospecimens has, for the most
part, centered on alterations to DNA methylation, this chapter will focus on the
examination of DNA methylation and environment.

12.2 Environmental Exposures of Diet and Lifestyle
and Epigenetics

12.2.1 Folate, One-Carbon Metabolism, Diet, and Body Mass Index

One-carbon metabolism is the network of biochemical reactions essential to both
DNA synthesis and all cellular biomolecule (nucleic acids, proteins, lipids) methyl-
ation reactions that involve the transfer of one-carbon groups. A critical nutrient
central to one-carbon metabolism is folate (vitamin B9), which donates its methyl
group for homocysteine remethylation to methionine. Subsequently, methionine is
the methyl donor for all cellular methylation reactions, most notable for this discus-
sion being DNA and histone methylation via S-adenosyl methionine (SAM), and
other B vitamins (B2, B6, B12) that act as enzymatic co-factors in the network.
Collectively, B vitamins, homocysteine, and methionine are important contributors
to the maintenance of DNA integrity and DNAmethylation. ◉ Figure 12.1 represents
the links between diet, one-carbon metabolism, DNA synthesis, DNA methylation,
and toxicant metabolism.
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In mammals, establishment of somatic cell epigenetic patterns occurs early in
fetal development subsequent to genome-wide reprogramming of epigenetic patterns
at the multiple developmental stages (fertilization, implantation, blastocyst) when
totipotency and pluripotency requirements are dynamic [1]. In addition, DNA
methylation is necessary for the mitotic inheritance process of genomic imprinting
(mono-allelic gene expression which can also be tissue-specific). Embryonic and
fetal nutrient availability have great potential to affect the epigenetic reprogramming
and patterning phenomena, which has implications for proper development and
perhaps even life-long conditioning and health [2, 3]. Transmission of both nutrients
and environmental exposures to developing mammals in utero proceeds through the
placenta, and maternal folate status is recognizably associated with fetal develop-
ment. For instance, it is well-known that folate deficiency is associated with neural
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tube defects (NTD) [4] and animal studies have indicated the necessity of sufficient
methyl group availability for proper neural tube development [5]. Further,
hypomethylation of long interspersed nucleotide elements (LINE) and genomic
DNA has been associated with increased risk of NTDs in humans [6]. At the same
time, genetics is at the intersection of methyl group availability and NTD risk. In
particular, perhaps not surprisingly, there has been a focus on genetic variation in
genes that code for enzymes in the one-carbon metabolism network. Yan et al. led a
meta-analysis of 25 studies to better understand the association ofMTHFR genotype,
one-carbon metabolites, and NTD risk which identified TT genotype to be associated
with lower folate, lower enzymatic activity, and increased NTD risk [7]. Heterozy-
gous genotype also was associated with lower folate and lower enzymatic activity
compared with wild type.

Of course, Waterland and Michels [8] proposed that epigenetic mechanisms may
contribute to the developmental origins of health and disease hypothesis, which
states that nutrition and environmental stimuli at critical developmental periods (pre-
and postnatal) can induce permanent alterations in susceptibility to metabolic and
chronic diseases [9]. Additional details on epigenetic changes during development
are available in Chap. 5, and the developmental origins of health and disease
hypothesis is covered in Chap. 6.

There have been several animal studies that directly link folate intake, diet, and
epigenetic alterations and evidence from human studies has been slower to emerge.
Initially, human studies described associations between folate, B vitamins, or diet and
disease risk and suggested the potential for epigenetic mechanisms to account for
these observations. For instance, elevated serum vitamin B6 and methionine have
been associated with reduced risk of lung cancer [10], folate intake has been
associated with reduced risk of breast cancer (especially among women with high
alcohol consumption) [11, 12] and a protective role for folate in colon cancer [13] has
been consistently reported. Investigating some of the mechanisms of protective
effects, breast and lung cancer cell lines treated with methyl donors observed reduced
cell proliferation (through MAPK/ERK and AKT pathways) as well as increased
apoptosis [14]. In a pooled analysis of 13 prospective cohort studies on folate intake
and colon cancer, Kim and colleagues reinforced the significant, though modest
protective role of folate for reducing risk of colon cancer by approximately 2% per
100 μg/day of folate [15]. Similarly, a meta-analysis of 19 studies identified that
100 μg/day of folate supplementation resulted in a 12% reduced risk of esophageal
cancer [16]. Extending that work, vitamin B6 intake of 1 mg/day decreased esopha-
geal cancer risk, though results for B12 intake indicated a slight increase in cancer risk
[17]. Work from the Netherlands Cohort Study on diet and cancer investigated risk of
colorectal cancer according to methyl donor (folate, methionine, and vitamins B2 and
B6) intake and considering genotypes of enzymes in the one-carbon metabolism
pathway [18]. These authors did not find significant diet–gene interactions, but did
observe a significant inverse association between methionine intake and risk of colon
cancer among individuals with common DNMT3B (de novo DNAmethyltransferase)
genotypes as well between B2 intake and risk of colon cancer in individuals with one
or less rare allele among the folate enzyme genes MTHFR, MTRR, and MTR
[18]. More recently, in a case–control study with over 5000 subjects in a Chinese
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population, increased intake of each of folate, vitamin B2, B6, and B12 was
associated with reduced colorectal cancer risk [19].

In addition, a study of serum concentrations of folate and plasma SAM levels in
over 330 women of reproductive age showed that body mass index (BMI) was the
strongest determinant of SAM concentration, suggesting that nutrient intake and
nutrient availability are distinguishable, and that BMI is a potential confounder of
folate–methylation associations [20]. However, in work measuring folate and vita-
min B12 in early pregnancy, among nearly 500 women, high BMI was associated
with decreased serum and plasma folate levels for women with equivalent intake of
folate (O’Malley 2018). Thus, although BMI may be positively associated with
one-carbon factors and co-factors, current guidelines recommend that women with
high BMI (> ¼ 30) supplement with high-dose folic acid in the periconception
period. Although small, one study that also investigated high BMI and compared
with normal BMI on folic acid supplementation included measures of neutrophil
DNA methylation at genome scale. Obese women had lower blood folate
concentrations and changes in DNA methylation among genes related with NTD
and folate were different between normal weight and obese women [21].

Associations of folic acid supplementation with epigenetic states also have been
investigated in early life and mother–infant pairs. Candidate gene methylation
measures for growth and metabolism genes in a study of mother–infant pairs
identified lower LEP and IGF2 methylation in infant buccal cell DNA at six months
associated with preconception folate and folic acid intake [22]. Measures of cord
blood DNA methylation at candidate genes and LINE-1 from infants whose mothers
had folic acid supplementation in second and third trimesters compared with placebo
showed moderately reduced LINE-1, IFG2, and BDNF methylation though results
did not adjust for potential variation in cell type proportions [23]. Another study of
cord blood that stratified analysis of genome-scale methylation onMTHFR genotype
identified global methylation dependency on maternal genotype with higher meth-
ylation in wild type mothers associated with multivitamin supplementation, whereas
variant allele presence indicated no association of methylation with supplementation
[24]. Additional work in pregnant women and their offspring that incorporates
one-carbon metabolism enzyme genotypes, genome-scale methylation measures,
and adjustment for cell type proportions in mixture biospecimens is warranted to
understand the relation of one-carbon donors with DNA methylation and infant
growth and early life health.

Although relatively abundant work exists examining one-carbon pathway factors
and co-factors in association with demographic factors, inclusion of epigenetic
measures has emerged more recently, and most studies have been in the context of
cancer risk. Early, innovative work in uremia patients with hyperhomocyteinemia
used cytosine extension and Southern blot identified global DNA hypomethylation
and successfully intervened using folate treatment, restoring DNA methylation
levels [25]. Among disease-free controls, colorectal tissue global methylation was
higher compared with nontumor adjacent tissue from patients with adenomas. In
addition, folate status also was lower in cases, and DNA hypomethylation was
associated with increased risk of adenoma and weakly associated with colorectal
cancer risk [26]. Folate status has been inversely correlated with colon tissue DNA
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methylation extent [27]. In head and neck squamous cell carcinoma (HNSCC)
repetitive element methylation extent was associated with folate intake, was reduced
among individuals with a variantMTHFR genotype, and was a significant risk factor
for disease [28]. Using breast tissue biopsy specimens from disease-free
premenopausal women, Frederick et al. [29] measured tissue folate and repeat
element gene methylation and identified higher tissue folate in obese women and
higher LINE-1 methylation. In addition, contrasting much of what is observed for
associations of folate with blood DNA methylation, increased breast tissue folate
was associated with increased LINE-1 methylation. Another study of breast tissue
DNAmethylation from healthy women used a genome-scale approach and tested the
relation of DNA methylation with eight SNPs in one-carbon metabolism pathway
genes finding 57 differentially methylated CpGs associated with various genotypes
in models adjusting for age, race, and BMI [30].

Outside of cancer, although there is a large body of literature examining the
relation of diet and disease risk, particularly examining nutrients involved in
one-carbon metabolism. However, approaches that include measures of epigenetic
states such as DNA methylation remain limited, with some literature presenting the
hypothesis that altered methylation status is associated with cardiovascular disease
through folate status [31–33]. As part of the Singapore Chinese Health Study, higher
rank (rather than measured value) of Alu and Satellite methylation was associated
with elevated cardiovascular disease risk and conditions associated with its
predisposure, but only in males, and not females [23]. It is unclear whether large
cohort studies that could test associations of dietary factors with methylation
alterations in normal and diseased states such as cardiovascular disease while
accounting for important potential confounders such as BMI and alcohol remain
unpublished or if additional investigation is necessary.

Other areas of interest for future study include the potential for differential
contribution of nutrient factors dependent upon disease context
(healthy vs. diseased), the potential risks of high-dose nutrient supplementation
practices, and interactions between one-carbon network participants. Folate supple-
mentation is associated with a reduced risk of many forms of cancer, though once
disease is present it is possible that a relative increase in one-carbon nutrient levels
may speed disease progression or invasiveness dependent upon the epigenetic
character of the disease state. Increased availability of one-carbon groups could
enable nucleotide synthesis for neoplastic cell division. Evidence of the relation
between disease severity and one-carbon nutrient availability was provided in a
study of breast tumor methylation from over 160 patients where increased folate
intake (controlling for potential confounders such as alcohol intake) was associated
with a methylation profile that was independently associated with increased tumor
size [34]. Further, in a long-term study of elderly individuals supplementing with
folic acid over a dozen years, high folate was associated with increased (albeit still
low) levels of tumor suppressor DNA methylation (CDKN2A, MLH1, and MGMT)
in blood [35]. However, in patients with liver cancer, Yeh et al. [36] observed that
low plasma folate and low plasma LINE-1 methylation were both associated with
worse prognosis. Certainly, relations of one-carbon pathway nutrients and DNA
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methylation in carcinogenesis and disease progression are complex, and much of the
little existing work includes one-carbon metabolism enzyme genotypes. An
approach that included both primary human lesions along the continuum of cervical
cancer progression with folate level data and cervical cancer cell lines treated with
folate indicated that adequate folate maintained appropriate regulation of FHIT
tumor suppressor methylation and gene expression [37]. Excessive folate supple-
mentation may have potential adverse effects including masking of B12 deficiency,
disruption of zinc function, or interfering with one-carbon homeostasis and addi-
tional study is required to elucidate these potential effects on epigenetic states in
health and disease [38, 39].

The one-carbon pathway links nutrient availability with not only DNA methyla-
tion, but also with toxicant metabolism through glutathione and the glutathione
transferase (GST) enzyme family (◉ Fig. 12.1). Therefore, interactions between
one-carbon pathway participants may modify associations between exposures, path-
way participants, and methylation alterations. In fact, a study of reduced GST
enzyme activity in a mouse model of Alzheimer’s disease and neuronal health has
shown that SAM can mediate the activity of GST enzymes [40]. This suggests that
reactions dependent upon SAM are necessary for GST activity and that SAMmay be
a critical mediator of neuronal health [40]. Furthermore, it could be predicted that
GST enzyme family genotypes (among other genotypes) will be shown to modify
associations between certain exposures and DNA methylation alterations. Hence,
integrative studies that incorporate genetics (genotype and/or alterations) with
measures of epigenetic alterations will allow a more comprehensive understanding
of the relation among exposures, epigenetic alterations, and genetic states. Such
approaches are increasingly important as the extent to which one-carbon metabolism
pathway enzyme genotypes interact with one-carbon levels and DNA methylation is
now better established. More research is needed to ascertain best practices for
assessing folate/methyl availability, perhaps comparing food-frequency-question-
naire data to homocysteine and/or SAM/SAH levels in a prospective manner. In
addition, the recently released Illumina mouse DNA methylation array may offer
opportunities for more controlled studies of the relation of folate intake, one-carbon
metabolism, diet, and/or BMI with DNA methylation in mouse models, and such
studies may inform approaches or target genes/regions for investigations in large
cohort studies. Another line of future investigation that has the potential for value
added as in the candidate gene study above from Li et al. [37] would be in vitro cell
line or organoid approaches that complement epidemiologic investigation at genome
scale.

12.2.2 Alcohol

Alcohol is known to interfere with folate absorption in the intestine and hepatic
release of folate, and hence, supply to tissues [41]. Although it is a weak mutagen
[42], by inhibiting the one-carbon metabolism network, alcohol may contribute to
increased risk of disease in an epigenetic fashion. More specifically, ethanol can
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interfere with several steps of methionine metabolism and can lead to activation of
betaine homocysteine methyltransferase to activate a compensatory pathway for
maintenance of SAM levels [43]. However, with continued exposure, the compen-
satory pathway cannot be maintained, and liver injury will result. In addition to liver
injury, an etiologic role for alcohol in several cancers is well established [44]. For
example, alcohol consumption increases colon cancer risk [45], though the associa-
tion may be modified by dietary folate, and may be specific to LINE-1
hypomethylated tumors [46]. More specifically, subjects with high folate intake
were less likely to develop LINE-1 hypomethylated colon cancers but subjects
with high alcohol consumption had a significantly increased risk of developing
LINE-1 hypomethylated colon cancers with no association for more highly
methylated LINE-1 tumors [46]. Strong evidence of a general trend for decreased
methylation associated with alcohol intake is available from a very large meta-
analysis of 13 population-based cohorts with over 13,000 subjects investigating
heavy drinking [47]. Not only do Liu et al. observe decreased methylation for
29 of the 30 CpGs whose methylation is most strongly associated with alcohol
intake, but they also show a dramatic skew to negative regression coefficients on the
volcano plot from the meta-EWAS for alcohol intake.

Beyond its potential to interfere with folate metabolism, alcohol has a well-
recognized etiologic role in multiple cancers and may contribute to cancer risk
through epigenetic alterations. For example, in head and neck squamous cell carci-
noma (HNSCC), alcohol consumption has been significantly associated with
reduced LINE-1 methylation [48], and HNSCC tumor methylation profiles are
significantly and independently associated with alcohol intake [49]. An excess risk
for each alcoholic drink per day of about 10% has been reported in multiple meta-
analyses of prospective and case–control studies of breast cancer [50, 51], and a
study of breast tumor DNA methylation demonstrated a significant, independent
association (controlling for age, dietary folate, and other variables) between alcohol
intake and tumor DNA methylation profile [34]. In nontumor breast tissue, a
candidate gene approach that analyzed tissue folate and CDKN2A methylation
observed alcohol consumption to be associated with lower breast folate, higher
CDKN2A methylation, and lower gene expression [52]. More recently, a large
study of alcohol and DNA methylation in both blood and breast tissue leveraged
almost 3000 samples from the Sister Study prospective cohort and nearly
200 samples from the Normal Breast Study at the University of North Carolina
and employed robust EWAS methods including adjustment for cell type proportions
[53]. Thousands of CpGs were identified to have significant methylation changes
associated with alcoholic drinks per week in blood. In addition to including an
independent replication set, the authors also identified overlap between blood and
breast tissue methylation associations with alcohol at nearly 100 CpGs. Similar to
prior work, mean methylation across all measured CpGs was significantly lower for
subjects with high alcohol consumption. Collectively, these studies suggest that a
major carcinogenic mechanism of action of alcohol is interference with epigenetic
regulation, in part through disruption of one-carbon metabolism.
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Studies of alcohol and epigenetic states include comparisons of subjects discor-
dant for alcohol use, as well as those focused on alcohol use disorders and efforts to
develop DNA methylation biomarkers of alcohol exposures. A promising data set
from a study of genome-scale blood DNA methylation in monozygotic twins
discordant for alcohol consumption identified some evidence of differential methyl-
ation by alcohol consumption in adjusted models and included an independent
replication cohort [54]. Although the work has generally strong study design that
accounts for genetics, lack of adjustment for potential confounders such as cell type
limits interpretability of the findings. Compared with healthy subjects, Alu repeat
element methylation from blood DNA in Korean men with alcohol use disorder was
significantly increased [55]. An investigation of blood methylation alterations in
alcohol dependence in both European American and African American subjects that
measured hundreds of candidate genes identified some limited evidence of popula-
tion specific alterations associated with alcohol dependence [56]. In a pilot study
comparing genome-scale blood DNA methylation in alcohol abstainers to heavy
users identified over 8000 CpGs with differential methylation below after FDR
correction that were enriched for pathways related to cell death and apoptosis though
without adjustment for age, sex, ethnicity, or cell type [57]. More recently, a large
meta-analysis investigated heavy drinking and identified strong evidence of alcohol
related methylation changes in blood DNA from European ancestry subjects and
African ancestry subjects [47]. In addition, monocyte-specific alcohol related meth-
ylation changes were identified. Perhaps most importantly, these authors offer a
preliminary DNA methylation biomarker for heavy drinking with an area under the
curve (AUC) range of 0.90–0.99 with 144 CpG sites that has potential utility for
supplementing questionnaire data in epidemiologic studies and assist clinicians with
a more accurate and objective approach to discern heavy drinking behavior in
patients.

12.2.3 Aging

The aging process itself and differences in environment have been hypothesized to
influence clinically significant changes in methylation profiles as individuals accu-
mulate varying exposures with age. Early studies hypothesized that epigenetic
variation is a cause of underlying differences in disease susceptibility among mono-
zygotic twins, and in one study young twin pairs seemed more epigenetically similar
than older monozygotic twins, though there were a limited number of twin pairs
studied [58]. After the introduction of the Illumina methylation array, a study of ten
different normal tissue types observed consistent associations between methylation
and age at previously reported candidate genes, and indicated the context dependent
nature of age-related methylation changes. Though it is a simplification, densely
grouped CpG sites in CpG islands tend to be unmethylated, and sparsely grouped
CpGs tend to be unmethylated. Thus, the direction of age-associated changes in
methylation is dependent on the reference or baseline state of methylation for any
given locus and this context-dependency of age-related changes became more
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clearly established [59]. The observed pattern of age-associated methylation in [59]
was also irrespective of tissue type, suggesting a common mechanism or
dysregulation to explain these alterations. Similarly, important work from
Teschendorff et al. in 2010 suggested that age-dependent methylation of
polycomb-group target genes (genes suppressed in stem cells allowing differentia-
tion) is a hallmark of cancer and is independent of gender, tissue type, or disease
state, suggesting a mechanism for aging to predispose to carcinogenesis [60]. Since
these and other early reports of age-related methylation in normal human tissues,
major developments emerged that allow use of DNA methylation to predict chrono-
logical age, introducing a new sub-field of aging epigenetics that centers around age
clocks. Initial DNA methylation age clocks from Horvath [61] and Hannum [62]
uncovered new opportunities for aging research. Briefly, the Horvath DNA methyl-
ation age clock developed a pan-tissue predictor of chronological age using elastic
net regression to select a few hundred CpG sites associated with age across many
tissue types and over 7800 samples from 80 data sets [61]. One potential limitation
of the Horvath clock was restriction of the input data to ~21,000 CpG sites available
on both the Illumina 27k and 450k array (~27,000 and ~ 450,000 CpG sites
respectively). Other major DNA methylation clocks include the Hannum methyla-
tion age predictor which is focused on peripheral blood and was built using input
data from the 450k Illumina methylation array [62], and the Levine clock called
DNAm PhenoAge [63]. One exciting opportunity for the use of DNA methylation
age clocks is to test the relation of environmental exposures with biological aging.
For instance, using a DNA methylation clock approach, long-term exposure to fine
particulate matter (PM2.5) has been shown to associate with increased epigenetic age
acceleration in the KORA F4 cohort [64]. Similarly, participants in the Normative
Aging Study were observed to have age acceleration in association with increased
PM2.5 exposure [65, 66]. Reports focusing on relations of epigenetic aging with
environmental exposures are beginning to emerge [67], and tools to define epige-
netic aging variables are poised for combination with methylation quantitative trait
loci (mQTL) approaches [68] to address important questions and uncover biology at
the intersection of aging and environmental exposures. The development and use of
DNA methylation age clocks has been reviewed elsewhere [69], and additional
details on age-related changes in DNA methylation are available in Chap. 10, and
additional details on epigenetic age are available in Chap. 11.

12.2.4 Tobacco

Among exposures, the epigenetic epidemiology of tobacco smoking is relatively
well-developed. Much of the initial work on DNA methylation in smoking-related
tumors identified associations of tumor suppressor gene methylation with smoking
variables using candidate gene approaches [70–73]. For example, methylation of the
RASSF1A gene was associated with an earlier age at starting smoking in lung cancer
patients [74, 75], suggesting that still growing adolescent lungs may be particularly
susceptible to tobacco-related epigenetic events [75, 76]. Similarly, oral cancer
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patients who started smoking at a younger age or who had higher pack-years smoked
were more likely to have hypermethylated tumor suppressor genes [77]. An early
approach to dense methylation profiling found that head and neck cancer methyla-
tion profiles were significantly associated with smoking intensity [49]. Then, using
sputum and pre-malignant lung epithelium, work from several studies turned the
focus from tumors to more specifically investigate the role of tobacco exposure in
carcinogenesis, again identifying associations of tumor suppressor gene promoter
hypermethylation with tobacco exposures [78–85]. However, as array-based
methods gained visibility from studies in tumor, peripheral blood DNA methylation
measures became more common.

An early genome-scale approach using the Illumina 27k array measured DNA
methylation in blood from fewer than 200 current, former, and never smokers
identified decreased F2RL3 methylation associated with smoking and replicated
the finding using a targeted approach [86]. The coagulation factor II receptor-like
3 gene (F2RL3) codes for protease-activated receptor 4 which functions in platelet
activation. To follow-up on this discovery, the authors performed a follow-up study
in over 1200 subjects in the KAROLA prospective cohort who had a history of
cardiovascular pathology and found that low F2RL3 methylation (consistent with
smoking exposure), was associated with increased hazard of death, both
cardiovascular-specific and all-cause [87]. Around the same time, the aryl hydrocar-
bon receptor repressor (AHRR) was identified as another gene of focus for tobacco-
exposure-related DNA methylation. Lymphoblast cell lines (derived from blood)
from participants in the Iowa Adoption Studies were profiled for genome-scale DNA
methylation using the Illumina 450k array and identified AHRR hypomethylation
associated with current smoking [88]. This finding was validated in alveolar
macrophages from the same study. The aryl hydrocarbon receptor functions to
metabolize byproducts of tobacco smoke and at the time, AHRR was already a
known tumor suppressor gene. With measures of genome-scale blood DNA methyl-
ation in the NOWAC prospective cohort AHRR and F2RL3 hypomethylation were
associated with prospective risk of lung cancer. These findings were replicated in
case–control pairs from three additional prospective cohorts with adjustment for cell
type proportion providing further evidence linking tobacco-exposure-related DNA
methylation alterations to carcinogenesis [89]. Further, in the Multi-Ethnic Study of
Atherosclerosis, a novel association of monocyte AHRR methylation and carotid
plaque scores was identified and validated in liver DNA [90].

Epigenome-wide association studies (EWASs) of DNA methylation and smoking
repeatedly identified decreased AHRR and F2RL3 methylation. Additional CpG loci
associated with smoking were reported as sample sizes grew. The European Pro-
spective Investigation into Cancer and Nutrition (EPIC) measured nearly
400 matched pairs of subjects nested in its prospective cohort with the Illumina
450k array and identified methylation of two intergenic regions associated with
tobacco smoking status [91]. Further, this group not only provided evidence that
effects of smoking on AHRR hypomethylation extended from blood to lung tissue,
but that AHRR gene expression increased. At nearly the same time, peripheral blood
DNA from over 2000 subjects in the KORA study F3 and F4 groups was measured
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with the 450k array and significant associations with smoking were observed on all
autosomes [92]. Importantly, methods to adjust for potential variation in peripheral
blood cell type proportions [93, 94] were increasingly being adopted in EWAS
studies. A very large meta-analysis of smoking that included 16 cohorts and nearly
16,000 subjects with blood-derived 450k methylation data with current, former,
never smoking status and adjusted for cell type composition identified over 2600
CpGs with altered smoking-related methylation using a strict Bonferroni threshold,
and nearly 18,000 CpGs at FDR < 0.05 [95]. Depending on the significance cutoff,
only approximately 10–15% of smoking-associated differentially methylated CpGs
were differentially methylated between current and former smokers indicating
persistent effects of smoking on methylation. With the relation of smoking and
DNA methylation solidifying in peripheral blood samples from healthy subjects,
attention somewhat turned to newer questions raised about cell-specific methylation.
Although decreased AHRR and F2RL3 methylation related with smoking appeared
somewhat robust to measured cell or tissue type, many associations of blood DNA
methylation with smoking had small effect sizes suggesting that lower prevalence
cell types in blood may specifically be affected. Using data sets from whole blood
and peripheral blood mononuclear cells (PBMC, no granulocytes) data sets, Bauer
et al. observed consistent AHRR hypomethylation between granulocytes and T-cells
related with smoking, but cell-type dependent patterns of smoking-related methyla-
tion change at other CpGs [96]. Cell-dependent patterns of methylation associated
with smoking were then more comprehensively studied using 450k arrays and
reduced-representation bisulfite sequencing (RRBS), in both whole blood and
purified cell subsets, uncovering a clearer picture of tobacco smoking-associated
DNA methylation alterations [97].

With implications for life course epidemiology, prenatal smoking exposure also
has been shown to alter epigenetic states in offspring. In some early work that used a
birth cohort sample from the late 1950s and early 1960s, granulocyte repeat element
methylation (Sat2, Alu, LINE), was measured in adult offspring and observed
decreased Sat2 repeat methylation associated with prenatal tobacco smoke exposure
[98]. Less than a year later, a genome-scale study with the 450k array measured
methylation in over 1000 cord blood samples from the Norwegian Mother and Child
Cohort Study and identified AHRR and CYP1A1 methylation alterations among
10 genes and 26 CpGs that met a strict EWAS p-value threshold (Joubert 2012).
In work measuring blood DNA methylation in over 500 children aged 5–12 from the
Asthma BRIDGE study methylation of 19 CpGs was associated with prenatal smoke
exposure and associations for CpGs in FRMD4A and C11orf52 were independently
replicated [99]. Extending tests of the hypothesis that prenatal smoking exposure has
long-lasting postnatal effects, Lee et al. measured blood methylation during adoles-
cence to test associations with prenatal smoking using the 450k array and including
adjustment for cell type. CpG sites in MYO1G and CNTNAP2 associated with
prenatal smoking exposure were validated in independent samples with data from
birth, childhood, and adolescence [100]. An arguably even more detailed to track the
persistence of prenatal smoking exposure on methylation started with 800 cord
blood samples and described dose-dependency of altered methylation and uncovered
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evidence using serial samples that prenatal smoking exposure effects on methylation
are reversible for some genes, but show persistence for others [101]. Although not a
study of persistent effects, a comparative meta-analysis identified extensive overlap
of gene pathways for results from newborn and adult smoking-related DNA methyl-
ation alterations [102]. Additional evidence for persistent epigenetic effects of
prenatal smoking exposure was shown by Rauschert et al., who measured effects
in 17-year-old adolescents from the Raine Study [103]. These authors also showed
that smoking-related DNA methylation alterations were associated with
cardiometabolic risk factors. In follow-up work, they also present a DNA methyla-
tion score for prenatal smoking exposure identified with an elastic net approach
[104]. Additional opportunities exist to understand potential mediating effects of
prenatal tobacco exposure on health outcomes over the life course, develop quanti-
tative biomarkers of direct and indirect exposures.

12.3 Environmental Toxicants and Epigenetic Alterations

12.3.1 Endocrine Disruptors

Exposures to endocrine disrupting chemicals such as diethylstilbestrol (DES),
bisphenol A (BPA), and per-and polyfluoroalkyl substances (PFASs) are of particu-
lar concern in the context of development. DES is a non-genotoxic carcinogen with
developmental stage-specificity, that in the past was administered to women during
pregnancy to prevent miscarriages [105]. In utero exposure of mice to DES has been
shown to result in the hypermethylation of the developmentally critical (specifically
to uterine organogenesis) Hoxa10 gene [106]. Epidemiologic evidence from
individuals exposed to DES during the first 3 months in utero indicates an increase
in vaginal clear cell carcinoma incidence and reproductive disorders [107]. In
addition, grandchildren of DES exposed women reported higher incidences of rare
reproductive disorders; whether this reflects detection bias or possibly implicates a
role for epigenetic transgenerational inheritance remains to be clarified
[107]. Though the mechanism through which DES establishes altered epigenetic
marks capable of transgenerational inheritance remains unclear, a model for the
epigenetic effects of DES has been proposed by Ruden et al. drawing similarities
between DES and Hsp90, which acts to play a role in modifying H3K4 methylation
by increasing the activity of the H3K4 methyltransferase SMYD3, thereby altering
epigenetic control of various genes [108]. Since the first edition of this chapter was
published, a few additional investigations of DES have examined the multi-
generational consequences of this potent EDC. A study of women whose mothers
were exposed to DES in-utero (i.e., third generation of DES exposure during
pregnancy) were at heightened risk of abnormal menstruation [109]. While a
multi-generational study (mothers, their children, and their grandchildren) of the
Nurses’ Health Study II found that the grandchildren of grandmothers that used DES
during pregnancy had increased odds of attention deficit hyperactivity disorder
(ADHD), with even greater odds when DES was taken during the first trimester
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[110]. However, further investigation of the potential transgenerational and epige-
netic effects of DES still requires longer-term follow-up in multi-generational
cohorts.

BPA is a monomer used in the production of polycarbonate plastic, a flame
retardant, a fungicide, and a surface-coating for everyday objects [111]. BPA has
been shown to readily cross the placental barrier and accumulate both in the placenta
and the fetus [112]. Animal studies have demonstrated that developmental exposure
to BPA can alter epigenetic profiles. Briefly, Dolinoy et al. showed that in utero BPA
exposure decreases CpG methylation in agouti mice and that methyl donor supple-
mentation negated BPA related hypomethylation [113]. In human placental cell lines
BPA exposure has been shown to alter miRNA expression levels [114]. More
specifically, miR-146a was strongly induced by BPA treatment and resulted in
both slower proliferation rate and higher sensitivity to the DNA damaging agent
bleomycin [114]. While BPA is still ubiquitous, replacement bisphenols with alter-
native but similar chemical structures have been increasingly produced, such as
bisphenol F (BPF) and bisphenol S [115]. Recent publications have demonstrated
that all three of BPA, BPS, and BPF are associated with differentially methylated
CpGs in breast cancer cells, and the perturbations to the methylome were strongest
for BPA, followed by BPS then BPF, and these were enriched for genes involved in
cancer-pathways [116]. Another recent study of MCF7 breast cancer cells showed
that BPA exposure resulted in hypermethylation of multiple tumor suppressors, and
similarly, a separate study of prostate cancer cells also observed perturbed methyla-
tion in the promoter regions of tumor suppressors [117]. In the context of prenatal
exposure, maternal BPA concentrations have been associated with differential
methylation in cord blood samples, while BPS and BPF were not, although this
may be due, in part, to the small sample size and lower exposure concentrations of
BPF and BPS in this study [118]. Additionally, a large epidemiologic study found
that children with higher gestational exposure to BPF had increased DNA methyla-
tion at GRIN2B during childhood, and that higher methylation at this CpG was
associated with cognitive performance [119]. This builds upon prior findings from
this group, which demonstrated that GRIN2B methylation and expression were
perturbed in rats, and the DNA methylation was higher in GRIN2B in a
sub-sample of their larger cohort [120]. These recent studies further demonstrate
that bisphenols are important endocrine disrupting chemicals that can perturb epige-
netic regulation, while the emergence of new compounds warrants continued
investigation.

PFASs are a family of chemical compounds with carbon chains and carbon-
fluorine bonds. This family includes thousands of fluorinated substances that are
used in numerous consumer products [121] to repel water and oil, many of which are
highly pervasive and persistent in the environment [122]. These compounds can act
as EDCs and have been linked to increased cholesterol and dyslipidemia, higher
blood pressure, liver disease [123], and immunotoxicity [124], while prenatal
exposures are associated with decreased birth weight, postnatal growth [125], and
other children’s health outcomes. Epidemiologic studies have begun to characterize
some of the epigenetic effects of PFAS in human populations. In adults, PFOS has
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been associated with increased global DNA methylation levels in blood leukocytes
in one study [126], while another study of sperm DNA methylation identified no
association with global methylation levels [127]; the different tissue types in these
two studies may explain their divergent findings. Another small study of adults
observed PFOS-associated differential methylation at genes involved in carcinogen-
esis, immune activity, and metabolic functions [128], although these findings need to
be confirmed in larger independent study populations. Three studies of prenatal
PFAS exposures have examined effects on global DNA methylation in cord blood.
One observed global hypomethylation associated with higher PFOA [129], another
observed hypomethylation with PFOS [130], while the third observed no relation
with global DNA methylation levels, but instead found that PFOA was linked to
lower methylation levels at IGF2 gene [131]. Four studies have utilized DNA
methylation microarrays to perform epigenome-wide association studies of prenatal
PFAS exposure. Two of these were small studies of cord blood that reported
differential methylation with PFAO and with PFOS [132, 133], while one larger
study identified then replicated differential methylation at CpGs within ZBTB7A
(PFOS),USP2-AS1 (PFOA), TCP11L2 (PFOA), andNTN1 (PFOA) [134]. Addition-
ally, one study of placental epigenomic and transcriptomic responses to PFAS
identified 39 differentially methylated CpGs, and 4 differentially expressed genes,
that were associated with five different PFAS from maternal serum and were in turn
associated with neonatal anthropometrics [135]. Of note, PFDA and PFUnDA
yielded the most statistically significant finding (SPG20) and the largest magnitude
of effect (ILF3), rather than the more commonly studied PFAS compounds [135]. In
vitro studies also provide some insights into the molecular cascades and epigenetic
responses that are induced by PFAS exposures. A study of cultured trophoblasts
demonstrated increased microRNA expression (miR29-b) and DNA
hypomethylation with PFOS exposure, suggesting an oxidative stress response
[136], while another study showed that PFOS, PFOA, and GenX affected the
expression of genes involved in migration and inflammatory signaling [137]; these
findings indicate that PFAS may induce a stress response in placental tissues. While
a study of human mesenchymal stem cells demonstrated that environmentally
relevant levels of PFOS induce alterations to DNA methylation during adipogenesis
[138]. These studies provide supporting evidence that epigenetic regulation and
genetic activity are responsive to PFAS exposures, and that these effects are induced
in developmentally relevant tissues. However, this is still an emerging field of
research and these findings are preliminary given the small sample sizes in the
majority of currently published epidemiologic studies. Additionally, most of the
epidemiologic and experimental studies to date have focused on PFOS and PFOA,
which are no longer produced in the United States, but have been replaced with
alternative PFAS in many products. Thus, a major gap remains for less common and
more recently emergent PFAS compounds.
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12.3.2 Ionizing and Ultraviolet Radiation

Exposures to ionizing radiation have long been linked to cancer, through DNA
damage in the form of large deletions and in some cases point mutation [139–
141]. Limited epidemiological data are available on the association of ionizing
radiation with DNA methylation alterations, though rat lung tumors induced by
239plutonium exposure exhibited tumor suppressor gene silencing [142]. This is
consistent with human lung tumor CDKN2A methylation in workers from the
Russian Mayak weapons-grade plutonium plant, where the prevalence of altered
methylation exhibited a dose–response with radiation internal exposure dose
[143]. Methylation of CDKN2A has also been linked to reactive oxygen species
produced by radiation exposures [144], and murine models of radiation-induced
lymphoma have also demonstrated hypermethylation of Cdkn2b (encoding
p15ink4b [145–147]). The relation of childhood cancer treatment with adverse
health outcomes is established. A childhood cancer survival cohort, the St. Jude
Lifetime Cohort Study, measured genome-scale blood DNA methylation with the
450k array in over 2500 subjects to study potential relations of chemotherapy and
radiation therapy with DNA methylation and cardiometabolic outcomes. Over
300 CpG sites were significantly associated with each of chest and abdominal
radiation therapy, and nearly 250 CpGs sites were associated with pelvic radiation
therapy [148]. Importantly, Song et al. also showed that CpG methylation alterations
associated with radiation therapy mediated associations of treatment with hypercho-
lesterolemia and hypertriglyceridemia.

The genetic effects of UV radiation are well described, and epigenetic effects of
UV radiation include spontaneous deamination of methylcytosine, though there is
limited epidemiologic data on UV exposure and DNA methylation alterations.
Reduced LINE-1 repeat element methylation in blood DNA was observed in a
study of over 200 participants in Australia, who used personal exposure measures
over a six week period [149]. Work measuring blood methylation and assessing
lifetime UV exposure with questionnaire data in subjects from the Norwegian
Women in Cancer cohort identified a CpG with altered methylation at a genome-
wide significance threshold but it did not replicate, and two other sites that were
weakly associated with other UV exposure variables [150]. A more complete
understanding of methylation alterations associated with UV radiation in relation
with skin carcinogenesis is needed. Opportunities to measure methylation in skin
directly, leverage dermoscopic photo-aging related with UV exposure assessment,
and deploy emerging cell deconvolution approaches for skin all hold promise for
future work.

12.3.3 Arsenic

Arsenic exposure has been associated with DNA methylation alterations in
non-pathologic as well as tumor tissues and there is some data suggesting that
changes in miRNA expression and histone tail modifications are also associated
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with exposure to arsenic. Although the mode(s) of arsenic’s carcinogenicity is not
completely clear, there is some speculation about arsenite-generated free radicals
and reactive oxygen species lead to genotoxic damage [151]. However, in vitro
exposures to inorganic arsenic species have demonstrated dose-dependent increases
in promoter region hypermethylation of CpG sites, although not to those resulting in
altered gene expression, as well as to the occurrence of genome-wide
hypomethylation [152–154]. In human bladder cancer, relatively low levels of
inorganic arsenic exposure have been associated with methylation of RASSF1A
and PRSS3 (but not CDKN2A) [155], and in mouse models of methyl- or folate-
deficient diets, arsenic exposure through water supply led to hypomethylation in
hepatic-derived DNA [156], as well as to increases in chromosomal aberrations in
blood lymphocytes [157]. Thus, one potential mechanism for arsenic-related carci-
nogenicity is via the depletion of S-adenosyl methionine (SAM, the universal methyl
donor) due to the metabolism of inorganic arsenic to its methylated forms resulting
in altered DNA methylation.

As more studies are conducted a complex picture of dose-dependent DNA
methylation alterations with arsenic exposure is beginning to emerge. Chanda
et al. have shown that arsenic exposure can result in CDKN2A hypermethylation
in human blood DNA, but that a subgroup of cases had hypomethylation with high
arsenic exposure [158]. More recently, a group of some of the same authors has
better quantified the relation showing that exposures to 250–500 ug/L of arsenic in
drinking water results in global hypermethylation (3H methyl group uptake), but that
>500 ug/L of arsenic results in global hypomethylation [159]. In another study of
peripheral blood DNA methylation by 3H methyl group uptake, Pilsner et al. showed
increased DNA methylation to be associated with urinary and plasma arsenic and
plasma folate, and that the association between arsenic and methylation was
modified by folate in that it was restricted to individuals with high plasma folate
[160]. This same group has shown that folic acid supplementation lowers blood
arsenic [161], and folate deficiency, hyperhomocysteinemia, and leukocyte
hypomethylation are associated with arsenic-induced skin lesions [162]. A number
of studies have also demonstrated prenatal exposures to arsenic can be linked with
observed variation in DNA methylation in newborn cord blood, and importantly,
identified similarities in the estimates of reductions of the proportions of CD8+
T-cells that likely underlies some of the observed differences in DNA methylation
observed [163, 164]. More recent evidence from this work also suggests that these
observed changes may be mediating arsenic’s impacts on gestational age
[165]. Importantly, a recent analysis using Mendelian Randomization provides
greater evidence for a causal mechanism underlying the observed relations between
arsenic exposure and peripheral blood DNA methylation alterations [166].

Beyond interfering with one-carbon metabolism and affecting DNA methylation,
treatment of human lymphoblastoid cells with sodium arsenite led to global
increases in miRNA expression [167]. A number of human population studies
have also begun to identify relations between arsenic exposure and altered miRNA
expression in multiple tissue types, suggesting this may be an additional model of
genotoxicity for arsenic [168]. Finally, altered chromatin modifications have been
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linked to arsenic exposures in vitro [169] and human studies have observed global
alterations in histone post-translational modifications, although more gene-specific
findings have not been clearly identified due to technical limitations of their assess-
ment in population studies [170]. Nonetheless, additional studies are necessary to
further elucidate the associations between arsenic and all major forms of epigenetic
alteration with particular attention being given to dose and modification by
one-carbon metabolism pathway participants.

12.3.4 Cadmium

Cadmium is an established human carcinogen [171] and is ranked seventh on the
Agency for Toxic Substances and Disease Registry substance priority list
[172]. Recent cell line, animal, and epidemiologic studies have characterized poten-
tial roles for cadmium-induced responses in DNA methylation, histone
modifications, and miRNA and mRNA expression, in its carcinogenic and toxic
effects. A comparison of cadmium-transformed prostate epithelial cells versus
control RWPE-1 cells showed that cadmium exposure resulted in increased DNA
methyltransferase activity (DNMT3b), increased global hypermethylation, and
decreased expression of two tumor suppressor genes (RASSF1A and p16), likely
due to increased methylation of the promoter regions for these genes [173]. A mouse
model of Cd-induced malignant transformation observed increased global DNA
methylation which was associated with the overexpression of DNMT1 and
DNMT3a. These authors also found that DNA repair genes were downregulated
(hMSH2, ERCC1, XRCC1, and hOGG1), and DNA damage increased [174]. While a
study of human B lymphoblast cells demonstrated that Cd exposure resulted in
increased cellular proliferation and increased DNMT1 and DNMT3b expression,
with repression of the p16 tumor repressor [175]. A study of Cd-induced transfor-
mation in immortalized human bronchial epithelial cells observed increased methyl-
ation of histone tails, specifically H3K4me3 and H3K9me2, with corresponding
inhibition of histone demethylases and that these changes persisted even after
cadmium was removed [176]. While Cd-exposed MCF-7 breast cancer cells
exhibited altered DNA methylation, as well as differential expression of regulatory
RNA (lncRNA and miRNA) and mRNA expression, within biological pathways
involved in Wnt-signaling, metabolism, and HPV infection [177]. These experimen-
tal studies demonstrate that cadmium impacts the activities of the epigenetic machin-
ery involved in establishing and maintaining methylation patterns, and that
transcriptional activities of multiple genes, including tumor suppressors, may be
affected by these responses.

Cadmium is also a developmental toxicant and exposure during the early devel-
opmental period can have adverse effects on pregnancy outcomes, as well as
children’s health [178]. Additionally, epigenetic responses to prenatal cadmium
exposure appear to be involved in these effects [179]. Three epigenome-wide
association studies of prenatal cadmium exposure have been performed in humans.
One examined the relations between maternal blood cadmium concentrations with
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DNA methylation levels in cord blood and in peripheral blood during early child-
hood, identifying potential sex-specific effects [180]. Another focused on placental
tissues and found that placental Cd levels were associated with differential DNA
methylation and expression of genes (TNFAIP2, ACOT7, and RORA) involved in
inflammatory activities; differential expression of these genes was also associated
with differences in birth weight [181]. Both of these EWASs measured DNA
methylation with microarrays. While a third EWAS performed whole genome
bisulfite sequencing in maternal blood and cord blood, and observed differentially
methylated regions (DMRs) that were associated with Cd, and these DMRs were
enriched for imprinting control regions (ICR) [182]. Imprinted genes play critical
roles in early growth and development, and their dysregulation can have long-term
consequences on growth and metabolism [183], and on neurodevelopment [184]. An
additional study of the 74 putative imprinted genes in human placenta found that
increasing Cd exposure was associated with higher expression ofDLX5, reduction of
h19, and reduction of NDN, which were consistent across two independent studies
[185]. Similar to the above EWAS, this study of imprinted genes also observed
sex-specific effects, where CPA4, GRB10, and ILK were differentially expressed
only among female placenta [185]. Another study of several imprinted genes in cord
blood found that maternal blood Cd levels were associated with increased DNA
methylation in a DMR that regulates PEG3 expression [186].

In addition to the above epidemiologic studies, experimental in vivo and in vitro
models also provide evidence that altered epigenetic regulation is involved in the
developmental toxicity of prenatal Cd. A mouse model of maternal Cd exposure
showed that PEG10 expression was repressed and CDK1NC expression was
up-regulated, with corresponding changes in promoter DNA methylation, in the
placental tissues of Cd-exposed mice [187]. Another mouse study showed that
maternal Cd impairs embryonic development, increases the activity of histone
deacetylase 1 with corresponding decreases in histone acetylation (H4K8ac and
H4K12ac), and significantly decreases DNA methylation of the h19 gene
[188]. Additionally, cultured placental trophoblast cells that were exposed to Cd
have inhibited trophoblast migration and altered TGF-B signaling [189], which was
associated with perturbed expression of miR-26a which is also responsive to cad-
mium exposure [190]. Another study linked increased Cd exposure to reduced
11 beta-HSD2 expression (HSD11B2), a gene that involved in fetal growth restric-
tion, in cultured human trophoblast cells [191]. These studies add to the mounting
evidence that cadmium exposure perturbs epigenetic activities, and may be involved
in the carcinogenic and developmental toxicity of this metal. However, the above
studies employed a variety of study designs, some with small sample sizes, and
measured Cd and epigenetic features in multiple different biological matrices.
Additional research is needed to validate the above findings.
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12.3.5 Other Metals

Evidence for epigenetic alterations due to exposure to other metals in humans also
has been observed for lead, mercury, and chromium. A study of metal-rich particu-
late matter exposure among electric-furnace steel plant workers has shown signifi-
cant alterations of microRNA expression in peripheral blood leukocytes [192]. In the
Normative Aging Study, patella lead levels were associated with reduced global
DNA methylation (LINE-1 elements) though not Alu repeat regions [193]. Neonatal
lead exposure also has been shown to result in reduced infant cord blood repeat
element methylation [194]. In project Viva, an EWAS observed a small number of
CpGs with differential methylation in cord blood associated with prenatal lead
exposure including some evidence suggesting brain-specific gene alterations that
was independently validated [195].

Certainly mercury is a recognized neurotoxic metal and emerging work has
described impacts of prenatal exposures on DNA methylation as well as cognitive
outcomes. For instance, EWAS approaches identified PON1 methylation alterations
in males that persisted into childhood [196]. Another EWAS of prenatal mercury
exposure identified enrichment for CpG island shore methylation which could poise
those regions for spreading altered methylation into the island itself [197]. Altered
5-hydroxymethylation levels also have been observed in association with prenatal
mercury exposure [198]. Accumulating evidence for prenatal mercury exposure
related with DNA methylation alterations has led to a meta-analysis including up
to seven studies with over 1400 subjects total and measures of methylation during
childhood to examine persistence. Though the effect sizes were relatively modest,
CpG sites in three genes MED31, GRK1, and GGH were identified [199].

Chromium has industrial applications including chrome plating and stainless steel
welding and is implicated in occupationally related lung cancers [200]. Mechanisms
of chromium carcinogenicity include adduct formation [201] and DNA strand
breakage [202], and some limited evidence suggests the potential for chromium to
have epigenetic effects. In cases of chromate-induced lung cancer, Kondo et al.
showed that although prevalence of CDKN2A methylation was similar between
chromate and non-chromate lung cancers, chromate lung cancers were more likely
to have methylated CDKN2A with increasing duration of occupational exposure
[203]. An in vitro exposure of mouse hepatoma cells to chromium showed transcrip-
tional repression of Cyp1a1 by local cross-linking of Hdac and Dnmt1 and altered
histone marks [204]. However, much additional study of this diminishing exposure
has not emerged.

12.3.6 Particulates/Air Pollution

Environmental particulate matter (PM) and air pollutant exposures are harmful and
have been linked to increased risk of lung cancer [205], metabolic disorders, and
increased morbidity and mortality from cardiovascular and respiratory illnesses
[206]. In some of the early work from human subjects, exposure to particulate matter
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of <10 μm (PM10) in steel plant workers was associated with significantly lower
peripheral blood NOS2 promoter methylation [207]. In addition, this same study
reported significantly reduced methylation of LINE-1 and Alu repeat elements in
blood DNA associated with long-term PM10 exposure [207]. Consistent with this, a
recent report examining the effect of ambient particulate pollutants on repeat element
methylation in subjects from the Boston area Normative Aging Study found signifi-
cantly decreased LINE-1 methylation following recent exposure to higher black
carbon [208]. Several studies in adults have followed testing associations of PM2.5,

PM10, nitric oxides, polychlorinated biphenyls (PCBs), and black carbon with repeat
element methylation leading to emergence of systematic reviews and at least one
meta-analysis. Results from some of the largest studies of PM2.5 and repeat element
methylation in selected participants (cross-sectional) from the Sister Study [209], the
Multi-Ethnic Study of Atherosclerosis [210], and the Normative Aging Study [211]
did not identify significant associations. However, across these studies and in a
recent meta-analysis including these and other study results indicate a trend of
decreased Alu and LINE-1 repeat element methylation levels with PM2.5 exposure
[212]. Although less work has been done in children, early prenatal exposures to air
pollution indicate similar trends of decreased repeat element methylation in cord
blood [213, 214], newborn blood [215], and placenta [216]. Some insight into a
potential mechanism for air pollution associated epigenetic alterations, and genetic
interactions that modify effects of exposure has been provided from results showing
that increases in PM2.5 were associated with increases in plasma homocysteine (part
of one-carbon metabolism), and glutathione transferase theta genotype
(an antioxidant dependent upon homocysteine levels) [217]. This same group of
authors also reported that increases in mean air pollution PM10 concentrations did
not significantly alter fasting or postmethionine-load total homocysteine in
non-smokers, but was associated with significantly increased homocysteine levels
in smokers, suggesting interactions between exposures may contribute to epigenetic
alterations [218].

Genome-wide measures of DNA methylation have provided evidence of epige-
netic alterations related with air pollution. Several cross-sectional studies in adults
leveraging cohorts [219–222], some with sample sizes over a thousand and into the
thousands of subjects have identified specific CpG sites with significantly altered
methylation in association with PM2.5, PM10, NO2, and PCB exposures. Although
specific CpG loci and genes identified vary, and appear lower in scope than tobacco-
related alterations, multiple studies identified increased methylation of NXNwhich is
a negative regulator of the Wnt pathway. A randomized controlled trial of short-term
exposure to PM2.5 (in natural Shanghai conditions representing high-exposure), with
genome-scale blood DNA methylation data that adjusted for cell type proportions
identified dozens of CpGs with significantly altered methylation [223]. Although
studies in newborn cord blood and placenta tissues are fewer, meta-analyses have
begun to emerge and include replication that leverage data from childhood blood
samples. For example, among several CpG sites with reasonably consistent findings
among newborns for relation with PM2.5, or PM10, independent replication in at least
one of two follow-up cohorts of 7–9 year old children was observed for CpGs in
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FAM13A, NOTCH4, and P4HA2 [224]. Similarly, a meta-analysis of prenatal NO2

exposure identified CpGs with altered methylation in mitochondria related genes and
the site in SLC25A28 replicated in an independent set of samples from older children
[225]. Although these studies seek in part to identify persistent effects of air
pollution effects on DNA methylation into childhood, potential negative health
implications of effects observed at birth that do not necessarily persist should not
be discounted. In addition, expectedly, limited tissue types have been studied and the
patterns and scope of exposure-related alterations incurred during development on
other tissues are unclear and likely underappreciated. Multiple reviews of air pollu-
tion and DNA methylation also have emerged and provided utility [226–228, 212].
Air pollution exposure studies also have leveraged genome-scale DNA methylation
data to study biological age acceleration, finding generally increased biological age
associated with exposure, more detail is provided above in section (12.2.3 Aging).
One such study that focused on age acceleration related with PM2.5, PM10, and NO2

exposures clustered the analysis on profiles of PM2.5 components indicating that the
makeup of PM2.5 resulted in varying associations with biological age acceleration
[229]. Specifically, in over 2700 female subjects a PM2.5 cluster with higher earth
crust elements had over a 6 year age acceleration associated with an IQR increase in
PM2.5, whereas a PM2.5 cluster with low sulfur had two year age acceleration, and a
PM2.5 cluster with low nitrate was modestly inversely associated with age accelera-
tion. Varying associations of PM2.5 biological age from DNA methylation data
based on its profile provide an opportunity to further investigate prior age accelera-
tion findings, as well as EWAS findings. In addition, future prospective studies are
warranted, as is the use of leading-edge approaches to identify cell type proportions
that can be applied to directly test associations of immune profile with air pollution
and more comprehensively adjust for potential confounding in EWAS approaches.

12.3.7 Asbestos

Exposure to asbestos is the main risk factor for malignant pleural mesothelioma with
approximately 80% of cases reporting a known exposure to asbestos [230]. Impor-
tantly, in contrast to tobacco smoke and radiation, asbestos is known to be a weak
mutagen [231], and there have been reports of altered tumor methylation in meso-
thelioma using candidate gene approaches [232–237]. Following the introduction of
array-based methylation measures, initial work identified that a quantitative asbestos
exposure measure was associated with altered methylation at over 100 discrete CpG
loci, and that in almost all cases (94%) there was increased methylation associated
with increased exposure [238]. Further, overall methylation profiles for
mesotheliomas were significantly associated with quantitative asbestos exposure
burden [238]. One of the challenges with assessing the relation of methylation
alterations with asbestos exposure is that most studies of asbestos-related cancers
like mesothelioma and lung cancer do not include quantitative measures of exposure.
Using the 450k Illumina array, Kettunen et al. studied lung tumor DNA methylation
in asbestos exposed and non-exposed patients and identified significant DNA
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methylation alterations that were validated in an independent set of samples [239]. In
addition to study of tumor methylation alterations, comparisons of mesothelioma
patient blood DNA methylation to controls subjects identified and validated differ-
ential methylation including for FOXK1 in one study with a training and testing set
approach, which is known to biologically interact with BAP1 an often-mutated gene
in mesothelioma [240]. Another case–control EWAS in blood identified FKBP5
hypomethylation and MLLT1 hypermethylation in cases [241]. Interest in the
continued development of screening approaches for mesothelioma among asbestos
exposed individuals may benefit from multitarget approaches that incorporate epi-
genetic alterations associated with asbestos exposures and disease. Identifying
methylation alterations associated with asbestos exposure [242], and single-walled
carbon nanotubes [243, 244] in vitro may benefit epidemiologic studies.

12.4 Environmental Exposures and Imprinting
and Development

Genomic imprinting involves epigenetic silencing of a single allele distinguishing
the maternal or paternal inheritance pattern of a specific locus [245]. Imprinting and
its importance in development as well as alterations to imprinting and its effect on
disease, including cancer, have been thoroughly reviewed by Feinberg and
colleagues [246, 247, 245]. Allele-specific expression associated with imprinting
is based upon promoter CpG island methylation which to repress transcription and
insulate neighboring repressive elements [248, 249]. Alterations to the imprinted
status observed after prolonged culture of mouse embryonic stem cells, lead to a
number of phenotypic abnormalities, through both gains and losses of appropriate
methylation of these regions [250]. In humans, it has been suggested that assisted
reproductive technology (ART) may affect the epigenetics of development thus
altering imprinting status. In sheep and cattle, large offspring syndrome has been
linked to culture of pre-implantation embryos [251] and in humans, associations
between Angelman syndrome [252] and Beckwith–Wiedemann [253] syndrome and
in-vitro fertilization have been reported, and are related to changes in imprinting
status of specific genes. More on epigenome changes during development can be
found in Chap. 5, details of imprinting disorders are available in Chap. 8, and
assisted reproductive technologies are covered in Chap. 7.

12.5 Mechanisms

Different mechanisms likely can contribute to epigenetic alterations dependent upon
context and exposure and ascribing a mode by which environmental exposures drive
or select epigenetic alteration is difficult. Although exposure-related EWAS has
begun to leverage gene pathway and ontology approaches to detail implications of
exposures on gene deregulation, to date there has been less consistent use of genomic
context enrichment and transcription factor enrichment analyses. As distinct
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enzymes are thought responsible for maintenance DNA methylation dependent on
CpG density [254], contextual elements may differentially affect the likelihood of
exposure-related alterations. Incorporating contextual details (e.g., repeat element,
promoter, enhancer, existing methylation state, nucleosome position, and transcrip-
tion factor binding sites), in exposure-related EWAS is one way to add value to
existing and future work. Even in early age-related methylation analysis, Rakyan
et al. showed that hypermethylation was more likely to occur at promoters associated
with bivalent chromatin domains [255]. Also, contextual elements may differentially
affect the likelihood of exposure-related alterations dependent upon cell type and the
blood samples used in most environmental epigenetic epidemiology constitute a
complex mixture of cell types.

One mechanism by which an exposure may result in altered DNA methylation is
increased reactive oxygen species as a result of inflammatory response. More
specifically, it has been reported that 5-hydroxymethylcytosine can be generated
by oxidation of 5-methylcytosine [256], and both 5-methylcytosine adjacent to
8-oxoguanine, and 5-hydroxymethylcytosine have been shown to inhibit binding
of methyl-CpG binding protein 2, a critical epigenetic regulator that recruits cytosine
methyltransferases and histone deacetylases [257]. It is also known that
5-hydroxymethylcytosine is not recognized as 5-methylcytosine by the maintenance
methyltransferase DNMT1, and hence, may lead to aberrant loss of methylation
during cell replication [258]. Additional base alterations occur via neutrophil and
eosinophil peroxidase-derived HOCl and HOBr which can react with DNA to form
5-chlorocytosine and 5-bromocytosine, respectively [259]. These halogenated
cytosines can be mistaken by DNMT1 as 5-methylcytosine during replication, thus
providing a potential mechanism for inflammation-induced aberrant
hypermethylation [258].

Another mechanism that has been hypothesized is a spreading process, whereby
CpG methylation from within the gene migrates into the promoter due to the loss of
protective boundary elements which normally protect promoters from CpG island
methylation [260–262]. Alternatively, for example, in aging, a spreading process
subsequent to a stochastic methylation alteration (in pathologically normal tissue)
without functional consequences for gene expression, may allow the initiation of a
spreading process that eventually confers an altered expression phenotype. Age or
exposure-related drift of normal epigenomes (without prominent changes in gene
expression) may confer significantly increased risk of conversion to a pathologic
phenotype by enhancing both the likelihood and frequency of methylation events
that ultimately result in altered expression or genomic stability. For example, in the
context of acquired “non-functional” CpG methylation in the promoter region of an
aged individual, continued stochastic methylation events (e.g., “methylation spread-
ing”) increase the chance of methylation induced silencing at that promoter
(or silencing of another locus through action at a distance via silencing of other
important regions such as enhancers), and hence, progression to a pathologic
phenotype. Certainly, this hypothesis is especially plausible for the many diseases
of aging such as cancer. One demonstrated example in breast cancer observed CpG
island shore methylation in normal breast tissue adjacent to tumor compared with
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distant normal breast tissue as a seed for spreading methylation to the CpG island in
tumors from matched subjects [263]. Alternatively, aberrant CpG methylation that
silences a gene on a single allele may not appear to have a functional consequence if
the complementary allele can provide compensatory expression. As a result, for
example, clusters of cellular clones with mono-allelic gene expression could con-
tribute to an increased risk of progression to a pathologic phenotype. Mutagenic and
non-mutagenic compounds can impart selective pressures on cellular clones, and
selection pressure may be more important than direct epi/genotoxicity. The modes
by which exposures drive the clonal selection of genetically or epigenetically altered
cells or modulate the epigenetic landscape of individual cells require further
exploration.

12.6 Development of Environmental Epigenomics

The fields of environmental genomics and toxicogenomics are bringing the wealth of
knowledge gained through the human genome project to the fields of environmental
health and toxicology. This will stimulate novel approaches to understanding the
modes of action of various chemical and physical agents. It has also been suggested
that collaborative efforts between the various disciplines of environmental science,
genomics, systems biology, medicine, and basic biology may hold great promise to
elucidate more thoroughly the effect of exposures on human health [264]. In addition
to studying the effects at the genotoxic and transcriptional levels, it is important to
also consider the role of carcinogenic, teratogenic, and developmentally toxic
exposures on the epigenome, and on clonal selection, again requiring multi-
disciplinary work from in-vitro and model systems to epidemiologic studies of
human disease. Established genome-scale approaches allow high resolution analysis
of DNA methylation alterations with the latest generation of CpG methylation arrays
interrogating nearly to a million CpG loci at costs that permit population-level
studies. In addition, the availability of methylation array technology for genome-
scale measures in mouse enables important new opportunities to compare the effects
of controlled experimental exposures on epigenetics with epidemiological data. In
the future, it is possible that third wave sequencing approaches will allow accurate
direct measurement of cytosine modifications without the need for bisulfite modifi-
cation. Mammalian stem cells may also prove extremely useful in bettering the
understanding of exposure-related epigenetics in development and lineage commit-
ment, providing insightful models for demonstrating how these pathways become
dysregulated in disease pathophysiology. Incorporation of inferred cell type infor-
mation in EWAS models and considering potential direct relation of exposures on
cell type proportion profiles also is expected to improve our understanding of
environmental epigenomics. Finally, appropriate epidemiologic studies, including
both case-series and prospective designs, requiring defined and consistent
methodologies and data collection will be crucial to understanding the effect of
environmental exposures on the human epigenome. This work is urgently needed to
better understand the biology of epigenetic alterations and the effects of toxic
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exposures on these disease-associated somatic alterations. Detailed understanding of
existing exposures may inform better prediction of the toxic potential of new
compounds and mixtures allowing for more targeted, and appropriate, disease
prevention strategies.
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Abstract

The epigenome has been proposed as a biosensor of past or cumulative exposures
and could also be a disease mediator. Human cancers exhibit a wide range of
epigenetic alterations characterized by progressive acquisition during
tumorigenesis and potential reversibility. Epigenetic changes may occur early
in cancer development, supporting the notion that disrupted epigenetic
mechanisms precede and promote malignant transformation. Recent exciting
advances in epigenomics that allow the analysis of the epigenome with unprece-
dented resolution have galvanized investigations in epigenetic epidemiology of
cancer. Epigenome states are regulated by three basic mechanisms: DNA meth-
ylation, posttranslational histone modifications, and non-coding RNAs
(ncRNAs). DNA methylation is the best characterized epigenetic modification,
and it is the most extensively studied in epigenetic epidemiology. Whereas it has
long been established that DNA methylation (and other epigenetic) changes are
ubiquitous in tumour tissue, many recent studies provided evidence that cancer
risk- and exposure-associated epigenetic changes can be detected in
non-malignant adjacent tissues or surrogate tissues (such as peripheral blood),
providing attractive targets for discovering novel biomarkers of exposure and risk
stratification. In this chapter, we review evidence from retrospective and prospec-
tive studies supporting the utility of epigenetic markers as predictors of predispo-
sition to cancer and risk stratification. We also discuss changes in the “epigenetic
clock” associated with cancer susceptibility as well as the potential of identifying
epigenetic markers from negative surgical margins as predictors of cancer
recurrence risk.

Abbreviations

450k Illumina Infinium HumanMethylation450k BeadChip
850k Infinium MethylationEPIC BeadChip
AHRR Aryl-Hydrocarbon Receptor Repressor gene
BRCA1 BReast CAncer gene 1
CCGA Circulating Cell-free Genome Atlas
cfDNA cell-free DNA
CHARM Comprehensive high-throughput arrays for relative

methylation
CpG Cytosine followed by a Guanine
DMR Differential Methylation Region
dmrff Method for identifying differentially methylated regions
EPIC The European Prospective Investigation into Cancer and

Nutrition
EWAS Epigenome-Wide Association Studies
HNSCC head and neck squamous cell carcinoma
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LASSO Least Absolute Shrinkage and Selection Operator
LINE-1 long interspersed nuclear elements
lncRNA long non-coding RNA molecules
MCCS Melbourne Collaborative Cohort Study
MeDIP-seq methylated DNA immunoprecipitation sequencing
miRNAs microRNAs or
mRNA messenger RNA
ncRNAs non-coding RNAs
DNMT DNA methyltransferase
PLCO Prostate, Lung, Colorectal, and Ovarian Cancer

Screening Trial
PLS-DA Partial Least Squares Discriminant Analysis
RCC renal cell carcinoma
RLM Robust Linear Regression
RNAi RNA interference
RRBS reduced representation bisulphite-sequencing
seqlm method for identifying differentially methylated regions

in high density methylation data
Ten-eleven translocation TET
WGBS whole genome bisulphite-sequencing

13.1 Introduction

Epigenetic alterations are central events in virtually all human cancers. It is now
known that epigenetic alterations, as in the classic view of cancer evolution, occur
progressively throughout tumorigenesis. Distinct to epigenetic alterations, however,
is their potential reversibility. Furthermore, epigenome deregulation may occur early
in cancer development, supporting the notion that disrupted epigenetic mechanisms
precede and promote oncogenic transformation.

Epigenetic modifications are involved in the recruitment of various proteins to
DNA, such as members of the transcription machinery, which affect gene expression
and chromatin organization. These mechanisms are crucial for the establishment and
maintenance of transcriptional programmes that in turn control processes of embry-
onic development, maintenance of stem state (pluripotency), cellular differentiation,
and protection of the organism from exogenous genomes (e.g. viral DNA) [1–
3]. Epigenome states are regulated by three basic mechanisms: DNA methylation,
posttranslational histone modifications, and non-coding RNAs (ncRNAs).
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13.1.1 DNA Methylation

In the eukaryotic genome, the best characterized epigenetic modification is DNA
methylation at CpG dinucleotides, that is, covalent addition of a methyl group to a
fifth carbon cytosine atom (C) that is linked through a phosphodiester bond (p) to a
guanine (G). Genomic regions rich in these dinucleotides are known as CpG islands,
which are typically found in gene promoter regions where they play a key role in
controlling gene activity through DNA methylation. Changes in DNA methylation
trigger a reorganization of chromatin structure consequently altering gene expres-
sion. DNA methylation was the first epigenetic mechanism recognized as a crucial
cellular mechanism during embryogenesis as well as the development of many
diseases, notably cancer [3].

Unscheduled promoter hypomethylation often results in increased gene activity
while aberrant hypermethylation leads to decreased gene activity or complete silenc-
ing [4, 5]. Beside its role in gene promoter regulation, the maintenance of the
methylation profile in repetitive sequences is important for genomic stability due
to the suppression of transposon and retrotransposon element movement throughout
the genome [6]. DNA methylation can be divided into three phases: establishment
(de novo DNA methylation), maintenance of the methylation profile, and demethyl-
ation (removal of the methyl group) [6]. Enzymes whose role is to establish and
maintain a methylation pattern within CpG dinucleotides are called DNA
methyltransferases. In mammals, two de novo DNA methyltransferases, DNMT3A
and DNMT3B, have been described, which are essential for establishing DNA
methylation, particularly during early embryonic development, thereby, regulating
tissue-specific gene transcription and cell differentiation [6]. During mitotic division,
daughter cells inherit a methylation profile from the mother cell through DNMT1
activity, also called maintenance methyltransferase [4]. The methyl group on cyto-
sine can be removed passively during successive rounds of replication in the absence
of DNA methylation maintenance machinery or actively through the action of
enzymes from the TET family (Ten-eleven translocation) [7]. Mutations in TET
enzymes disrupt DNA methylation homeostasis resulting in global
hypermethylation and susceptibility to diseases (most commonly malignant diseases
of the haematopoietic system) [8].

13.1.2 Histone Modifications

Eukaryotic DNA is condensed and “packaged” into chromatin using histone and
non-histone proteins. The basic building block of chromatin is called the nucleosome
and consists of a 147-strand DNA strand wrapped around a histone octamer, a
protein complex made up of an H3-H4 dimer surrounded by a tetramer composed
of two H2A-H2B dimers [9]. Posttranslational modifications of the N- and
C-terminal tails of histones involve their covalent addition of various chemical
groups, such as acetylation, methylation, phosphorylation, ubiquitination,
sumoylation, ADP-ribosylation, and many others [10]. The combination of different
modifications on histones is called the “histone code” [11], and these modifications
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dictate different cellular processes, including transcription, DNA replication, and
DNA repair. An intimate interplay exists between DNA methylation and histone
modifications during gene regulation [1].

13.1.3 Non-coding RNAs

Regulation of gene transcription via non-coding RNA (ncRNA) molecules is a
relatively recently described epigenetic mechanism (RNAi). They are involved in
the regulation of numerous cellular signalling pathways, including those related to
tumour initiation and progression [12]. Some ncRNAs, the microRNAs or miRNAs,
are small in size, encompassing 20 to 22 nucleotides which bind to complementary
messenger RNA (mRNA) sequences leading to their degradation; hence, the trans-
lation of mRNA into a protein is inhibited [13]. There are also long non-coding RNA
molecules (lncRNA) that participate in the regulation of larger regions of chromatin.
These ncRNAs participate in chromatin remodelling. For example, in the embryonic
development of female mammals, non-coding XIST RNA coats the future inactive X
chromosome and triggers a cascade of events, which includes specific posttransla-
tional histone modifications and DNA methylation, leading to the stable silencing of
the entire chromosome [14]. Regulation of transcription by modifying ncRNA
molecules may play a role in cancer initiation and progression, and represents an
attractive target for the development of new therapies [15].

13.2 Epigenetic Markers in Cancer Epidemiology

Whereas a predominant proportion of studies on cancer epigenetics investigated
epigenetic changes in tumour tissues (demonstrating that epigenetic changes are
ubiquitous in cancers), it has been hypothesized that cancer risk- and exposure-
associated epigenetic changes can be detected in non-malignant tissues (such as
normal adjacent tissue) or surrogate tissues (such as peripheral blood), providing
attractive targets for discovering novel biomarkers of exposure and risk stratification.
This is supported by several lines of evidence, as discussed below.

Firstly, some aberrant epigenetic alterations might result from environmental
exposures and stochastic events that may occur in stem/progenitor cells, particularly
during embryonic development, hence, propagating over many cell generations or
even an entire lifespan. These epigenetic alterations may generate constitutional
“epimutations” throughout the body or create mosaic patterns, that is, epigenetic
heterogeneity that is not simply determined by tissue-specific epigenetic patterns
(Fig. 13.1) [16, 17].

Secondly, some gene families, such as metastable epialleles and imprinted genes,
tend to exhibit similar methylation levels across different tissues of the body, as
demonstrated in our work [18]; this is partly due to the fact that such genes escape
the wave of demethylation that occurs just after fertilization and erases the methyla-
tion marks inherited from the gametes [19].This “resetting” of the epigenome paves
the way to the subsequent establishment of the DNA methylome landscapes of the
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various embryonic tissues. Interestingly, metastable epialleles and imprinted genes
are known to function as key molecular sensors of exposures and to play central roles
in carcinogenesis [18].

Thirdly, there is increasing evidence from recent studies showing that a gradual
accumulation of changes in epigenetic patterns over time (“epigenetic drift”),
through environmental hits and/or stochastic events, may exhibit a remarkable
level of consistency across human tissue types and contribute to the risk of develop-
ing cancer [16] (and our unpublished data). One promising metric that captures, at
least partly, epigenetic drift is the epigenetic clock, which is an algorithm based on
sets of CpGs that are differentially methylated with ageing in multiple tissues and
can be used to estimate a person’s biological age (pan-tissue epigenetic clock) [20–
23]. Subsequent successes in developing similar pan-tissue clocks for other species
even hint at the universality of the epigenetic ageing mechanisms, which may be
evolutionary conserved, particularly given their implication in developmental pro-
cesses across several species [24]. The burden of many chronic diseases increases
with chronological age, where changes at the tissue, cellular, and molecular levels
(including epigenetic changes) accompany ageing in humans. Beyond its function-
ing as a clock, DNAmethylation measures of ageing have also been used to track the
accumulation of mutations, a key risk factor for cancers, as well as clinical outcomes,
the rate of decline in physiological integrity, and health/life span [25]. For example,
we have recently shown that epigenetic age acceleration is significantly associated
with breast cancer susceptibility in postmenopausal women [26]. Collectively,
measures of epigenetic drift represent a powerful toolkit for epidemiologic research

Fig. 13.1 Hypothetical model of epigenetic mosaicism as a mechanism of cancer causality and
targets for biomarker discovery. (Adapted from Herceg et al. International Journal of Cancer
142(5):874–882, 2018; CC Attribution-NonCommercial 3.0 IGO)
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to understand the mechanisms underlying the effects of biological ageing and
environmental and/or stochastic events on cancer development.

Epigenetic changes, with their great potential for modulation, have become a
major focus in biomarker discovery. Recent studies on a variety of tumour samples,
normal tissues, and surrogate tissues revealed that epigenetic changes may be risk
factor-specific (“epigenetic signatures” of exposures), predictors (epigenetic
biomarkers) of cancer risk and clinical outcome, and “mediators” between the
exposure and the outcome [21, 27–30]. Furthermore, recent studies showed lifetime
persistence or reversibility of specific epigenetic changes associated with environ-
mental exposures (e.g. tobacco [27, 29]), highlighting the potential of epigenome
patterns in surrogate tissues to serve as long-term or actionable biomarkers [16].

13.2.1 Evidence from Retrospective Studies

The interest in using epigenetic alterations as biomarkers for cancer or cancer
predisposition has been explored in multiple contexts—using a variety of
biospecimen types such as peripheral blood DNA, leukocyte DNA, or circulating
free DNA, from patients with cancer or in pre-diagnostic samples. The field also
spans leaps in analytical technology, including gene-specific, array-based, and
sequencing-based technology. While these studies all share similar aims of
identifying epigenetic marks of cancer or cancer predisposition, these variations in
study design, biospecimen type, and methodological approach allow for different
facets of this overarching question to be addressed.

Studies identifying epigenetic alterations in peripheral blood samples from symp-
tomatic cancer patients provide compelling evidence that epigenomic biomarkers in
the blood may aid the detection of solid cancers. Forming a large body of evidence,
such studies have demonstrated comprehensively that epigenetic alterations in
peripheral blood samples can be detected in multiple cancer types, including ovarian
[31], bladder [32], head and neck [33], colorectal [34], and breast cancers [35].

While these studies often report epigenetic alterations in regulatory regions of
known cancer-related genes, differential methylation is also commonly observed in
genomic regions not associated with CpG islands, or in genomic regions not
associated with known cancer-related genes. In a case–control study involving
ovarian cancer patients, methylome profiling was conducted using DNA extracted
from the blood cells of 113 individuals with ovarian cancer and 148 apparently
healthy individuals [31]. This study led to the description of a DNA methylation
signature that could predict for active ovarian cancer, and the identification of 2714
CpG sites that could constitute a list of cancer diagnostic CpGs [31]. Interestingly,
the authors observed that the list was enriched with non-CpG island CpGs. Similarly,
Langevin et al. [33] described a DNA methylation signature indicative of head and
neck squamous cell carcinoma (HNSCC) based on methylome-wide profiles of
peripheral blood samples from 92 patients with HNSCC and 92 cancer-free
individuals. Amongst the six CpGs which allowed for discrimination between
cases and controls, only one of the above was in a CpG island.
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Notably, while findings from individual studies may report striking differences in
DNA methylation patterns between cases and controls, these differences are not
always replicable across independent studies. This could be attributed to differences
in biospecimen types, sample processing methods, or analytical methods, but also
highlights the need for a better understanding of the interindividual variability of
DNA methylation. This heterogeneity could stem from heterogeneity in carcino-
genic mechanisms, or heterogeneity across tumour types. For instance, Cappetta
et al. [36] reported that none of the differentially methylated sites observed in their
study, which was conducted with participants of European descent, coincided with
CpGs detected in blood samples in similar studies in European populations. Not only
does this underscore the need for population-specific studies and the detection of
population-specific biomarkers, it also suggests that seemingly similar populations
may display distinctly different epigenomes.

As such, a relatively low number of blood-based epigenetic biomarkers have
emerged as being robust across populations to date. Arguably one of the most well-
studied blood-based biomarker of breast cancer is that of the BRCA1 promoter.
Elevated levels of DNA methylation on the BRCA1 promoter were observed more
frequently in DNA extracted from peripheral blood samples of breast cancer patients
compared to healthy controls, and were found to be associated with a significantly
higher risk of breast cancer in a case–control study involving a total of
400 participants [37]. The authors observed methylation at the BRCA1 promoter in
21.5% of the breast cancer patients, compared to 13.5% of the controls, and
determined that women with promoter methylation of BRCA1 had a significantly
higher risk (odds ratio ¼ 1.73) of breast cancer compared to those not harbouring
promoter methylation at the same sites [37]. Similar findings were reported in a
separate population, where BRCA1 promoter methylation was examined in leuko-
cyte DNA from 155 breast cancer patients and 143 cancer-free controls [38].

Interestingly, there was a significant association between a family history of
breast cancer and the presence of BRCA1 promoter methylation [38]. In addition,
BRCA1 promoter methylation may represent an epimutation which, like BRCA1
mutations, may predispose to breast cancer. This is supported by the observation that
cancer-free individuals who are carriers of a methylated BRCA1 promoter in their
blood display epigenetic, RNA, and plasma protein expression patterns similar to
those of BRCA1-methylated breast cancer patients. This further suggests that pro-
moter methylation of BRCA1may be informative as a blood biomarker for detecting
predisposed individuals [38]. These findings complement those of an earlier case-
only study, which reported substantial heterogeneity in BRCA1 methylation states
amongst BRCA1-wild-type breast cancer patients [39]. The authors noted that
tumours exhibiting more BRCA1 mutation-associated features (such as a strong
family history, high mitotic index, and being hormone receptor negative) were more
likely to show high levels of BRCA1 promoter methylation in their peripheral blood
DNA and tumour DNA [39]. These findings highlight the importance of considering
tumour heterogeneity within and between cancer types in the evaluation of epige-
netic biomarkers.

Recent technological developments allowing for epigenome-wide analysis of
cell-free DNA (cfDNA) have led to exciting breakthroughs in the field. A case–
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control study investigating cell-free methylome profiles in pancreatic cancer patients
demonstrated that there is a high degree of concordance between the epigenome of
the cfDNA and that of the tumour tissue [40]. Machine learning classifiers developed
using cfDNA were able to accurately differentiate acute myeloid leukaemia, lung
and pancreatic cancer patients from all other cancer patients [40]. A similar study
using samples from patients with intracranial tumours reported the development of a
classifier that could reliably discriminate between patients with malignancy and
healthy participants, and between five classes of intracranial tumours (IDH-mutant
gliomas, IDH-wildtype gliomas, low-grade glial-neuronal tumours, meningiomas,
and hemangiopericytomas) [41]. This technology has also been applied to the
analysis of both plasma and urinary cfDNA from renal cell carcinoma (RCC)
patients [42]. Machine learning classifiers developed using regions differentially
methylated in the plasma and urinary cfDNA between cases and controls were able
to discriminate between the two patient groups, underscoring the promise of cfDNA
methylome-based biomarkers as screening tools for RCC detection [42].

Two recent multi-cancer studies on the cfDNA epigenomics have separately
demonstrated the tissue-type specificity of cfDNA. The CancerLocator classifier
was developed using plasma cfDNA methylome data from cancer-free individuals
and large pools of publicly-available DNA methylomics data generated from solid
tumour tissue [43]. The classifier was able to accurately classify normal, breast,
colon, kidney, liver, and lung samples (with an error rate of 0.265) [43]. However, it
should be noted that this study was conducted on a relatively small number of
plasma samples, and was developed by comparing the methylome profiles of
cfDNA from cancer-free individuals and tumour tissue DNA, as opposed to
cfDNA from cancer patients. A large-scale study, the Circulating Cell-free Genome
Atlas (CCGA) followed, involving 2482 cancer patients and 4207 cancer-free
individuals, representing more than 50 cancer types across all stages [44]. The
authors reported that the CCGA classifier performed at consistently high specificity
(>99%) across cancer types and stages, though performance in terms of sensitivity
was higher in late-stage compared to early-stage disease [44]. As the largest study on
cell-free DNA methylomics to date, the findings of this study underscore the utility
of methylation-based methods for population-level screening of cancer.

13.2.2 Evidence from Prospective Studies

The findings presented above offer promising evidence for the utility of epigenetic
assays as tools for early detection or diagnostics. While it might be tempting to apply
some of these markers as predictors of cancer predisposition, particularly as many of
the discussed assays are minimally invasive, it should be noted that biomarkers
developed and tested using specimens collected at diagnosis or from symptomatic
individuals may exhibit reduced performance in a prospective setting.

For instance, one of the best-known blood-based epigenetic biomarkers is the
SEPT9 gene methylation assay. SEPT9 assays have been tested in multiple retro-
spective case–control studies for the detection of colorectal cancer, where perfor-
mance in terms of sensitivity has ranged between 71.1–95.6%, and 81.5% to 99% for
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specificity [45]. However, the Prospective Evaluation of SEPTin 9 (PRESEPT)
study, which was the first to evaluate the accuracy of the SEPT9 gene methylation
assay in a screening population, reported that while test specificity was 91.5%,
standardized sensitivity was relatively low, at 48.2% [46]. The authors concluded
that improvements to assay sensitivity would need to be made, particularly for
advanced adenomas (11.2%), before the assay could be utilized as a test for popula-
tion screening of colorectal cancer [46].

Despite the logistical challenges involved in conducting prospective cohort
studies, epigenome-wide profiling has been applied to large prospective cohort
studies in recognition of the value risk stratification markers could have if successful.
As could be expected, however, most studies have reported that probe-wise
epigenomic differences, if any, between nested cases and controls in prospectively
collected specimens are relatively subtle.

Early studies utilized surrogate measurements of global methylation, such as
LINE-1 DNA methylation levels. An early, large prospective study reported no
differences in LINE-1 methylation between breast cancer cases and controls
[47]. However, similar analyses in the Sister Study, which enrols women who had
a biological sister that was diagnosed with breast cancer, indicated that LINE-1
methylation levels were associated with breast cancer risk [48].

Subsequent studies favoured the use of mean genome-wide methylation levels
from array-based methylation assays. In a nested case–control study within the
prospective Melbourne Collaborative Cohort Study (MCCS), Severi et al. [49]
reported that cases exhibited lower levels of epigenome-wide methylation compared
to controls. While the authors did not report the findings of probe-wise analyses, they
noted that increased methylation within functional promoters was associated with an
increased risk of breast cancer. Moreover, this study utilized multiple types of blood
specimens, namely dried blood spots, buffy coats, or lymphocyte samples for DNA
extraction, showing that the differences between cases and controls were similar for
all specimen types.

Similarly, a study combining epigenome-wide data from three separate prospec-
tive nested case–control studies, one of which was the study MCCS reported by
Severi et al. [49] above, demonstrated that epigenome-wide hypomethylation was
associated with an increased risk of breast cancer [50]. On a probe-wise level,
however, the authors reported that there was no overlap across the participating
cohorts with regard to probe signatures associated with breast cancer risk.

These findings seemed to contrast those of an earlier report on the Sister Study,
which identified 250 differentially methylated CpGs between cases and controls
using the Illumina Infinium HumanMethylation27 BeadChip arrays [51]. A
subsequent case-cohort study utilizing a newer iteration of the BeadChip arrays,
the Infinium HumanMethylation450 BeadChips, identified 9601 CpG markers
associated with invasive breast cancer, of which 2095 were replicated in the EPIC-
Italy dataset mentioned above [52]. This study suggested that there are extensive
DNA methylation differences between nested cases and controls, and that the DNA
methylation profile in peripheral blood may be altered years before the tumour is
clinically detected [52].
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However, in a more recent meta-analysis combining nested case–control studies
from four prospective cohorts, namely the Prostate, Lung, Colorectal, and Ovarian
Cancer Screening Trial (PLCO), EPIC-International Agency for Research on Cancer
(EPIC-IARC), and the aforementioned MCCS, EPIC-Italy studies, Bodelon et al.
[53] reported no association between blood DNA methylation at individual CpG
sites and breast cancer risk, with stratification by age, oestrogen receptor status,
stage, or time since blood collection. The same meta-analysis found no evidence of
an association between global methylation levels and breast cancer risk [53]. In
gastric cancers, it was similarly reported that there were no significant associations
between blood DNA methylation at individual CpG sites or regions with gastric
cancer risk, based on the findings of a prospective case–control study nested within
the MCCS [54]. Moreover, there was no evidence of association between global
methylation levels and gastric cancer risk [54].

With the exception of reports from the Sister Study, current reports seem to
indicate that DNA methylome differences between cases and controls in a prospec-
tive setting are subtle, if detected at all. As no detailed comparisons have been made
between the individual prospective cohorts to date, we can only postulate that the
cases identified in the Sister Study may harbour inherited or environmentally-
induced epigenomic signatures unique to that study, as participants in the Sister
Study were required to have had a biological sister with breast cancer. It is also worth
noting that the prospective studies discussed above had utilized DNA isolated from
buffy coat, dried blood spots, whole blood samples, or leukocyte samples, which
may not directly reflect the molecular alterations occurring in the sites where cancers
eventually develop. Instead, epigenomic changes in such samples could reflect
changes in leukocyte cell composition, resulting from early cancer-related processes
such as inflammation or immune response [55]. In contrast, cfDNA is generally
considered to be a mixture of DNA shed as a result of cell death, including that
occurring in cancer cells, and is known to be elevated in cancer patients [56–
58]. Thus, cfDNA would be expected to better recapitulate the epigenome of the
tissue from which it originated. It could also be possible that the above studies were
limited by their use of microarray-based methods. Array-based methods, while
informative and widely used, are relatively limited in coverage compared with
sequencing-based profiling methods [59].

13.3 Identifying Epigenetic Markers from Negative Surgical
Margins as Predictors of Cancer Recurrence Risk

The application of epigenetic marks as predictors of postoperative recurrence has
emerged as a promising avenue for improving patient survival. While securing a
negative surgical margin (one in which microscopically normal-appearing tissue is
observed adjacent to the resect cancerous tissue) is an important goal in curative
surgical treatment, a significant fraction of cancer patients with pathologically
negative surgical margins suffer from postoperative local recurrence [60–63]. It is
thus important that robust and reliable molecular markers capable of identifying
individuals at high risk of postoperative recurrence are developed and used in
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conjunction with existing clinical and pathological predictors to better allow for
precise tailoring of treatment, preventive, and monitoring strategies for high-risk
individuals. To date, the integration of molecular techniques with pathology practice
has led to improved disease definitions and more accurate diagnostics
[64]. Expanding this integration into the analysis of negative surgical margins may
lead to the identification of molecular aberrations that are apparent across different
pathological stages.

This is because the tissue surrounding a tumour may harbour molecular changes
due to the presence of residual cancer cells resulting from the tumour budding, the
phenomenon defined as cluster of cancer cells protruding into the tissues
surrounding the invasive front. The presence and accumulation of these molecular
changes in normal-appearing tissue, which is a part of the process known as the field
cancerization, may be associated with the development of local recurrence or second
primary tumours [65–67]. Both concepts imply an insufficient histological evalua-
tion of normal-appearing adjacent tissues, advocating the need for additional
methods with greater accuracy and sensitivity.

Early work on genetic alterations (mutation status) in histologically negative
surgical margins showed that the probability of local recurrence of head and neck
cancer was significantly correlated with positive molecular margins (the presence of
mutation in TP53 gene) [68]. These findings were subsequently corroborated in
multiple studies in head and neck cancer patients [69, 70]. However, a universal and
robust predictive marker of cancer recurrence has yet to be reported.

Epigenetic alterations have also been detected in the tumour-adjacent normal
tissues although it is unclear whether these changes develop prior to the onset of
cancer. These changes may be detected in the negative margins that are undetectable
on routine histopathological examination [67, 71]. Taken together, these findings
support the notion that negative surgical margins might harbour specific epigenetic
and other molecular aberrations that promote cancer development at a later stage
[66, 72].

A number of studies focused on specific DNA methylation events with a targeted
or genome-wide approach in several cancer types. Goldenberg et al. examined DNA
methylation alterations of specific genes in the tumour and surgical margin samples
of 13 HNSCC patients using a quantitative methylation-specific polymerase chain
reaction (QMSP) assay and found that histologically negative margins exhibited
tumour-specific methylation changes of the cyclin-dependent kinase inhibitor 2A
(p16) and O-6-methylguanine-DNA methyltransferase (MGMT) genes [73]. Methyl-
ation status in other genes including E-cadherin type 1 (ECAD), death-associated
protein kinase (DAPK) [74], Paired Box 5 (PAX5), Potassium Two Pore Domain
Channel Subfamily K Member 12 (KCNK12), CD1d (CD1D) [75], and the deleted
in colorectal cancer (DCC) gene [76] have also been associated with cancer recur-
rence. Major drawbacks of these studies are that they were based on retrospective
patient cohorts, examining single genes or a small panel of genes. Moreover, in most
cases the methylation status in matched tumour tissues was not examined.

To further refine the approach of molecular analysis of negative margins and
avoid potential bias in sample selection, Hayashi et al. [67] used prospectively
collected margin samples and matched tumour samples from a large series of
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consecutive patients with head and neck cancer. By analysing methylation status of a
selected set of genes in deep surgical margins, the authors reported that the methyla-
tion statuses of endothelin receptor type B (EDNRB) and homeobox protein Hox-A9
(HOXA9) in combination significantly predicted for locoregional recurrence [67].

In a more recent study, Sorroche et al. [77] conducted high-coverage methylome
profiling (Infinium MethylationEPIC BeadChip) of negative surgical margins of
32 oral squamous cell carcinoma (OSCC) patients, half of whom suffered from
local recurrence within five years after initial treatment. The authors identified 2512
recurrence-associated Differentially Methylated Positions (DMPs) and 392 Differen-
tially Methylated Regions (DMRs) between recurrent and non-recurrent cases.
Further analysis identified a set of 14-CpG markers capable of discriminating
recurrent and non-recurrent cases with high specificity and sensitivity. A risk score
was generated based on the 14-CpG marker panel, and was applied to identify
individuals at significantly higher risk of recurrence-free survival. Interestingly,
these findings were replicated on a larger series of tumour-adjacent normal samples
from The Cancer Genome Atlas (TCGA) [77], reinforcing the notion that the
residual DNA methylation changes in the negative surgical margins could serve as
predictor markers for tumour recurrence.

Together, accumulating evidence supports the notion that DNA methylation
changes are present in the histologically normal tissues adjacent to the primary
tumours and that aberrant DNA methylation patterns may prove useful markers to
differentiate individuals with a higher risk of developing recurrences and predicting
prognosis. Further studies should be focused on validation and assessment of the
utility of these marker candidates. Finally, promising marker candidates identified
from postoperative negative margin tissues may be further tested on surrogate tissues
(such as oral exfoliated cells) to validate its efficacy.

13.4 Conclusions

Aberrations to the epigenome, which may occur in response to environmental
exposures or endogeneous cellular processes, have important implications for gene
regulation and genomic stability. By virtue of their reversibility, epigenetic patterns
are widely considered to be reflective of current cellular states. Simultaneously, it
has been demonstrated that epigenetic marks formed in response to certain
exposures, such as tobacco smoke, are stable and can persist across multiple cell
divisions. As such, epigenetic events have been put forward as promising
biomarkers of exposure and disease. The large number of high-throughput
epigenomic data collections available, and the sheer diversity in analytical
techniques and bioinformatics tools that have been developed are testaments to the
promise and the complexity of the field of epigenetic epidemiology.

However, it is worth noting that there has been limited overlap between the
biomarkers identified from different studies. A possible explanation for this is that
there are substantial variations between studies with regard to sample type, storage
conditions, and analytical approaches. As epigenomic signatures are sensitive to the
cellular context, the diversity between studies could hinder subsequent efforts at
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replication or validation. Robust validation might require standardization with
regard to sample collection or preparation methods. Alternatively, cfDNA-based
epigenetic marks may be pursued as they have already demonstrated utility as robust,
minimally invasive diagnostic tools. However, the feasibility of these methods has
yet to be tested extensively in a prospective setting.

It is also important to keep in mind that EWAS studies have predominantly
focused on adult cancers, and a lot is yet to be done on childhood cancers, which
develop much earlier in life and may have an epigenetic in utero origin [78].

Future studies applying new generation arrays or deep sequencing and powerful
and analytical approaches in conjunction with large samples sizes from prospective
cohorts practicing consensus sample collection and preparation techniques should
solidify the finding that epigenetic signatures and acceleration of the “epigenetic
clock” may predict cancer susceptibility, and set the stage for the utility of
epigenomic signatures as biomarkers for risk stratification in cancer risk-prediction
models [79].
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Abstract

Many human cancers are induced by infectious agents, such as Helicobacter
pylori, hepatitis viruses, Epstein-Barr virus (EBV), papilloma virus, liver flukes,
and Schistosoma, and such cancers are often associated with extensive aberrant
DNA methylation, including methylation of promoter CpG islands of tumor-
suppressor genes and enhancers. The infectious agents cause aberrant DNA
methylation via chronic inflammation and also by directly interacting with cellu-
lar proteins involved in DNA methylation regulation. Chronic inflammation
induces repression of TETs, via NF-kB activation, and increased DNMT activity,
via nitric oxide exposure, simultaneously, and these simultaneous changes lead to
induction of extensive DNA methylation. Some target genes for methylation
induction are dependent upon inducers and tissues, and can be used as a methyl-
ation fingerprint of exposure to an infectious agent. Infection-exposed tissues
accumulate aberrant DNA methylation, and the degree of accumulation is often
associated with cancer risk, forming an epigenetic field for cancerization. The
usefulness of measurement of aberrant DNA methylation for cancer risk diagno-
sis has been demonstrated by a prospective clinical study.

Abbreviations

DNMT DNA methyltransferase
DSS Dextran sulfate sodium
EBV Epstein-Barr virus
ESCC Esophageal squamous cell carcinoma
H. pylori Helicobacter pylori
H3Ac Acetylation of histone H3
H3K27me3 Trimethylation of histone H3 lysine 27
H3K4me3 Trimethylation of histone H3 lysine 4
H3K9me3 Trimethylation of histone H3 lysine 9
HBV Hepatitis B virus
HBx The X protein of HBV
HCC Hepatocellular carcinoma
HCV Hepatitis C virus
HPV Human papilloma virus
LMP1 Latent membrane protein 1
MeDIP Methylated DNA immunoprecipitation
MSP Methylation-specific PCR
NO Nitric oxide
Pol II RNA polymerase II
PRC Polycomb repressive complex
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14.1 Introduction

Infectious agents are some of the most well-known inducers of human cancers and
aberrant DNA methylation. Infection with Helicobacter pylori (H. pylori), a bacte-
rial strain causally involved in gastric carcinogenesis, is known to induce aberrant
DNA methylation in gastric epithelial cells [1, 2]. Infection with hepatitis C and B
viruses (HCV and HBV), both of which are involved in development of hepatocel-
lular carcinomas, is associated with aberrant DNA methylation in cancer tissues and
surrounding non-cancer tissues [3–5]. Infection with Epstein-Barr virus (EBV),
associated with lymphomas, nasopharyngeal cancers, and gastric cancers, is also
associated with frequent DNA methylation in tumor tissue [6–8]. Infection with
papilloma virus, associated with cervical cancers and head and neck cancers [9, 10],
is associated with aberrant DNA methylation in cancer tissues and surrounding
non-cancer tissues [11–13].

The frequent presence of aberrant DNA methylation is accompanied by methyla-
tion of specific genomic regions or promoter CpG islands, producing a methylation
signature or fingerprint [11, 14, 15]. This may provide an excellent tool for molecu-
lar epidemiology revealing past exposure to specific infectious agents, even when
these agents are no longer present and serum antibody titer has declined. Also,
accumulation levels of aberrant DNAmethylation can be associated with cancer risk,
reflecting the severity of past exposure to infection, host response to it, and build-up
of tissue damage [15, 16].

In this chapter, we will introduce how we interpret DNA methylation data in
cancer and non-cancer tissues, how aberrant DNA methylation and its fingerprint are
induced by infectious agents in non-cancer tissues, and how we apply the methyla-
tion accumulation in non-cancer tissues to cancer risk estimation.

14.2 Interpretation of DNA Methylation Changes

Massive aberrant DNA methylation is present in cancer and non-cancer tissues
exposed to infectious agents. However, such a picture has only recently been
established. In addition, methylation patterns in monoclonal tissues (cancer tissues)
polyclonal tissues (non-cancer tissues) need to be interpreted in a different manner.

14.2.1 Historical Aspects of the DNA Methylation Landscape
in Cancers and in Non-cancer Tissues

In the 1990s, tumor-suppressor genes were preferentially analyzed for their aberrant
DNA methylation. Resultantly, many investigators felt that methylation-silencing of
a gene, due to methylation of a promoter CpG island, was a rare event, that such
methylation is rarely present in non-cancer tissues, and that the growth advantage
conferred by methylation-silencing makes a cell with it dominant in cancer tissue. In
the 2000s, early-stage genome-wide analyses of differentially methylated genes
were introduced. It was recognized that methylation of promoter CpG islands,
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especially those of genes with no or little expression, was unexpectedly prevalent,
and that we have to be cautious to interpret the significance of aberrant DNA
methylation of promoter CpG islands [17]. In the 2010s, owing to the availability
of robust genome-wide DNAmethylation analysis techniques, it became evident that
a large number of promoter CpG islands are aberrantly methylated, even in
non-cancer tissues, such as gastric mucosa with H. pylori infection and liver tissues
with hepatitis [4, 18].

14.2.2 The Meaning of DNA Methylation in Cancer and Non-cancer
Tissues

Cancer is composed of cancer cells after monoclonal growth, although recent cancer
genome sequencing has revealed extensive heterogeneity. In contrast, non-cancer
tissues are composed of many clonal patches. A clonal patch in the intestine and
stomach is composed of a gland (Fig. 14.1), and many other tissues, including the
liver, esophagus, and skin [19–21], are known to consist of similar clonal patches.
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Fig. 14.1 Interpretation of methylation levels and patterns in polyclonal and monoclonal tissues.
Many human tissues consist of clonal patches, as represented by clonal crypts (clones 1, 2, and 3),
and cancer cells develop from one precursor cell. Suppose that specific methylation patterns of CpG
islands (CGIs) are induced by different agents (agents 1, 2, and 3) in normal tissues of individuals.
Polyclonal tissues (normal tissues) consistently reflect the patterns, but monoclonal tissues (cancer
tissues) may or may not reflect the patterns. Methylation levels in polyclonal tissues reflect the
fraction of clonal patches with methylation, and those in monoclonal tissues reflect the methylation
status of the precursor cell
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The monoclonal and polyclonal natures make important differences. All the
cancer cells in a monoclonal tissue are theoretically derived from one precursor
cell, and have a uniform methylation status for any promoter CpG islands. Therefore,
the methylation level of a CpG island is expected to be 0, 50, or 100% when copy
number abnormality is not present. In reality, this is often obscured by tumor
heterogeneity and variable methylation statuses of contaminating normal and stro-
mal cells. In contrast, a polyclonal tissue has many clones, each of which has its own
methylation status of a CpG island, and the methylation level in such a tissue reflects
the fraction of clones with methylation of the CpG island. Usually, a sample from a
normal tissue contains a large number of clones (clonal patches), and its methylation
level reflects the overall methylation level of the CpG island.

In addition to methylation levels, patterns of methylated CpG islands have
different meanings in monoclonal and polyclonal tissues. A pattern in a monoclonal
tissue reflects that of its precursor cell, and many CpG islands happen to be or not to
be methylated in the cell. Supposing that specific CpG islands tend to be methylated,
the precursor cell or resultant monoclonal cancer cells may or may not reflect the
pattern. In our daily analysis of clinical samples, one monoclonal sample from an
individual may or may not reflect the pattern. This makes it essential to analyze a
group of samples with one etiology to assess its methylation pattern. In contrast,
polyclonal tissues have many clones, all of which have been exposed to an agent.
Supposing that specific CpG islands tend to be methylated by the agent, such
methylation patterns are likely to be detected in one polyclonal sample from an
individual.

14.3 Induction Mechanisms of Aberrant DNA Methylation

Infection is consistently associated with inflammation, and some inflammation has a
mechanism to induce aberrant DNA methylation. In addition, some viruses have
direct effects on cellular proteins involved in DNA methylation regulation.

14.3.1 Role of a Specific Type of Chronic Inflammation

The role of chronic inflammation in methylation induction was originally proposed
based on the observation that aberrant methylation of specific genes was present in
colonic mucosae of patients with ulcerative colitis [22, 23]. Direct evidence for the
role of chronic inflammation in methylation induction was provided by an animal
model of methylation induction by H. pylori infection. When inflammation by
H. pylori infection was suppressed by treating Mongolian gerbils with an immuno-
suppressant, cyclosporin A, methylation induction was markedly suppressed without
affecting colonization of H. pylori [24]. This showed that it is inflammation, not
H. pylori itself, that is involved in methylation induction. Also in the liver, while
infection of hepatocytes by HCV in vitro produced no DNA methylation changes,
infection of humanized mice liver by HCV induced methylation [5]. This again
showed that inflammation is important for methylation induction.
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In addition, specific inflammation appears to have great power to induce aberrant
DNA methylation. Regarding the stomach, Mongolian gerbils were treated for
20 weeks with multiple types of inflammation, namely inflammation induced by
H. pylori infection, a high concentration of salt, or a high concentration of ethanol
[25]. All the three treatments induced severe tissue damage and strong cell prolifer-
ation. Nevertheless, aberrant DNA methylation was induced only by H. pylori
infection triggered inflammation. Also, in the liver, HCV has been consistently
associated with stronger methylation induction [3, 5].

14.3.2 Mechanisms of Aberrant DNA Methylation Induction by
Chronic Inflammation

In H. pylori infection triggered gerbil gastritis and dextran sulfate sodium (DSS)-
induced mouse colitis, high expression of IL-1β, TNF-α, and NOS2 was consistently
associated with DNA methylation induction. IL-1β/TNF-α is known to activate the
NF-κB pathway, and the activation was shown to induce expression of multiple
TET-targeting microRNAs, such as miR-20a, miR-26b, and miR-29c
[26, 27]. Regarding NOS2, exposure to nitric oxide (NO) led to increased DNA
methyltransferase (DNMT) activity [27, 28]. Importantly, either TET repression or
increased DNMT activity-induced DNA methylation only very weakly, but simulta-
neous induction of both of them caused extensive aberrant DNA methylation
(Fig. 14.2) [27]. Since simultaneous induction of IL-1β/TNF-α and production of
nitric oxide are observed in many types of infection-induced chronic inflammation,
this mechanism may have widespread involvement.

14.3.3 Direct Effect of Infectious Agents

In addition to the signals from chronic inflammation to epithelial cells, some
infectious agents have a direct effect on cellular proteins involved in DNA methyla-
tion regulation [1, 29]. The X protein of HBV (HBx) upregulates DNMT1 and
DNMT3A, and their increased activity led to hypermethylation of some tumor-
suppressor genes, such as CDKN2A [30, 31]. In addition, increased production of
reactive oxygen species in mitochondria by HBV is also reported to be involved in
DNA methylation induction [32]. The HCV core protein upregulates DNMT1 and
DNMT3B [33], and can recruit DNMT1 to a specific gene promoter, such as SFRP1
[34]. Human papilloma virus 16 (HPV-16) E7 can increase DNMT1 activity, and
can induce hypermethylation of tumor-suppressor genes [13, 35, 36]. Kaposi’s
sarcoma-associated herpes virus LANA protein interacts with DNMT3A and
upregulates its activity [37].

The major EBV oncogene, latent membrane protein 1 (LMP1), upregulates
protein expression and activity of DNMT1, DNMT3A, and DNMT3B in nasopha-
ryngeal carcinoma cell lines and induces methylation of the tumor-suppressor genes
RARB and CDH1 in these cell lines [38, 39]. LMP2A, another EBV latent gene,
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upregulates DNMT1 and induces methylation of a tumor-suppressor gene, PTEN, in
gastric cancer cell lines [40, 41]. LMP2A and seven human miRNAs, which were
upregulated by EBV infection, can downregulate TET2 [24]. An extensive enhancer
reprogramming by EBV was discovered recently [42].

14.4 Methylation Signature Produced by Specific Agents

It is now known that specific point mutations in specific sequence contexts are
induced by specific agents, such as smoking, ultraviolet light, and aristolochic
acid, and such specific profiles are known as mutation signatures [43]. Regarding
DNA methylation, a specific agent induces methylation of specific group of genes,
producing methylation signature or methylation fingerprints [15].

14.4.1 The Presence of Methylation Signature

Historically, the presence of target gene specificity in DNA methylation induction
was initially indicated by the presence of methylation of specific genes in cancer

Aberrant DNA methylation

NO

Enhanced 
DNMT activity

miR-26b, -29c, etc

Tet repression

IL-1�� / TNF-�

NF-�B activation

yy

Fig. 14.2 Methylation induction mechanism by chronic inflammation. Tet-targeting microRNAs
are induced by NF-κB activation, due to the IL-1β/TNF-α signalling, and Tet expression is
repressed (eraser becomes small). Exposure to nitric oxide increased DNMT activity (writer
becomes large). However, either of the changes induces only mild aberrant DNA methylation,
but their combination potently induces aberrant DNA methylation of extensive genomic loci
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cells [44–46]. A pioneering study of 1184 CpG islands using restriction landmark
genomic scanning, an early-stage genome-wide scanning technique for differences
in DNA methylation, revealed that certain CpG islands were more frequently
methylated in specific tumor types [44]. Analyses of promoter CpG islands of mostly
tumor-suppressor genes suggested that some CpG islands were methylated at high
incidences in specific tumor types [45]. Methylated DNA immunoprecipitation
(MeDIP) microarray analysis of colon cancer tissue revealed that most methylated
genes were located within defined genomic clusters [46]. Nevertheless, it remained
unclear whether the methylation profiles were due to tissue types or inducers.

Afterward, a comparison of hepatocellular carcinomas (HCCs) associated with
either HBV or HCV revealed that some genes are preferentially methylated in HCCs,
depending on the specific hepatitis virus [3, 47], which was confirmed in a recent
comprehensive genome-wide study [48]. Analysis of non-cancer liver tissues with
HBV infection, HCV infection, alcohol, or non-alcoholic steatohepatitis clearly
showed that each etiology produces a unique pattern of methylated CpG sites or
CpG islands [4, 49]. A study using mice with humanized liver also showed that
specific genes, in addition to common genes, are methylated by HCV and HBV [5].

Another example of methylation signature was reported for esophageal tissues of
smokers and drinkers. Among the 13 promoter CpG islands methylated in squamous
cell carcinomas (ESCCs), methylation levels of 5 genes (HOXA9, MT1M, NEFH,
RSPO4, and UCHL1) in esophageal mucosae were significantly correlated with
smoking duration [50]. Although smoking is not an infectious agent, this finding
in non-cancerous esophageal mucosae supports the notion that a specific agent
induces methylation of specific genes, leaving a methylation signature. Furthermore,
oropharyngeal squamous cell carcinomas (OPSCCs) with HPV displayed specific
methylation patterns different from OPSCCs without HPV [11].

14.4.2 Differences in Methylation Induction Between Aging
and Chronic Inflammation

Aging is known to be an important inducer of aberrant DNA methylation, and
inflammation is believed to accelerate age-related methylation [51]. Taking advan-
tage of extensive induction of aberrant DNA methylation by H. pylori infection-
triggered chronic inflammation, characteristics of CpG sites and promoter CpG
islands methylated by aging and chronic inflammation were compared (Fig. 14.3)
[18]. When gastric mucosa of non-infected old people was compared with that of
non-infected young people (baseline), both hypermethylation and hypomethylation
were observed. When gastric mucosa of infected young people was compared with
the baseline, extensive hypermethylation and hypomethylation were observed.
Comparison of age-related methylation and inflammation-induced methylation
suggested that the age-related changes were accelerated by chronic inflammation.
However, even when genomic regions not affected by aging were analyzed, exten-
sive hypermethylation and hypomethylation were induced by chronic inflammation.
This showed that chronic inflammation produces its signature by methylating unique
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genomic regions. Such genomic regions were characterized by the lack of “seeds of
methylation,” and promoter CpG islands of highly expressed genes can be
methylated by chronic inflammation.

14.4.3 Determinants for Target Genomic Regions for DNA
Methylation Induction

Genomic regions and promoter CpG islands that undergo DNA methylation are
instructed by preexisting epigenetic statuses, such as trimethylation of histone H3
lysine 27 (H3K27me3), gene expression level, and RNA polymerase II (Pol II), even
if a gene has only low or no transcription (Fig. 14.4) [14].

The most well-known determinant is the presence of H3K27me3, which was
proposed based upon analysis of representative genes [52–54] and confirmed by
genome-wide analyses [55–57]. Mechanistically, H3K27me3 is recognized by a
polycomb repressive complex (PRC) containing EZH2 [58–60], and EZH2 recruits
DNA methyltransferases (DNMTs) [61, 62]. In contrast with the repressive
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Fig. 14.3 The presence of specific targets of methylation induction by H. pylori infection differs
from those by aging. 482,421 CpG sites were analyzed by Infinium microarray, and were assembled
into 270,249 genomic blocks. To analyze age-related methylation (left panel), gastric tissues of
elderly people without H. pylori infection were compared with those of young people without
H. pylori infection (baseline). Slight hypermethylation and hypomethylation were observed. To
analyze methylation induced by H. pylori infection (middle panel), gastric tissues of young people
with H. pylori infection were compared with baseline. Extensive hypermethylation and
hypomethylation were observed, indicating acceleration of age-related methylation by inflamma-
tion. However, when only genomic blocks unaffected by aging were analyzed (genomic blocks
between the two red broken lines in the left panel; n ¼ 141,892), still extensive hypermethylation
and hypomethylation were observed, showing the presence of inflammation-specific methylation.
Modified from Yamashita et al. [18] on an open access license (CC BY 4.0)
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H3K27me3 modification, active histone modification, such as acetylation of histone
H3 (H3Ac) and trimethylation of histone H3 lysine 4 (H3K4me3), are weakly
associated with resistance to DNA methylation [57].

A low transcription level of a gene was proposed to be involved in methylation
induction in the early 2000s [63–66]. Song et al. demonstrated that disruption of
promoter activity (thus low transcription levels) of a transfected gene leads to
aberrant DNA methylation of promoter CpG islands in a cancer cell line [63]. de
Smet et al. demonstrated that a gene demethylated by a DNA demethylating agent,
5-aza-20-deoxycytidine, tends to be re-methylated when it is not transcribed
[64]. The majority of genes methylated in cancer tend to have low transcription
levels in normal cells [46, 57, 65, 66]. Among genes methylated in non-cancerous
tissues, genes susceptible to methylation induction had lower transcription levels
than resistant genes [67].

Unmethylated CpG Methylated CpG

Resistant

Active histone modification H3K27me3

Genes with stalled Pol II

Genes with active Pol II

mRNA

Resistant

Susceptible

Genes with H3K27me3 and without Pol II

Fig. 14.4 Players involved in induction of DNA methylation in specific genes. Genes with active
Pol II, 68% of which have active histone modifications (H3Ac), are resistant to DNA methylation
induction. Genes with stalled Pol II, 19% of which also have active histone modifications (H3Ac),
are also resistant. On the other hand, genes without Pol II, 90% of which are associated with
H3K27me3 modification, are susceptible to methylation induction. Modified from Takeshima et al
[14]
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Even among the genes with low transcription levels, some genes are still resistant
to methylation induction. We have demonstrated that binding of Pol II to promoter
CpG islands (stalled Pol II) is associated with resistance to methylation induction
[57]. Multivariate analysis of transcription levels, H3K27me3, H3Ac, and Pol II
binding suggested that Pol II binding had a stronger effect on DNA methylation
resistance than active histone modifications. Taken together with the fact that
transcribed genes are resistant, binding of Pol II, active or stalled, is associated
with resistance to methylation induction during carcinogenesis.

In addition, the basal level of DNA methylation, or “seeds of methylation,” was
associated with a high chance of DNA methylation induction [63]. When a plasmid
was introduced into a cell with preexisting sparse CpG methylation, it was readily
DNA methylated. In contrast, when a plasmid was introduced without preexisting
sparse CpG methylation, it was resistant to DNA methylation induction. Regarding
genomic architecture, methylation-prone genes are located further apart from SINE
and LINE retrotransposons compared with methylation-resistant genes [68].

14.4.4 Mechanism for Formation of a Methylation Signature
of an Agent

As a mechanism of how a specific agent induces methylation of specific genes, the
agent first induces changes in transcription, H3K27me3, and binding of Pol II in its
target genes, and the changes then can lead to methylation induction of the genes that
acquired a susceptible epigenetic status (Fig. 14.5). Since the first changes in
epigenetic status are consistently induced depending upon the agent, DNA methyla-
tion is expected to be induced in specific genes, forming a methylation signature.
This model was supported by time-course analysis of mouse colon tissues exposed
to inflammation [69] and human gastric tissues with and without H. pylori infection
[18]. Chemicals, such as cobalt compounds and cigarette smoke condensate, were
also reported to induce alterations of H3K27me3 status [70, 71].

14.5 Application to Cancer Risk Estimation

A level of aberrant DNA methylation in a tissue shows overall epigenomic damage
in the tissue [15]. Multiple cross-sectional studies showed that DNA methylation
levels in normal tissues are correlated with cancer risk, and at least one prospective
clinical study showed that DNA methylation levels in a normal tissue can predict
future cancer risk.
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14.5.1 Association Between the Accumulation Level of Aberrant
DNA Methylation and Cancer Risk

Association between the accumulation level of aberrant DNA methylation and
cancer risk can be achieved by quantitative analysis of a large number of samples
with low cancer risk and those with high cancer risk. Such association was observed
for gastric tissues with H. pylori infection [72–76], liver tissues with HCV infection
[77], and cervical tissues with HPV infection [78–80]. All these show that a
predisposed tissue, namely an epigenetic field, is formed by infection (Fig. 14.6).

The accumulation level is influenced by the duration of exposure to the inducer
[81] and host response to the inflammation. For example, a polymorphism in the
promoter of IL-1β determines individuals who secrete more IL-1β in response to
H. pylori-triggered inflammation, and thus have a high risk of gastric cancer

Infection-triggered inflammation

Gene A

Active histone modification

H3K27me3

Unmethylated gene

Methylated gene

Gene B

Gene C

Fig. 14.5 A model for formation of a methylation signature by an infectious agent. An agent
induces changes in epigenetic statuses, including H3K27me3 and binding of Pol II. A gene that
acquires a susceptible epigenetic status by exposure to an agent, such as H. pylori infection, is
expected to become methylated (Gene B). Since the changes in epigenetic statuses are consistently
induced by an agent, specific genes are expected to be methylated by the agent. A gene with Pol II
(Gene A) and one with H3K27me3 (Gene C), regardless of the exposure to an agent, are expected to
be resistant and susceptible, respectively, to methylation induction
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[82, 83]. The polymorphism was associated with DNA methylation levels in normal
gastric tissue [84]. In contrast with gene expression levels, which fluctuate reflecting
the degree of inflammation and host response, aberrant methylation levels simply
increase because aberrant DNA methylation induced in stem cells will not be erased,
and provides a reliable marker for tissue damage.

Environmental insult, including infection

Formation of 
epigenetic field for 

cancerization

Clinical cancer

Cell with aberrant DNA methylation

Cancer cell

Normal epithelium

Fig. 14.6 Epigenetic field for cancerization. Exposure to infectious agents induces extensive
aberrant DNA methylation in normal-appearing tissues. When infection continues, aberrant DNA
methylation continues to be accumulated, and an epigenetic field for cancerization is produced. The
DNA methylation accumulation is often associated with cancer risk

14 Epigenetic Epidemiology of Infectious Diseases 355



14.5.2 Validity Shown by a Prospective Clinical Study

To translate the finding of an epigenetic field, a prospective clinical study has been
conducted in gastric cancer patients whose primary cancer was cured by endoscopic
treatment [85, 86]. Using the methylation levels of three pre-selected genes at the
time of enrollment after the endoscopic treatment, the risk of a second independent
(metachronous) gastric cancer was successfully predicted (Fig. 14.7). The quartile
with the highest methylation level had a threefold higher risk of developing a
metachronous gastric cancer than the quartile with the lowest methylation levels
after a median follow-up period of 5.46 years. This study showed that the accumu-
lation level of aberrant DNA methylation can be used as a cancer risk marker.

14.6 Epigenetic Impacts on the Course of Infectious Disorders,
Represented by COVID-19

Although cancer-causing infectious agents are mainly discussed in this chapter,
some infectious agents can cause severe social and health damage, such as
COVID-19 caused by SARS-COV-2. From this viewpoint, it is noteworthy that
preexisting epigenetic alterations in human body can affect the course of infectious
disorders. For example, expression of angiotensin converting enzyme-2 (ACE-2), a
cellular receptor of SARS-COV-2, can be regulated by epigenetic alterations
[87]. Genome-wide association analysis between the severity of COVID-19 and
methylation levels of 850,000 CpG sites in peripheral lymphocytes revealed that
DNA methylation of multiple genes involved in interferon response was associated
with clinical severity [88, 89]. These findings illuminate another aspect of epigenetic
epidemiology, which may be valid for other infectious agents severely involved in
human health.
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Fig. 14.7 The result of a
prospective study to predict
the risk of a second primary
(metachronous) gastric cancer
in gastric cancer patients
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(CC BY-NC 4.0)

356 T. Ushijima et al.



14.7 Epilogue

Aberrant DNA methylation is induced by various infectious agents, and inflamma-
tion is an important mechanism for the induction. Specific genes are methylated by
specific inducers, forming methylation signatures. The potential application of
methylation signatures in molecular epidemiology is to identify past exposure to
infectious agents. Serum antibody titer against an infectious agent gradually
decreases after elimination of the agent, but a methylation signature in a tissue will
remain. Some efforts have been initiated to assess methylation signatures in DNA
from peripheral blood leucocytes. If methylation signatures of various infectious
agents can be assessed in blood DNA, they will be extremely useful to assess the
involvement of an infectious agent in various human disorders. Further studies are
needed.
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Abstract

The field of epigenetic research has evolved dramatically in recent years and has
given valuable insight into regulation and dysregulation of gene expression in
health and disease. The knowledge of the mechanisms controlling epigenetic
changes increased, and in more and more diseases, a role for epigenetics could be
found. Rheumatoid arthritis is a chronic inflammatory, autoimmune disease that
leads to joint destruction but also affects other tissues and organs. Its etiology is
not yet clarified, but a combination of the genetic background and environmental
factors is proposed to trigger the onset of the disease. Epigenetic changes might
be the link between non-genetic risk factors and development of symptoms.
Changes in DNA methylation and histone modifications have been detected in
patients with RA and have been found to promote inflammation and joint
destruction. Future studies will have to show which epigenetic changes are
causative factors and which are induced at a later stage by the chronic

C. Ospelt (*) · S. Gay
Department of Rheumatology, Center of Experimental Rheumatology, University Hospital Zurich,
University of Zurich, Zurich, Switzerland
e-mail: caroline.ospelt@usz.ch; steffen.gay@usz.ch

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
K. B. Michels (ed.), Epigenetic Epidemiology,
https://doi.org/10.1007/978-3-030-94475-9_15

363

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-94475-9_15&domain=pdf
mailto:caroline.ospelt@usz.ch
mailto:steffen.gay@usz.ch
https://doi.org/10.1007/978-3-030-94475-9_15#DOI


inflammatory environment seen in the disease. This knowledge holds the poten-
tial for new preventive, predictive, and therapeutic opportunities in RA.

Abbreviations

ACPA anti-citrullinated peptide autoantibodies
DNMT DNA methyltransferase
EBV Epstein Barr virus
H3 histone 3
H4 histone 4
HAT histone acetylases
HDACs histone deacetylases
HERV human endogenous retrovirus
IGF Insulin-like growth factor
IL interleukin
MHC major histocompatibility complex
PBMCs peripheral blood mononuclear cells
RA rheumatoid arthritis
SFN Sulforaphane
SLE systemic lupus erythematodes
TLRs Toll-like receptors
Xi inactivated X chromosome

15.1 Introduction

The classic definition of epigenetics describes epigenetic changes as mitotically
heritable changes in gene function that, in contrast to mutations, do not alter the
sequence of the DNA. However, the more epigenetics is studied in health and
disease, the more facets and extensions have been added to this definition. Although
an intriguing concept, the stable and mitotically heritable changes induced by the
environment exclude a number of chromatin modifications and transcriptional
regulators, which, while short lived, profoundly influence gene expression and
might initiate changes that are passed on to the next generation of cells. In the
current review, we follow the definition of Adrian Bird, describing epigenetic events
as “the structural adaption of chromosomal regions so as to register, signal or
perpetuate altered activity states” [1]. This definition includes more general
mechanisms that regulate gene expression without claiming to have
transgenerational effects. Furthermore, it emphasizes the responsive nature of the
epigenome, which is of particular interest in the context of the contribution of
epigenetics to the development of diseases. Epigenetics may be the missing link
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between risk factors such as aging, environmental toxins or co-morbidities and the
development of disease symptoms.

15.2 Epigenetics in Immune Function and Inflammation

The initiation of an immune response demands activation of regulatory processes to
keep the frail balance between efficient defense and self-destruction. Epigenetic
modifications have been found to play an important role in the transcriptional
regulation of genes modulating and coordinating the immune response at various
levels.

The innate immune system is activated via binding of pathogen-associated
molecular patterns, so-called PAMPs by innate immune receptors. One of the best-
studied innate immune receptors is Toll-like receptors (TLRs) which initiate a fast
pro-inflammatory response against invading pathogens. It has long been known that
repeated stimulation of TLR pathways, in particular of TLR4 pathways leads to the
induction of tolerance against the inducing agent [2]. This mechanism controls the
pro-inflammatory response and protects the organism from development of a septic
shock. Foster et al. could show that there are two categories of genes that are induced
by TLR4 stimulation [3]. The first set of genes is only induced at the first response,
becomes then silenced and is not any more expressed after further TLR4
stimulations. The second set of genes is induced after every TLR4 stimulation.
This set includes genes responsible for elimination of pathogens, expression of
further immune receptors and activators of the adaptive immune response. After
an initial TLR stimulation both sets of genes undergo specific epigenetic
modifications such as histone acetylation and methylation, which shape innate
immune responses, improve the elimination of the pathogen and prevent inflamma-
tory tissue damage. This epigenetically imprinted memory to an unspecific stimulus
is called trained immunity and was not only found in immune cells, but also in
stromal cells, such as fibroblasts [4].

Also adaptive immunity gets modulated by epigenetic mechanisms. The specific
cytokine pattern produced by Th1 and Th2 T cell subtypes could be shown to be
regulated by histone acetylation and methylation. While in Th1 cells expression of
interferon γ and interleukin (IL)-4 is repressed by histone methylation, Th2 cells
have no histone methylation at this locus but instead show hyperacetylation of
histones at the IL-4-IL-13 promoter site facilitating gene expression [5–8]. In addi-
tion, expression of IL-2, a key regulator of T cell differentiation and survival is
regulated by histone deacetylases (HDACs) [9].

The expression of a variety of pro-inflammatory cytokines, e.g., IL-1, IL-8, and
IL-12 has been found to be controlled by HDACs. Thus, it can be assumed that
modulation of the histone code is an important general mechanism to regulate the
inflammatory response [10–12]. Accordingly, disturbances in epigenetic control
mechanisms might promote excessive, chronic, or self-directed immune responses
resulting in chronic inflammatory diseases and autoimmunity.
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15.3 Rheumatoid Arthritis

To scale the impact of epigenetic changes on disease development, studies of
identical twins with discordant disease are most valuable. In celiac disease concor-
dance in monozygotic twins is more than 80%, suggesting a strong genetic compo-
nent in this disease [13, 14]. In rheumatoid arthritis (RA), the concordance rate
between monozygotic twins is about 15% [15, 16]. However, concordance rates are
in general lower in diseases with low prevalence. Heritability, which estimates the
genetic contribution, is independent of disease prevalence and is about 60% for RA
[17]. Nevertheless, these data suggest a substantial role of non-genetic factors in RA
etiology. In the following, we will discuss current evidence on the contribution of
non-genetic factors to the development of RA and the role of epigenetic
mechanisms.

15.3.1 Epidemiology of RA

RA is a systemic autoimmune disease, which simultaneously affects multiple joints
and ultimately leads to irreversible damage of articular structures. Destructive
arthritis primarily affects small joints of the hands and feet, but larger joints are
also affected during the course of the disease. In a murine disease model, circulating
synovial fibroblasts in the blood were connected to this typical pattern of joint
involvement [18]. The most common extra-articular manifestations of RA are
subcutaneous nodules, serositis, and amyloidosis.

15.3.1.1 Geography
Worldwide, 0.5–1% of the population is affected by RA. Incidence rates vary
between countries; RA was reported to newly affect 9/100,000 individuals per
year in France and 45/100,000 individuals per year in the USA [19, 20]. The
prevalence of RA is generally lower in less economically developed countries and
regions [21, 22]. These suggest that genetic variance, environmental and socioeco-
nomic factors affect disease prevalence, however, data from epidemiologic studies
also may reflect underdiagnosis due to lack of access to healthcare. In addition, lower
life expectancy may also contribute to the low prevalence of RA in developing
countries. Furthermore, these differences may be, at least partly, due to methodolog-
ical differences, making it difficult to compare data from different studies. Studies
measuring disease rates within a country are particularly useful in separating the
contribution of genetic and non-genetic factors. High prevalence rates in specific
population subgroups point to genetic components, whereas higher rates of disease
in specific geographical areas are indicators of environmental influences. Examples
for the first scenario are studies indicating a very high RA prevalence in Native
Americans [23]. A larger genetic contribution can be assumed in these population
groups, although social habits and living conditions may also play a role. Since the
incidence and prevalence of RA in Pima Indians have significantly decreased over a
25-year time period, an important environmental contribution cannot be excluded
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[24]. A Finnish study suggested geographical variation in the incidence of RA in
Finland with more than 2.5 fold higher incidence rate in north-eastern compared to
north-western Finland [25]. These variances could not be explained by genetic
differences or by differences in health care or diagnostics. In central Finland, RA
incidence rates declined from 45/1000000 in 1980 to 27/1000000 in 1995. Worldwide
the incidence of RA has declined in many countries, e.g., in the USA or Japan
[20, 26]. Since the genetic background in a population hardly changes in such a short
time period, these studies support a role of environmental factors affecting RA
etiology.

15.3.1.2 Sex
Like most autoimmune diseases, RA is more common in women than in men,
however, the ratio changes with age. While in women, the RA incidence rate
peaks at around 55 years of age and then remains stable, it increases in men up to
an age of about 85 years. Accordingly, the sex ratio is highest in the mid-forties with
4:1, declines in the mid-fifties to about 2:1 and levels in women and men over the age
of 70 years [20, 27]. A possible explanation is the role of sex hormones on
inflammation and immune response, but mechanisms are insufficiently understood.
Studies explored the influence of reproductive factors on RA risk, but provided
inconsistent results. Pregnancy is generally considered as ameliorating factor in RA
disease activity, and some studies identified breastfeeding as a possible inducer of
postpartum RA flares [28, 29]. However, others could not confirm these results
[30]. Furthermore, a protective role of breastfeeding on the risk to develop RA was
found [31]. Similarly, reports on the influence of age at menarche, use of oral
contraceptives and exogenous hormones are inconclusive [31–33].

15.3.1.3 Lifestyle
Occupational risk to develop RA was mainly described in professions where
workers were exposed to silica [34]. Also exposure to mineral oils and mineral
dust seems to lead to an increased risk of RA [35].

It remains unresolved whether infectious agents may influence the development
of RA. One of the most prominent candidates is the Epstein Barr virus (EBV) but
studies analyzing the presence of EBV in RA patients were often limited by technical
shortcomings and results were conflicting [36–38]. However, RA patients consis-
tently have higher titers of EBV antibodies compared to healthy controls
[39, 40]. These may result from a generally dysregulated immune response in RA
patients, since a clear link between EBV infection and RA is missing [41]. A variety
of other infectious agents, e.g., parvovirus B19,Mycoplasma pneumoniae or Proteus
mirabilis have also been implicated in increased risk of RA, but none provide strong
and consistent evidence for a causal role in RA [42].

Studies on the role of dietary factors in RA etiology are compromised by the
complexity of diet, making it difficult to single out the possible contribution of
individual foods or nutrients and by the presence of unidentified confounding factors
that cannot be corrected for. Conflicting results do not permit conclusions on the role
of consumption of fruits and vegetables, dairy products, coffee, or alcohol
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[43, 44]. Evidence that is more consistent links antioxidants and RA. High dietary
intake of antioxidants was found to decrease the risk for RA in the Iowa Women’s
Health Study cohort of older women [45], and several studies found lower serum
levels of antioxidants in individuals who subsequently developed RA compared to
healthy individuals [46–48]. However, no association was found between intake of
antioxidants from foods and supplements and the risk of RA in the large prospective
Nurses’ Health Study [49].

The role of smoking in RA etiology is supported by several studies and an
elevated risk to develop RA was described in past smokers until at least 10 years
after cessation [50–53]. A gene-environment interaction was identified in smokers
that carry risk alleles within the HLA-DRB1 locus. The HLA-DRB1 gene codes for
the β-chain of the major histocompatibility complex (MHC) class II receptor on
antigen-presenting cells and is highly allelic diverse. HLA-DRB1 RA risk alleles
have a common amino acid sequence, which is important in peptide binding and is
known as “shared epitope.”Depending on the type of risk allele, individuals carrying
shared epitope alleles are 1.5 to 3 times as likely to develop RA compared to
non-carriers. Sub-classification of RA patients into those with anti-citrullinated
peptide autoantibodies (ACPA) and without revealed that shared epitope alleles
mainly influence the development of ACPA positive RA [54]. With an odds ratio
5.27 compared to shared epitope-negative non-smokers, smoking is a strong risk
factor for the development of ACPA positive RA in individuals with the shared
epitope but not in individuals without any risk alleles [55, 56].

15.3.2 Epigenetics in RA

In many rheumatic diseases, and in particular in RA, epigenetic mechanisms are
believed to contribute to the pathogenesis and to be connected to the above-
mentioned risk factors for RA. Several studies could show epigenetic changes in
cells and tissues of RA patients, however, the causality of these changes in disease
development is difficult to assess. Nevertheless, changes in DNA methylation of
PBMCs in RA might be used as biomarkers to predict the response to therapies [57].

15.3.2.1 DNA Methylation
Transposable Elements
Transposable elements are mobile DNA sequences that can move to different
positions in the genome either by transcription/reverse transcription
(retrotransposons) or by a cut and paste mechanism (DNA transposons). These
remnants of ancient infections comprise around 45% of the human genome and
have a sustained effect on human cell biology and evolution by influencing gene
expression and genomic organization. In humans the expression of transposable
elements is among others regulated by DNA methylation [58]. Demethylation of
transposal elements leads to their transcription, which can increase expression of
neighboring genes by providing promoter functions or can disturb cell physiology
by translation of transposon gene products.
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The product of the retrotransposon HRES-1, which belongs to the family of
human endogenous retrovirus (HERV), was shown to suppress CD4 expression on
human CD4+ T cells [59]. Most important for autoimmune diseases, transposon
products, in particular HERV proteins can induce an antibody response and these
antibodies can cross-react with other auto-antigens [60]. In patients with the autoim-
mune disease systemic lupus erythematodes (SLE), expression of the HERV-E clone
4-1 gag transcripts correlated with the presence of the anti-nuclear antibodies anti-
U1 ribonucleoprotein and anti-Sm [61]. Furthermore, HERV-E clone 4-1 transcripts
were only found to be expressed in peripheral blood mononuclear cells (PBMCs)
from SLE patients but not from healthy controls and their expression could be
induced in vitro by DNA demethylation with 5-azacytidine [62].

In RA, the retrotransposable element LINE-1 is expressed in synovial fibroblasts
from RA patients but not from patients with osteoarthritis (OA) and its expression
can be induced by in vitro DNA demethylation [63]. Expression of transposable
elements by loss of DNA methylation might be linked to decreased expression of the
enzyme that promotes methylation of DNA, DNA methyltransferase (DNMT)-1, in
RA synovial fibroblasts [64]. Functional consequences of increased LINE-1 expres-
sion in RA are however not analyzed in detail.

Imprinted Genes
In addition to transposable elements, imprinted genes are particularly sensitive to
changes in DNA methylation. A subset of RA synovial fibroblasts was found to have
loss of imprinting at the Insulin-like growth factor (IGF-2) gene locus [65]. High
expression of IGF-2 was further found to correlate with a low-inflammatory type of
RA, suggesting that in a subgroup of RA patients, loss of imprinting of the IGF-2
gene in synovial fibroblasts leads to higher expression of IGF-2, promoting synovial
fibroblast proliferation and an inflammation-independent type of synovial invasion.
A general role of loss imprinting in RA pathogenesis is however disputed by studies
that have failed to show any influence of genomic imprinting on susceptibility to RA
[66, 67].

Genome-Wide Changes in DNA Methylation
Genome-wide changes in DNA methylation have been found in stromal as well as
immune cell populations in RA patients [68–70]. Pathway analysis implicated that
the genes that are affected by changes in DNA methylation in RA patients are not
random, but are involved in relevant pathogenic pathways previously shown to be
active in RA. Since biospecimen in these studies were obtained from patients with
manifested RA, the temporal relation between changes in DNA methylation and RA
remains unclear. Studies analyzing DNA methylation in synovial fibroblasts could,
however, show that changes in DNA methylation occur early in disease [71], even
before the clinical diagnosis [72] and that DNA methylation patterns change in the
course of the disease.
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Promoter-Specific Changes in DNA Methylation
In addition to genome-wide changes in DNA methylation, promoter-specific
changes in DNA methylation were described in RA patients. Increased production
of the chemokine CXCL12 by RA synovial fibroblasts could be shown to be caused
by hypomethylation of the CXCL12 promoter in these cells [73] Takami et al. found
higher methylation rates in the promoter of the death receptor DR3 in synovial
fibroblasts of RA patients compared to OA patients. Accordingly protein levels of
the DR3 receptor were found to be lower in RA synovial fibroblasts compared to OA
synovial fibroblasts, which might be the explanation for the lack of apoptosis seen in
RA synovial fibroblasts after application of the physiologic ligand of DR3 [74].

Analysis of the “senescent” subset of T cells, namely CD4+ CD28-, which are
mainly found in elderly people and in people with chronic inflammatory diseases
such as RA revealed that demethylation leads to the specific gene expression pattern
seen in these cells. Due to repetitive stress, these T cells downregulate ERK and JNK
signaling pathways which was connected to loss of methylation via downregulation
of DNMT1 and DNMT3a [75]. In PBMCs, it could furthermore been shown that in
RA patients, methylation is lost at a specific site in the IL-6 gene promoter. Lack of
methylation at this site was connected to higher levels of IL-6 transcripts after
stimulation [76]. Most interestingly, differential DNA methylation was found in
the MHC region, which is intimately connected to the genetic risk to develop RA, in
PBMCs of RA patients [77]. The variability of DNA methylation in this region
might mediate the genetic risk of the MHC region to develop RA.

Some of the epigenetic changes found in RA might result from repetitive stress
during chronic inflammation and may evolve during disease and perpetuate the
inflammatory process. Since the enzymes transferring methylation marks after
mitosis have a much higher error rate compared to DNA polymerases, differences
in methylation patterns accumulate with every mitotic cycle; this could explain why
the risk of developing a variety of diseases, including RA increases with age
[78]. Some epigenetic changes may already be induced years before the onset of
disease, since peri- and postnatal nutrition and environment affect the epigenome in
animal models. Even though some epidemiological studies suggest a connection
between incidence rates of RA and year of birth, the underlying events are not clear,
and studies on the early life origins of RA patients are scarce and some results are
conflicting [20, 79]. Associations between being breastfed and risk of RA could be
shown in one study, but were not confirmed by others [80, 81]. Whereas no relation
between birth weight and Rheumatoid Factor positivity could be found, there seems
to be a higher risk of developing RA associated with high birth weight [80, 82, 83].

Another lifestyle factor that affects DNA methylation is smoking which was
shown to cause changes in DNA methylation in PBMCs of healthy smokers
[84]. Interestingly, maternal smoking increased the risk to develop RA [85]. In
conjunction with the genetic background, smoking-induced changes in DNA meth-
ylation may lay the groundwork for the development of RA.
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15.3.2.2 Histone Modifications
In addition to DNA methylation, epigenetic regulation occurs via histone
modifications. These modifications are more dynamic and varied and include acetyl,
methyl, phosphate, and ubiquitin residues, which can be placed at different sites on
the histone tails. The various histone modifications are interconnected and are
influenced by DNA methylation creating an intricate system. The combination of
different modifications at specific positions at a certain stage of transcription tips the
scale for transcriptional repression or activation [86]. Unfortunately, the complexity
of this system often leads to studies focussing on specific modifications at specific
sites of the genome. Such data can only provide a limited picture of the complex
interactions in vivo. Most intensely studied are acetylation and methylation of
histone 3 (H3) and histone 4 (H4). Histone acetylation is commonly associated
with transcriptional activation, whereas deacetylation by histone deacetylases
(HDACs) leads to transcriptional repression.

In CD4+ T cells of SLE, patients global H3/H4 acetylation was decreased, which
suggests transcriptional repression. Accordingly, levels of histone acetylases (HAT)
were significantly lower in these patients [87]. Nevertheless, also HDAC2 and
HDAC7 levels were lower in SLE patients than in controls. Histones are not the
only targets of HDACs for deacetylation. Therefore, the expression of single HDAC
is not necessarily correlating with global histone acetylation levels. In synovial
tissues of RA patients, the HDAC/HAT balance was found to be shifted towards
higher levels of HAT with hyperacetylated histones promoting gene expression
[88]. Other studies found increased activity and expression of HDAC1 in RA
synovial tissues [89]. In peripheral blood cells of RA patients, total HDAC activity
was higher than in healthy controls, but activity of HATs was similar between
patient PBMCs and healthy controls, thus suggesting a shift of the HDAC/HAT
balance towards increased HDAC activity [90, 91].

In synovial fibroblasts, changes in histone acetylation are suggested to have a
major impact on the inflammatory response. Stimulation with the pro-inflammatory
factor TNF as well as with the TLR4 ligand LPS led to changes in histone acetylation
that were connected to prolonged expression of pathogenic factors by synovial
fibroblasts, propagating chronic inflammation in RA synovium
[92, 93]. Downregulation of HDAC5 and upregulation of HDAC3 were identified
as important factors regulating the production of interferon response genes in
synovial fibroblasts [94, 95].

Histone modifications can be regulated by the activation of the transcription
factor NF-κB. NF-κB is a key transcription factor in inflammation and cell growth
and its activation leads to expression of a variety of pro-inflammatory cytokines and
chemokines [96]. Saccani et al. observed in murine macrophages that not all NF-κB
target genes are accessible for NF-κB binding and that H3 phosphorylation/
phosphoacetylation or H4 acetylation needs to be increased before NF-κB can
bind to the promoter of IL-6. Their data also suggest that different stimuli induce
histone modifications at different gene locations, thereby shaping the resulting
inflammatory response [97, 98]. H3 methylation seems to have a crucial role in
basal and post-induction repression of a subgroup of NF-κB inducible genes, tightly
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regulating gene expression and leaving only a small time window for activation
[99]. These examples of NF-κB regulation by histone modifications underline the
importance of epigenetics in the regulation of inflammation and indicate that small
but lasting changes in the epigenetic code may have a sustained effect on inflamma-
tory and immune responses.

Another hypothesis linking histone modifications to the development of autoim-
mune diseases suggests that changes in the histone code lead to the appearance of
neo-epitopes which after cell death might be recognized and induce an autoimmune
response [100]. In SLE and in chronic inflammatory bowel disease autoantibodies
against the mono-ubiquitinated H2A are regularly found and also autoantibodies
against poly (ADP) ribose, another histone modification, are present in the serum of
these patients [101–103]. In RA patients, autoantibodies to citrullinated histones are
found and a pathogenic role for these autoantibodies in the development of RA was
suggested [104]. However, a causal role in disease pathogenesis has not been
convincingly shown yet, and the appearance of these autoantibodies may be the
consequence and not the cause of an aberrantly activated and disturbed immune
system.

Histone modifications are much more dynamic than DNA methylation and a
variety of external stimuli likely have an impact on the histone code. Sulforaphane
(SFN) is an organosulfur compound that is present at high levels in cruciferous
vegetables such as cabbage, broccoli and horseradish and is a naturally occurring
HDAC inhibitor. Study participants were asked to consume one cup of broccoli
sprouts after 48 h of a cruciferous vegetable-free diet and HDAC activity and H3/H4
acetylation was measured in PBMCs [105]. Three hours after broccoli consumption,
a strong downregulation of HDAC activity was detected and H3 and H4 were
hyperacetylated accordingly. This effect was still detectable 48 h after consumption
of the broccoli sprouts. SFN is not the only naturally occurring HDAC inhibitor and
the authors speculate that long-term intake of such modulators of the histone code
may prime cells for an appropriate response to exogenous insults [106]. A combina-
tion of different dietary modulators of chromatin remodeling may interact to induce
constant subtle changes in the epigenetic state, and this dynamic state may reduce
susceptibility to diseases with epigenetic components such as chronic inflammation,
autoimmunity, or cancer.

15.3.2.3 Sex Difference
One of the main questions regarding the occurrence of autoimmunity is why women
are generally more frequently affected than men. Among different explanations
including hormone status in particular estrogen levels and differences in environ-
mental exposures, hypotheses relating to the sex chromosomes have drawn increas-
ing attention. During embryogenesis, one of the two X chromosomes in the cells of
female mammals gets inactivated. In humans, the choice between paternal or
maternal X chromosome is randomly, but once made, the choice is permanent for
the cells. Silencing is achieved by different epigenetic mechanisms. The future
inactivated X chromosome (Xi) expresses a large non-coding RNA from the Xist
(X inactive specific transcript) gene, which binds to Xi and suppresses gene
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expression. Inactivation of Xi is completed by histone ubiquitination, methylation
and loss of acetylation and DNA methylation [107]. The combination of these
epigenetic modifications makes Xi silencing irreversible, albeit not complete. Only
75% of the genes on the Xi are constantly silenced, 15% are constantly expressed
and another 10% are differential expressed between individuals [108]. The fact that
there are genes that are constantly expressed at a higher level in females than in
males and that the expression of some of these genes also varies between females
might be of importance in the development of diseases. Furthermore, Xi chromo-
some reactivation may play a role. Methylation of the promoter region of the
CD40LG gene on the X chromosome was diminished in women with SLE and
transcript levels of this B cell co-stimulatory molecule were higher in affected
women compared to healthy women but interestingly also compared to affected
men [109]. However, direct proof that silencing in vivo was lost at this specific site
of Xi in female SLE patients is lacking. Finally, skewed X chromosome inactivation
has been implicated in disease development. In this case, the inactivation of the X
chromosomes is not random, but either the maternal or the paternal X chromosome is
preferentially silenced. The cause of skewed inactivation is not clear yet. Higher
frequency of skewed inactivation patterns was found in peripheral blood cells of
patients with scleroderma and RA compared to healthy controls [110, 111].

15.4 Conclusions and Perspectives

In recent years, epigenetic research has drastically increased and provided interesting
and exciting insights into gene regulation and transcriptional control mechanisms.
However, we are only beginning to understand how cells react to an altered
environment via the intricate network of epigenetic modifications. Depending on
the cell type, every individual gene has a particular pattern of DNA methylation and
histone modifications, which change with its state of activation and must be tightly
regulated. Environmental factors such as nutrition, toxins, or infections that can
interfere with the epigenome may induce epigenetic changes over time that persist
even in the absence of the triggering factor and shape response mechanisms.

Some epigenetic changes that are seen in chronic inflammation and autoimmunity
may be induced by consistently aberrant activation of certain signaling pathways and
perpetuate disease by facilitating accessibility to these pathways like a well-trodden
path. As illustrated in Fig. 15.1 epigenetic changes might also be induced before
disease onset by seemingly disease-unrelated factors shifting cellular pathways
towards a vulnerable state that together with a susceptible genetic background or
additional exogenous factors triggers disease. One key question for future research
will therefore be which epigenetic changes occur before disease onset and which
occur because of disease. Answers to this question will not only offer novel insights
in disease pathogenesis, but also provide new preventive, predictive, and therapeutic
opportunities.

Future epidemiologic studies will benefit from additional epigenetic insights
and start to integrate epigenetic data. The combination of epidemiologic, genetic,
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and epigenetic data can be a powerful tool to clarify susceptibility, outcome, and
therapeutic response not only in RA but also in a variety of chronic inflammatory
diseases.
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Abstract

This chapter will cover key concepts related to epigenetic regulation of asthma
and the disease’s environmental triggers, development, underlying immune
pathways, and clinical course. Recent studies that include epigenetic mediation
of the effects of exposures on risk factors on asthma will be stressed. Epigenetic
regulation of asthma treatments and patient responses to interventions will be
described. Among these topics, emphasis will be placed on the time windows of
susceptibility. In general, this review suggests that despite continuing progress in
this field, further rigorous studies of epigenetic mechanisms in asthma and its
management are needed. Future studies may consider the temporality and
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duration of epigenetic regulation to strengthen the evolving understandings of
epigenetics in asthma.

Abbreviations

ACT Asthma Control Test
AEC Airway epithelial cells
ASMC Airway smooth muscle cell
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BBP Butyl benzyl phthalate
BMI Body mass index
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EPIC European Prospective Investigation into Cancer and Nutrition
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FEF Forced expiratory flow
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FVC Forced vital capacity
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16.1 Introduction

Asthma is a complex disorder whose mechanistic underpinnings continue to be
elucidated. Estimates indicate that non-genetic factors, such as environmental
exposures, may contribute to approximately 60% of these mechanisms [1]. The
immunological pathways that are induced and associated with the development of
asthma and features of its clinical course (i.e., asthma exacerbations) are varied and
include the stimulation of T helper (Th) 2 proallergic pathways, altered T regulation,
and airway smooth muscle functional impairments. They all have been shown to be
regulated by multiple environmental exposures, such as cigarette smoke, fungi,
house dust mites, and bisphenol A [2–7], suggesting that the impact of the environ-
ment on asthma immunopathogenesis is substantial.

Epigenetic regulation, briefly defined as involving mechanisms that are poten-
tially heritable modifications that may influence gene expression without alterations
in the DNA sequence, provides a fundamental framework for considering asthma
immunopathogenesis for many reasons. Both epigenetic regulation and the asthma
phenotype change over time and with aging [8]. Others have shown that changing
levels of environmental exposures were associated with persistent vs. improved
asthma symptomatology. These are best represented in randomized trials of envi-
ronmental remediation on asthma-related outcomes [9]. Hence, environmental epi-
genetic regulation may explain the temporal relation between the changing
environment exposures and changing asthma symptoms [10].

This chapter will focus on delineating the complex relation between environmen-
tal exposures and the impact of epigenetic regulation on asthma. This will include a
review of the role for epigenetic regulation in environmental inducers of asthma, as
well as in asthma immune pathways and clinical features of asthma. Evidence for
epigenetic regulation of asthma treatments also will be reviewed. We will conclude
with itemizing challenges and opportunities for future investigations to fill in the
many research gaps in this expanding paradigm.

16.2 Asthma Environmental Triggers Appear Epigenetically
Regulated

Traffic-related air pollution describes a wide array of emissions, including gases,
coarse and fine particulate matter (PM10, PM2.5), and diesel, all of which have been
implicated in asthma. While some studies have attributed epigenetic effects of
measures of traffic as a surrogate for exposure to air pollution, both prenatally
[11] and during childhood [12], others have determined associations with specific
pollutants. These include several studies that relied on maternal residential addresses
to estimate prenatal levels. For example, Abraham and coworkers examined prenatal
NO2 exposure using atmospheric dispersion modeling. DNA methylation in placen-
tal samples collected at delivery showed that higher estimated exposure to NO2

through pregnancy, and particularly during trimesters 1 and 2, was associated with
lower methylation at two CpG sites in the developmental gene Adenosine A2b
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Receptor (ADORA2B) [13]. Further, Ladd-Acosta and coworkers used air quality
monitoring data and spatial modeling to estimate NO2 and ozone exposures. Higher
levels of prenatal NO2 or O3 exposure were associated with alterations in nine
differentially methylated regions (DMRs), including in genes related to vaccination
response and substrate metabolism in cord blood samples, as well as mitochondrial
function and gastrointestinal inflammation in placental samples [14]. Combined,
these studies argue for the importance of the prenatal time window of exposure on
NO2 and ozone-induced epigenetic regulation of genes involved in multiple meta-
bolic, developmental, and inflammatory processes in cord blood and the placenta.

Nonetheless, additional works point to the importance of exposures to NO2 and
ozone during adulthood. These include epidemiological studies in humans, using
estimates of long-term exposure to NO2 from land-use regression models, that found
evidence of global demethylation on somatic chromosomes and several functional
regions such as CpG shores and shelves in Italian and Dutch adults participating in
the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort
[15]; many were associated with altered immune regulatory gene transcription. Bind
and coworkers exposed healthy adult study participants to either clean air or ozone
for two two-hour exposures and observed differences in bronchial epithelial cell
DNA methylation of 19 CpG sites in the Phospholipid Scramblase 1 (PLSCR1),
Hydroxycarboxylic Acid Receptor 1 (HCAR1), and Long Intergenic Non-Protein
Coding RNA 336 (LINC00336) genes by experimental arm [16], indicating that
short-term exposures to ozone also can induce epigenetic effects.

Particulate matter has emerged as another pollutant that appears to induce epige-
netic alterations, including during the prenatal window. This has been found for
global demethylation and mitochondrial DNA methylation measured in placental
samples [17, 18]. In a meta-analysis of a subset of participants in the Pregnancy and
Childhood Epigenetics consortium (PACE), prenatal exposure to PM2.5 and PM10

was estimated using dispersion modeling at the maternal addresses and was
associated with differential methylation at 14 and 6 CpG sites in cord blood samples,
respectively. Four of the CpGs associated with prenatal PM10 exposure, including in
pulmonary-related genes, remained associated in peripheral blood samples measured
in a separate cohort of older children [19], suggesting that specific epigenetic
differences related to prenatal PM exposures may persist later into childhood.
Associations between PM2.5 exposures during adulthood and epigenetic alterations
similarly suggest that periods beyond pregnancy may be susceptible to epigenetic
regulation. These include reports from adult men enrolled in the US Department of
Veterans Affairs Normative Aging Study. Long-term residential PM2.5 exposures
over one year, estimated through modeling based on satellite-derived aerosol
measurements and land-use regression variables, were associated with
20 DNA-methylation-age-related CpGs of 20 different genes measured in blood
cells [20]. Studies of more acute exposures, including those measured from moni-
toring sites over 2, 7, and 28 days in one study [21], and from personal backpacks
over one day [22], and 14-day averages of PM10 collected from an air quality
monitoring station [23], reported associations with altered levels of DNA methyla-
tion in multiple CpG sites and DMRs and altered histone modifications in adult
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peripheral blood. While these studies suggest that epigenetic regulation can occur
over the short term, they do not investigate whether these alterations are durable or
clinically impactful.

Beyond traffic-related air pollution, exposure to pollution from secondhand
cigarette smoke also has shown evidence of epigenetic regulation. Christensen and
coworkers first exposed pregnant mice, daily throughout gestation, to either filtered
air or tobacco smoke. Then, they experimentally induced dust mite allergic inflam-
mation in a subset of both exposure groups. This process yielded four exposure
categories: controls, single exposure to either tobacco smoke or house dust mite
(tobacco smoke-only and house-dust-mite-only, respectively), or combined-
exposure to both (combined-exposure). Tobacco smoke-only mice showed lower
methylation of IL-13 as compared to controls. Combined-exposure mice had lower
methylation in IL-4 and IL-13, as well as higher IFN-γ methylation, in comparisons
with both tobacco smoke-only and house-dust-mite-only mice [24], suggesting
incrementally further epigenetic regulation following two experimental exposures.
In a subset of cohorts from the PACE consortium, prenatal exposure to cigarette
smoke throughout pregnancy was measured via questionnaires. Through meta-
analysis, prenatal smoke exposure was associated with 568 CpGs in cord blood
samples that remained significant after Bonferroni multiple test correction [25]. This
study highlighted associations between prenatal tobacco smoke and epigenetic
differences, including many in developmental pathways, further emphasizing the
importance of the prenatal window of exposure. In addition, the top 1511 prenatal
smoking-related CpGs identified by Joubert and coworkers, including those with
some nominal associations, were further examined by Rauschert and coworkers.
They measured methylation at those prenatally identified CpG sites in three cohorts
of one-time adolescent and adult blood collections and then combined that methyla-
tion data with self-reported smoking collected from the participants’ mothers during
pregnancy. They assessed, trained, and tested previously established machine
learning algorithms for their accuracy in predicting past prenatal smoke exposure
based on methylation in the adolescent and adult blood samples; their final, best-
performing score utilized 204 CpGs to make this prediction [26], suggesting that a
subset of prenatal smoking-related epigenetic marks identified by Joubert and
colleagues may generalize to other cohorts of older individuals.

In addition to physical exposures to pollutants, exposures to the asthma trigger of
stress also have shown epigenetic associations in epidemiological studies. Brunst
and coworkers assessed maternal lifetime exposure to stress and potentially trau-
matic events using the Life Stressor Checklist-Revised (LSC-R) survey. A cumula-
tive score of all included stressful events, weighted by self-reported negative impact
of each event, was calculated and associated with placental methylation of 12 CpG
sites, including sites involved in lysine degradation and fetal development
[27]. These findings suggest that exposures that may occur even prior to the prenatal
window of susceptibility window may affect methylation, although this study design
did not isolate that time period.

As environmental exposures do not occur in isolation, emerging studies have
sought to test the epigenetic impacts of combined or sequential environmental
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exposures. In one example, Clifford and coworkers examined sequential exposures
to diesel exhaust, a major component of PM emission mixtures, and allergens. They
performed a crossover experiment with 2 hours of randomly assigned filtered air or
diesel exhaust exposure. Subsequently, the adult participants were administered an
allergen challenge in a lower lobe bronchial segment, paired with a saline control
that was instilled in a contralateral bronchial segment. After a four-week washout
period, the process was repeated with reversed exposures and reversed sides.
Bronchial epithelial samples were collected 48 hours after each allergen challenge
for measures of DNA methylation. They found that seven CpGs changed methyla-
tion levels following diesel exposure alone and co-exposure to diesel and allergen
after the initial exposures. Allergen challenge four weeks after diesel exposure
changed methylation in 75 CpG sites, and diesel challenge four weeks after allergen
exposure changed methylation in 548 CpG sites [28]. These results suggest that
sequential and differing toxicants may have synergistic epigenetic impacts, with
levels that vary depending on the timing and order of the sequence.

16.3 Asthma and its Underlying Immune Pathways Appear
Epigenetically Regulated

Asthma is a heterogeneous disorder characterized by different underlying immuno-
logical pathways, some of which are still being defined. Accordingly, epigenetic
research has focused both on agnostic approaches using high output methylation
arrays and more directed investigation of epigenetic regulation of known asthma
pathways. Both strategies have yielded substantial and complementary insights into
asthma mechanisms. While epigenetic studies in blood yielded some early evidence
of epigenetic regulation in multiple genes and pathways related to T cell function,
NK cell function, and eosinophil activation [29–31], more recent studies suggest that
epigenetic modifications in other tissues or cells closer to the airways are very
relevant, and may be more relevant, to asthma and its mechanistic underpinnings,
such as sputum, nasal epithelial, and airway epithelial cells, as described below.

Groth and coworkers found physician-diagnosed asthma-associated DMRs in
immune-related, small nucleolar RNA (snoRNA), and small Cajal body RNA
(scaRNA) genes in sputum in their agnostic approach. They further utilized com-
puter algorithms (i.e., deconvolution processing) for statistically inferring cell-type-
specific methylation profiles given the mixed cellular profile of sputum. The more
robust findings were specific among macrophages, as opposed to neutrophils or
eosinophils, where DMRs in asthma samples, as compared to non-asthmatic
samples, were located within the IL23A and CCL24 genes; these two loci relate to
macrophage polarization and eosinophil stimulation, respectively [32].

Nasal epithelial cells have been studied increasingly due to their relative nonin-
vasive collection techniques and even closer proximity to the lower airway. These
include epigenome-wide studies in children that appear to have implicated pathways
or genes epigenetically regulated in asthma. In several, differential methylation of
genes and pathways, including those involved in eosinophilic activity, allergic
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responses, and oxidative stress, were cross-sectionally associated with asthma diag-
nosis and medication use [33–35]. Further, Forno and coworkers compared pediatric
seroatopic vs. non-seroatopic physician-diagnosed asthmatics, reporting 8644 CpGs
that were cross-sectionally differentially methylated [36]. These included genes
important to epithelial barrier function, gap junction signaling, and type-1 and
type-2 helper T cell (Th1/Th2) immune responses. Agnostic approaches also have
examined epigenetic influences on gene transcription, using expression quantitative
trait methylation (eQTM) analysis to probe more than 8.5 million pairs of methyla-
tion loci and gene expression of nearby genes. In nasal cells from pediatric
physician-diagnosed atopic asthmatics, Kim and coworkers found 16,867 eQTM
pairs, based on 9103 CpGs associated with the expression of 3512 genes, that were
differentially identified in atopic asthma patients as compared with non-atopic
controls [37]. While a relation of methylation regulating gene expression is well-
established, this methodology that measures sites that demonstrate both altered
methylation and gene expression pinpoints potentially influential loci with more
specificity than other studies that rely on one molecular platform alone.

Airway epithelial cells (AECs) have been assessed in a limited number of studies
and yielded new insights into their epigenetic regulation in asthma [38]. In one
example, Nicodemus-Johnson used an array-based approach to assess genome-wide
AEC methylation in adult asthma, defined based on doctor’s diagnosis and current
medication use. They found 40,892 CpG sites that were cross-sectionally differen-
tially methylated in asthmatics as compared to non-asthmatics. Further, by clustering
CpG sites with highly correlated methylation levels using weighted gene correlation
network analysis (WGCNA), they reported that the differentially methylated loci
were enriched in pathways related to airway remodeling, leukocyte attraction, and
response to nitric oxide [39].

Studies that have targeted loci in established asthma pathways include those
centered on the regulation of allergic sensitization and allergic inflammation.
These too have occurred across tissue types. For example, Barton and colleagues
targeted analyses of the proallergic Th2 transcription factor GATA Binding Protein
3 (GATA3). Higher cord blood methylation at birth in two GATA3 CpGs were
associated prospectively with reduced risk of physician-diagnosed asthma at ages
3 and 6 years [40]. Further studies have utilized buccal cells, easily and noninva-
sively accessible and in proximity to the airways, to examine cytokines that regulate
IgE synthesis, such as IL-4. Jung and coworkers observed buccal IL-4 promoter
hypomethylation 5 days following higher levels of short-term black carbon
exposures, measured using a backpack-based device over two 24-hour periods
[41]. These studies collectively indicate that key regulatory components of the
Th2 proallergic pathway may be epigenetically influenced, albeit in various tissue
types with different apparent time courses of epigenetic regulation. Nicodemus-
Johnson and coworkers also studied AECs to elucidate the epigenetic impact of
allergic immune responses induced by the Th2 cytokine: IL-13. First, they treated
cells ex vivo with either 10 ng/mL IL-13 or vehicle (controls) for 24 hours. Using an
array-based approach, they reported 6522 CpG sites that were differentially
methylated with the IL-13-exposed cells, as compared to the controls. They
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subsequently compared these ex vivo loci to in vivo methylation in AEC samples
collected from patients during bronchoscopy; 2020 of the 6522 IL-13-responsive
CpGs from their cell culture model also were differentially methylated in samples
from asthmatics vs. non-asthmatics [42]. The authors interpreted these results to
indicate the biological relevance of their cell culture model of allergic immune
responses in demonstrating and discovering methylation patterns that contribute to
asthma pathogenesis.

The T regulatory arm of adaptive immunity, often signaled by altered activity of
the transcription factor Forkhead Box P3 (FOXP3), is another asthma pathway that
appears epigenetically regulated. For example, experiments in mice performed by
Kyburz and coworkers compared the epigenetic regulation of protection from
perinatal and postnatal Helicobacter pylori exposure following house dust mite-
induced allergic airway inflammation. Maternal H. pylori exposure, orally
administered twice-weekly through pregnancy, was associated with lower methyla-
tion of the Treg-specific demethylated region in the FOXP3 locus in the offspring
[43], demonstrating H. pylori-induced epigenetic alterations in the regulatory T
pathway. The Infant Immune Study cohort, which includes children of asthmatic
mothers, identified 589 cord blood DMRs that distinguished children who did and
did not develop asthma later in childhood. In particular, SMAD3 promoter
hypermethylation, paired with IL-1β production (both measured in cord blood),
was associated prospectively with childhood risk of asthma by age 9. Both
SMAD3 hypermethylation and IL-1β production have been implicated in destabili-
zation of T regulation and greater Th17 differentiation [44]. As such, these results
affirm the prenatal window of epigenetic susceptibility on asthma risk as it applies to
T regulatory pathways.

Finally, pathways related to airway smooth muscle function may be epigeneti-
cally regulated in asthma. Yu and coworkers developed a house dust mite-induced
mouse model of allergic airway inflammation with airway remodeling and described
lower H3 lysine 27 tri-methylation (H3K27me3) levels in lung tissues from
sensitized mice vs. controls. They further examined the effects of GSK-J4, a
selective inhibitor of H3K27me3, and found that sensitized mice that were
pre-treated with GSK-J4 showed lower levels of collagen deposition in the lungs
and lower α-smooth muscle actin (α-SMA) levels in the peribronchial area, as
compared to sensitized mice without the pre-treatment [45]. As collagen deposition
and higher α-SMA expression are both features of asthmatic airway remodeling,
these results elucidate some epigenetic underpinnings of airway smooth muscle
phenotypes in asthma. Perry and coworkers reported 12,383 CpGs in adult airway
smooth muscle cells (ASMCs) that were differentially methylated among non-severe
asthmatics, severe asthmatics, and healthy controls. These sites have established
functions in cell proliferation, apoptosis, and ASMC contraction [46], further linking
epigenetic regulation presumably to altered airway smooth function. MicroRNAs
(miRNAs), including let-7a and miRNA-744, appear cross-sectionally differentially
expressed in airway smooth muscle in diagnosed asthmatic ASMCs, as compared to
non-asthmatic samples [47]. Finally, one small study of severe asthmatic vs. normal
control samples extended this differential expression of miRNA-744 to bronchial
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epithelial cells. Overexpression of miRNA-744 in asthmatics reduced bronchial
epithelial cell proliferation, apparently through phosphorylation of SMAD3 and
modulation of TGF-β1 [48], suggesting that the airway smooth muscle cells may
not be the only airway cells susceptible to epigenetic regulation.

16.4 Clinical Features of Asthma Appear Epigenetically
Regulated

Epigenetic regulation may underlie diverse clinical presentations of asthma. For
example, among pediatric sibling pairs discordant for asthma symptoms, determined
based on a questionnaire and using an array-based approach, six CpG sites in NECs
were associated cross-sectionally with current asthma status [49], including loci
related to the gene regulation-involved TET1 gene, the lung function-related
LAMA5 gene, and the inflammation-associated NLRP3 gene. All three have been
implicated previously in asthma development through Th2 proallergic or airway
remodeling pathways. Other studies suggest that asthma exacerbations may be
epigenetically regulated. In one example, Wardzyńska and coworkers studied
blood serum from adults who were admitted for an asthma exacerbation. They
longitudinally compared expression levels of seven selected miRNAs at admission
with measurements in samples collected at a subsequent follow-up visit, when
patients largely showed improvements in clinical symptoms evaluated by the
Asthma Control Test (ACT) and modified Medical Research Council (mMRC)
score. They reported higher expression of miRNA-126a, miRNA-16, and miRNA-
21 during the initial exacerbation visit, as compared to expression levels measured at
the follow-up visit [50]. These findings include some miRNAs that have been
associated previously with asthma and suggest the reversal of a potentially adverse
epigenetic pattern in patients’ recoveries following asthma exacerbation.

Further studies have examined the epigenetic underpinning of impaired lung
function and airway inflammation. The Wardzyńska study assessed two airway
parameters at both patient visit timepoints: forced expiratory volume in one second
(FEV1) and fractional exhaled nitric oxide (FeNO), the latter as a biomarker for
airway inflammation. They observed lower expression of miRNA-21 in subjects
concurrently with lower FEV1 at the initial exacerbation visit. Additionally, they
cross-sectionally found higher miRNA-126a expression measured at follow-up
among patients whose FeNO levels improved between the two visits [50]. In another
pediatric study, meta-analyzing data across five cohorts, den Dekker and coworkers
found 22, 15, and 22 cord blood DMRs that were associated prospectively and
inversely with indicators of obstructive lung function measures among children ages
7–13: FEV1, FEV1/forced vital capacity (FVC), and forced expiratory flow at 75%
volume (FEF75%), respectively [51]. Epigenetic mechanisms of trajectories of lung
function development from pre-adolescence to adulthood also have been studied,
such as by Sunny and coworkers. They measured peripheral blood methylation at
age 10 and assessed trajectories of FVC, FEV1, and FEV1/FVC ratio at ages 10, 18,
and 26 that were classified as “high” and “low;” They reported 96 CpGs that were
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associated prospectively with lung function trajectories [52]. In another study, Wu
and coworkers examined methylation of the Integrin β4 (ITGB4) gene that has been
implicated previously in asthma pathogenesis in response to oxidative stress or
stimulation by inflammatory mediators [53]. Among adult subjects, they identified
two peripheral blood CpG methylation levels in ITGB4 that were cross-sectionally
and negatively correlated with lung function parameters, including FEV1, FEV1/
FVC, and FEF25%. Additionally, based on analysis of the area under the curve for
receiver operating characteristic (ROC) curves, they reported that methylation levels
at these two loci showed high positive predictive value for identifying patients with
physician-diagnosed current asthma [54], although its utility as a screening tool for
asthma needs to be tested more rigorously in future studies.

16.5 Assessing Environmental Exposures and Asthma via
Epigenetic Regulation

Emerging research has focused more on the pathway from environmental exposure
to asthma-related outcomes via epigenetic regulation (Fig. 16.1). These include
studies that have addressed multiple components of this paradigm in the same
cohorts. For example, Prunicki and coworkers examined exposure to PM2.5, NO2,
and CO in children and epigenetic associations, the former measured using air
quality monitoring stations. Physician-diagnosed asthma was associated cross-
sectionally with higher peripheral blood methylation in the FOXP3 promoter, as

Asthma
• Allergic inflammation
• Exacerbations
• Impaired lung function

Cockroach 
allergen

NO2

Phthalates

Epigenetic Mediation
• DNA Methylation/Epigenetic 

gestational age
• miRNA

• Th2 stimulation
• Altered T regulation
• Airway smooth muscle impairment 

Fig. 16.1 Emerging studies suggest environmental exposures induce asthma-related outcomes via
epigenetic regulation. Many epidemiological and experimental studies to date have demonstrated
that environmental toxicants induce asthma or exacerbate asthma symptoms through pathways such
as proallergic Th2 stimulation, altered T regulation, and airway smooth muscle impairment. New
studies suggest that may occur by epigenetic regulation, including altered DNA methylation and
induction of miRNA
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compared to the absence of asthma. In the same study cohort, 90-day ambient
exposures to PM2.5, NO2, and CO were associated positively with FOXP3 promoter
methylation [55]. In a similar approach, Somineni and coworkers examined epige-
netic regulation by the modulator enzyme Ten-Eleven Translocation 1 (TET1),
which helps regulate allergic airway inflammation through the interferon signaling
and aryl hydrocarbon receptor pathways [56]. They cross-sectionally found lower
methylation of cg23602092 in the TET1 promoter in NECs from children with
reported physician-diagnosed asthma. Meanwhile, higher current exposure to ele-
mental carbon (a proxy for traffic-related diesel particles that was estimated using
land-use regression models) was associated with higher NEC methylation of that
CpG site in the non-asthmatics, but not the asthmatics [57], paradoxically
uncovering opposite directionality of the methylation related to asthma and to
exposure. In adults, further studies have examined associations of epigenetic
markers with airway inflammation. Zhang and coworkers measured buccal methyl-
ation in the arginase-nitric oxide synthase pathway from four measures across 4½
months among nonsmoking healthy college students in response to acute measures
of 24-hour PM2.5 constituents (measured at an air quality monitoring station).
Methylation levels also were compared with FeNO. Multiple PM2.5 constituents
(i.e., organic carbon (OC), EC, K+, Si, K, Fe, Zn, Ba, Cr, Se, and Pb) were
associated with higher levels of FeNO measured one day later. Concurrently, in
the single-constituent model, OC, EC, NO3�, Mg2+, K, Fe, Mn, As, Cr, and Se
were associated with lower NOS2A methylation. Also, concurrently, an interquartile
range (IQR) increase in OC, K+, Si, K, Fe, Zn, Mn, Ba, Cu, As, Cr, Se, and Pb was
associated with increases in ARG2 methylation [58]. Combined, these results show
associations of acute measures of PM2.5 individual constituents with both buccal
methylation in the arginase-nitric oxide synthase pathway and FeNO, although they
too did not analyze whether these methylation levels mediated the effects of expo-
sure on airway inflammation.

In addition to air pollutants, exposure to stress has been examined jointly in
relation to both asthma and epigenetic changes. Trump and coworkers reported that
higher maternal stress during pregnancy, determined using a perceived stress ques-
tionnaire (PSQ), was associated prospectively with increased risk of persistent
childhood wheeze. Additionally, by comparing mother-child pairs with low and
high maternal stress levels, they reported 2306 stress-dependent cord blood DMRs in
newborns and 2495 venous blood DMRs in the mothers collected at the 36th week of
gestation, with limited overlap between the two sets. Further, in children who
subsequently and persistently wheezed, they reported stress-dependent differential
blood mRNA expression at age four years in downstream targets of several DMRs
identified in newborns. These occurred predominantly among lung maturation-
related calcium—and Wnt-signaling pathways [59], suggesting a mechanistic epige-
netic link between higher prenatal stress childhood wheeze.

This paradigm has been tested following combined or sequential exposures. In
children ages 9–14 years, our group assessed physical activity across six days with
an accelerometer and personal exposures to black carbon through two 24-hour
periods with a vest-based personal air sampling device. Higher levels of activity
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were associated concurrently with lower FOXP3 promoter methylation in the sub-
group of children exposed to high levels of black carbon. FOXP3 promoter methyl-
ation also was associated inversely with obstructive lung function indicators
reduced, such as FEV1/FVC and FEF25–75% [60]. These findings indicate that
physical activity and black carbon exposure may have additive effects on methyla-
tion, with corresponding effects on lung function. In another study, Rider and
coworkers sequentially exposed adults to diesel exhaust and allergens. Their meth-
odology was identical to those utilized by Clifford and coworkers, described in an
earlier section [28]. Allergen exposure alone modulated the expression of five
miRNAs, including miRNA-183-5p that targets Forkhead Box O1 (FOXO1), an
oxidative stress-related transcription factor. The authors, however, did not observe
effects from the sequential diesel and allergen exposures [61].

Emerging studies have relied on experimental approaches or analyses for statisti-
cal mediation to help determine more directly whether environmentally induced
asthma outcomes occur via epigenetic regulation. In one study, Jahreis and
coworkers focused on exposures to phthalates, a group of chemicals found in a
wide range of consumer products, including butyl benzyl phthalate (BBP). In an
ovalbumin-induced mouse model of allergic airway inflammation, they administered
BBP to the mothers through their drinking water. Prenatal BBP exposure was
associated with a higher number of eosinophils measured in the bronchoalveolar
lavage and greater lung resistance, and splenic T cell genome-wide DNA
hypermethylation. To demonstrate that epigenetic regulation was the mechanism
underlying the phthalate exposure effects on allergic airway inflammation, DNA
methyltransferase inhibitor 5-aza-20-deoxycytidine (Aza) was administered for two
weeks to a cohort of one-week-old offspring. Although methylation was not
remeasured following administration of Aza, the Aza-treated mice showed lower
BBP-induced bronchoalveolar lavage eosinophils and attenuated lung resistance that
was attributed to BBP-induced DNA methylation among the untreated mice [62]. In
another example, Qiu and coworkers developed a cockroach allergen-induced
asthma model by sensitizing mice for four days by intratracheal inhalation of
cockroach extract followed by airway challenge to cockroach extract days later.
Compared to wild-type sensitized mice, sensitized miRNA-155-knockout mice
showed lower lung tissue expression levels of Cyclo-Oxygenase Isoenzyme
2 (COX-2), as well as lower eosinophil, IL-4, and IL-13 levels in bronchoalveolar
fluid. Further transfection of miRNA-155-knockout mice with an adeno-associated
virus-carrying miRNA-155 reversed those phenotypical changes, as compared to
sensitized, knockout mice that received a mock adeno-associated virus
[63]. Together, these suggest that miRNA-155 regulates cockroach allergen-induced
Th2-associated airway inflammation, possibly by modifying the expression of the
COX-2 gene.

In one epidemiological study, Sbihi and coworkers observed that greater
differences between children’s chronological age and a calculated epigenetic gesta-
tional age, determined using cord blood DNA methylation, correlated with higher
risk of allergic sensitization in young children following prenatal exposure to NO2.
The latter exposure was measured by land-use regression models at the maternal
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residences. Subsequently, the study utilized counterfactual framework-based media-
tion analysis to dissect the total effect of the NO2 exposure on allergic sensitization
into direct and indirect effects. Through this approach, 31% of the association
between prenatal NO2 exposure and risk of allergic sensitization was mediated by
differences in epigenetic gestational age [64]. Wang and coworkers examined
phthalate exposure, approximated using levels of the phthalate metabolite mono
(2-ethyl-5-hydroxyhexyl)phthalate (5OH-MEHP) in urine, among children. From a
targeted assessment of 21 candidate genes in whole blood, TNF-α methylation was
associated inversely with 5OH-MEHP levels. Further, both higher 5OH-MEHP
concentrations and lower TNF-α methylation were associated cross-sectionally
with physician-diagnosed asthma at age 3 years. Subsequently, they utilized a
similar analysis strategy as Sbihi and coworkers and calculated that 20% of the
phthalate exposure effect on asthma was mediated by TNF- α methylation [65]. In
the adult LifeLines cohort study, ambient NO2 exposures estimated using land-use
regression models were associated with methylation in seven CpG sites across seven
genes. In addition, NO2 exposures were associated cross-sectionally with lower FVC
and higher FEV1/FVC ratio. In mediation analyses, two of the seven most signifi-
cantly differentially methylated CpGs following NO2 exposure mediated 27 to 31%
of the association between exposure and FVC and FEV1/FVC [66], suggesting that a
small number of methylation sites may modify the relation between NO2 exposure
and lung function.

Epigenome-wide analyses found effect modification of the relation between body
mass index (BMI), a measure of obesity important to the pathogenesis of some
asthma phenotypes, and physician-diagnosed adult-onset asthma by DNA methyla-
tion of genes in glucocorticoid signaling pathways and multiple signal transduction
pathways [67]. However, mediation of the relation BMI and lung function was not
observed when analyzed by epigenetic Mendelian randomization. Some relation of
BMI on peripheral blood DNA methylation was observed at select CpG sites, but a
casual effect of DNA methylation at such sites on lung function parameters was not
identified across four population-based cohorts [68]. Hence, the number of studies
demonstrating epigenetic mediation or effect modification of exposures or asthma
risk factors and asthma-related outcomes remains limited and a substantial
research gap.

16.6 Asthma Treatments and Responses Appear Epigenetically
Regulated

So far, a few established and supplemental treatments for asthma have shown
indications of epigenetic regulation. In a small study, Wang and coworkers com-
pared methylation patterns from allergic asthmatic children following immunother-
apy (IT) against the dust mite Dermatophagoides pteronyssinus (Der p) with dust
mite allergic children who were not treated with IT and nonallergic controls. They
identified 108 peripheral blood DMRs that were differentially methylated between
the allergic asthmatics according to IT treatment, including in genes related to
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extracellular matrix remodeling, oxidative stress pathways, and airway inflammation
[69]. While small and possibly experiencing bias related to indication for prescribing
IT, the study does hint that IT may have potential to alter epigenetic regulation in
allergic asthmatics. Other studies have queried whether asthma treatments used as
supplements, including vitamins and polyunsaturated fatty acids (PUFAs), may
induce epigenetic alterations. For example, Fussbroich and coworkers assessed
this in a mouse model of dust mite-induced allergic inflammation. 62 miRNAs
exhibited differential expression levels in sensitized mice as compared to
non-sensitized control mice. Long chain PUFA supplementation for 24 days
(although not compared with vehicle-only negative control) diminished the expres-
sion of eight of those dysregulated miRNAs to levels observed among the
non-sensitized mice. Six of those miRNAs were functionally implicated in airway
remodeling-related pathways (TGF-β signaling, extracellular matrix-receptor inter-
action) as well as fatty acid synthesis [70]. In one randomized, double-blinded,
placebo-controlled intervention study, Shorey-Kendrick and coworkers established
three groups of pregnant women at mid-gestation: a non-smoker control group, a
group of mothers who were unwilling/unable to stop smoking during the pregnancy
and were randomized to receive a daily 500-mg vitamin C oral supplement until
delivery, and a group of smoking mothers who were randomized to receive a
placebo. They measured methylation in the placenta and cord blood samples col-
lected at delivery, as well as buccal cells collected from the children between ages
3 and 6 years. Overall, from 200,000 CpGs, the study identified 1408 with at least
10% methylation difference in the children based on whether the mother smoked
during pregnancy. With prenatal vitamin C supplementation, 69% of those identified
CpG sites reverted to levels 50% closer to those measured among children from the
non-smoker controls [71]. As such, these investigators presented one of the first lines
of evidence that a highly accessible early intervention can correct epigenetic
consequences of an environmental toxicant associated with asthma. In another,
Zhong and coworkers assigned each adult on three different days, separated by
four weeks, to a two-hour filtered air exposure and then two two-hour PM2.5

exposure. In the four weeks between the first two exposures, the participants
received a daily oral placebo, and between the latter two exposures, the participants
received a daily oral 53.5-mg vitamin B supplement containing folic acid, vitamin
B6 and vitamin B12. Peripheral T-helper cells showed evidence of differential DNA
methylation following the first PM2.5 vs. filtered air exposure, although they did not
enumerate the total number of differentially methylated loci due to the limited
statistical power of their study. Nonetheless, at the top ten exposure-related differ-
entially methylated loci, vitamin B supplements attenuated the PM2.5 effect by
28–76% [72]. Although their study was performed in a small number of healthy
adults, the results suggest another low-risk and low-cost supplement may epigeneti-
cally modify the effects of an asthma-related environmental exposure.

Other studies focused on epigenetic regulation of clinical responses to asthma
treatments. Xiao and coworkers, for example, assessed children who presented to the
emergency room with asthma exacerbations and recorded gene expression prior to
and 18–24 hours following treatment with corticosteroids. Eight genes appeared to
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be differentially expressed according to treatment response. Additional experiments
focused on Vanin-1 gene expression; this alteration was accompanied by differences
in methylation at one of the 5 CpG sites tested that varied according to corticosteroid
treatment response [73]. Subsequent studies by Zhang and coworkers utilized an
array-based approach to examine genome-wide DNA methylation at the same two
timepoints among 20 children. The more robust findings were measured at the
second timepoint, following a process that removed differentially methylated
CpGs where single nucleotide polymorphisms may be present in the array probes.
Then they performed hierarchical clustering and assessment of the biological func-
tion of the genes near the CpG sites to yield 32 CpG sites that separated the two
responder groups. Two sites (cg17187762 and cg00802903) reached genome-wide
statistical significance, suggestive of a small epigenetic signal in association with
improvement following corticosteroid treatment [74]. In another study, Wang and
coworkers reported, among children with mild-to-moderate persistent asthma, that
545 whole blood CpG sites were cross-sectionally associated with improved FEV1

eight weeks after initiation of inhaled corticosteroid treatment [75].

16.7 Research Gaps in Asthma Epigenetics

While notable progress has been made in elucidating epigenetic underpinnings of
asthma, its environmental triggers, its clinical course, and its treatment, many gaps in
knowledge remain. One is the temporality of epigenetic regulation in asthma,
particularly across the life course. One of the first and few studies to address this,
by Michel and coworkers, collected both cord blood samples at birth and whole
blood samples at age 4.5 years. Measuring methylation in 23 regions of ten candidate
genes associated with asthma, Th2 and T regulatory pathways, they reported
changes in methylation between the two sampling timepoints in 15 of those regions.
Those differences were clustered particularly in the asthma-associated ORMDL
family of genes and the Th2-related RAD50, IL-13, and IL-4 genes [76]. Few other
studies have reported such repeat measures. Another under-investigated area is the
durability of epigenetic regulation. Some intriguing studies have demonstrated this
by examining epigenetic measures across generations, mostly in rodent models.
Gregory and coworkers exposed pregnant female mice at gestational days 14–15
to a single intranasal instillation of diesel exhaust particles. This one-time prenatal
diesel exhaust exposure was associated with differential dendritic cell methylation at
14,480 CpGs in the F1, 9413 CpGs in F2, and 6239 CpGs in F3 generation; of these
CpGs, 402 were altered in all three generations. In addition, F2 and F3 offspring from
the diesel exhaust-exposed lineage showed higher levels of eosinophils in
bronchoalveolar fluid, compared to unexposed controls, consistent with an airway
allergic inflammation that persisted across generations. This was prevented by
intraperitoneal treatment of a subset of F1 females with a DNA methyltransferase
inhibitor 3 days prior to mating, implicating broad DNA methylation as the mecha-
nism that underlies the persistent allergic phenotype [77]. Still, many questions
remain regarding the different potential roles on temporality and duration of
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epigenetic regulation by paternal vs. maternal prenatal and even pre-conception
exposures.

While AECs and other cells derived from the lungs are presumed to inform most
accurately on epigenetic regulation in asthma, few studies have directly compared
epigenetic measures across cell types. This gap was tackled in part by Brugha and
coworkers who collected peripheral blood mononuclear cells (PBMCs), buccal,
nasal, and airway epithelial samples from children ages five to 13, half of whom
had physician-diagnosed asthma. Using hierarchical clustering of the array-based
methylation measurements across each of the different samples, they reported among
both asthmatics and healthy controls that methylation profiles in NECs were most
similar to those of AECs. The profiles in buccal cells were moderately similar, and
those in blood were the least similar to those measured in AECs [78]. Combined,
these results highlight the importance of sampling as close to the respiratory tract as
possible to assess airway regulation. In another, Lin and coworkers obtained AEC
measures from adults, and NEC and PBMC from children, and relied on cluster
analyses to compare which classified better with physician-diagnosed asthma. These
showed that both AEC and NEC data, compared to PBMC data, better-classified
patients with asthma and with a similar degree of accuracy, highlighting the potential
of the more accessible tissues from the nasal epithelium [79].

Epigenetic regulation likely diverges across ancestries; few studies have consid-
ered this sufficiently. Moen and coworkers used an array-based approach to examine
methylation in lymphoblastoid cell lines derived from individuals of European or
African descent, and they found that 36,597 CpGs (13% of the loci assessed) showed
differential methylation between the two populations [80]. Mozhui and coworkers
similarly reported ancestry-related methylation differences in a subset of African
American and European American neonates from the Conditions Affecting
Neurocognitive Development and Learning in Early Childhood (CANDLE) Study
cohort. 3802 CpGs (>18% of loci assessed) showed differential methylation
between the two ancestry groups [81]. Barfield and coworkers sought to address
these epigenetic divergences through computational approaches. First, from African
American and Caucasian adults, they found 12,827 whole blood CpG sites that were
nominally differentially methylated based on race. They adjusted for confounding in
the methylation-association tests due to population stratification by utilizing princi-
pal component analysis to identify covariates that considered genome-wide SNP
data and information on the proximity of SNP variants to the measured methylation
probes. Their adjustment methods led to virtually total elimination of the differential
methylation previously observed [82], suggesting that analysis of ancestry may
impact measures of epigenetic regulation.

Finally, as well-delineated by Breton and colleagues, most studies of epigenetic
regulation in environmental exposures and disease have demonstrated small effect
sizes thus far, potentially challenging the functional importance of measured epige-
netic differences [83]. As reported in the aforementioned Barfield study, some of the
differences have been reported as nominal. These studies highlight the vastness of
epigenetic regulation and remind us that differences in the epigenome,
transcriptome, and proteome, as well as other metabolic processes, likely interact
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to exert effects on asthma. Few studies to date have the scope to consider these
interactions.

In summary, the future of research into asthma epigenetics has the potential to
elucidate novel mechanisms underlying the disease, including those induced by
environmental exposures, and may eventually more accurately pinpoint diagnosis
and treatment of this heterogeneous condition. Further refinement and progression of
current methods—including those that consider cell specificity, changes over time in
exposures and their effects, and molecular interactions—can strengthen the clinical
relevance and robustness of these future studies.
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Abstract

The prevalence of neurodevelopmental disorders (NDD) has been rising gradu-
ally over the last two decades. These developmental disabilities are caused by
genetic and environmental factors, reciprocally. Recent extensive epigenetic
epidemiological studies suggest that epigenetic dysregulations (Epimutation)
such as abnormal DNA methylation may contribute to the etiology of NDD
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including autism spectrum disorder (ASD), attention-deficit/hyperactivity disor-
der (ADHD), and intellectual disability (ID). Epimutations of DNA methylation
and histone modification have been found in genetic loci under epigenetic
regulation but also allele- or tissue-specific patterns in individuals with NDD.
Epigenetic reprograming and remodeling occur from embryonic development to
throughout life. Recent technical advances in epigenome-wide association studies
(EGWAS) and genome-wide differentially methylated regions (DMRs) analyses
have established correlations between abnormal DNA methylation and histone
modification and neurodevelopmental dysfunctions. However, it remains a chal-
lenge to establish a concrete causative evidence that is implicated in the patho-
genesis of NDD.

Abbreviations

5caC 5-carboxylcytosine
5fC 5-formylcytosine
5hmC 5-hydroxymethylcytosine
5mC 5-methylcytosine
ADHD Attention-deficit/hyperactivity disorder
ASD Autism spectrum disorder
CDC Centers for Disease Control and Prevention
CHD Chromodomain helicase DNA binding protein
ChIP-seq Chromatin immunoprecipitation sequencing
CNVs Copy number variants
CpG CG dinucleotides
DA Differential acetylation
DhMRs Differentially hydroxymethylated regions
DMRs Differentially methylated regions
DNMT DNA methyltransferase
EWAS Epigenome-wide association studies
GWAS Genome-wide associated study
HAWAS Histone acetylome-wide association study
ID Intellectual disabilities
IQ Intelligence quotient
KAT lysine acetyltransferase
KDM lysine demethylase
KMT lysine methyltransferase
NDD Neurodevelopmental disorders
NGS Next generation sequencing
PFC Prefrontal cortex
PTVs Protein-truncating variants
SAM S-adenylsylmethionine
SCZ Schizophrenia
SNP Single nucleotide polymorphism
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SNVs Single nucleotide variants
TC Temporal cortex
TET Ten-eleven translocation
TSS transcription start sites

17.1 Introduction

Neurodevelopmental disorders (NDD) are characterized by difficulties in social
communication/interaction, motor skills, learning, memory, or other neurological
functions [1, 2]. The phenotypes of NDD evolve over the developmental stage. Both
genetic and non-genetic factors are known to implicate the etiology of NDD. It has
been recognized that epigenetic modification has a critical function in brain devel-
opment [3–5]. Widespread DNA methylation and histone modifications reconfigure
from fetal brain to young adult, simultaneously with synaptogenesis [4, 6, 7]. Fine
regulation of epigenetic processes is essential for normal brain development during
prenatal and postnatal time periods [5, 7–9].

Epigenetic mutation/Epimutation is caused by epigenetic dysregulation of DNA,
histone, and chromatin remodeling [10]. DNAmethylation is considered the primary
target because of its molecular nature [2]. Genome-wide disruption of DNA methyl-
ation is reported closely associated with NDD accompanying neuropsychiatric
disorders [11–13]. Genetic mutations of basic enzymes and transcription factors
related to chromatin remodeling and DNA methylation are implicated in epigenetic
dysregulation leading to a list of human genetic diseases including NDD [2]. Thus,
therapeutic target for NDD faces the enzymes targeting histone or DNA, although
the underlying mechanism is not still clear.

Among NDD, autism spectrum disorder (ASD) has shown alarming increase over
the last two decades. In 2020, the CDC reported that 1 in 54 children in the USA is
diagnosed with ASD, according to 2016 data (32214087). ASD is more than 4 times
more common among boys than among girls [14]. ASD prevalence is reported in all
race/ethnic and socioeconomic groups [15]. Although most ASD is not inherited, the
high concordance rate among identical twins of ASD has been well documented.
However, the exact genetic mechanism remains unknown in the majority of cases
[16]. Genetic and genomic studies over the two decades have supported a hypothesis
that genetic defects play a significant etiological risk inASD [17, 18]. Approximately,
�20% of ASD cases can be attributed to genetic abnormalities, mostly rare and de
novo mutations definitively [19, 20].

Large-scale exome or whole genome sequencing study of >11,000 patients have
implicated recurrent copy number variants of gain or loss (CNVs) or protein-
truncating variants (PTVs) in ~100 genes in ASD [17–27]. The majority of ASD
risk genes are classified into two distinct functional categories: (1) genes encoding
proteins directly involved in the development and synaptic function and (2) genes
encoding proteins or enzymes associated with epigenetic modulation and chromatin
remodeling [20, 28, 29]. The discoveries of synapse affecting genes in ASD patients
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are expected as a class of NDD. But, a significant number of ASD risk genes highly
enriched for chromatin modifications and DNA methylation are unexpected. This
observation suggests that epigenetic dysregulations resulted from nongenetic factors
such as epigenetics and environment interaction could also contribute to brain
development and pathophysiology of NDD [2, 28, 30].

Attention-deficit/hyperactivity disorder (ADHD) is one of the most common
childhood NDDs. Clinical features of ADHD are impulsivity, excessive activity,
and attention problems persisting into adulthood [31]. Strong genetic factors are
implicated in etiology of ADHD because of higher heritability but the exact genetic
basis remains elusive. Like other NDDs, gene and postnatal environment interplay
are considered an important mechanism for disease susceptibility [32]. Additionally,
environmental factors such as prenatal maternal smoking or lead exposure are also
implicated in ADHD [33–35]. Extensive studies have suggested an association
between altered DNA methylation of individual genes or loci and ADHD,
implicating that changes of DNA methylation pattern in specific loci can be a
novel ADHD marker [31, 35].

Intellectual disability (ID) is a prevalent global NDD affecting 1–3% of the
world’s population. ID is defined by intelligence quotient (IQ) below 70; limitations
both in intellectual functioning and in adaptive behavior, including social and
practical skills [36]. ID represents a large and heterogeneous group of disorders,
sharing a common etiology with other NDD disorders such as ASD and epilepsy.
Both genetics and acquired etiological factors are implicated in ID traits, in the same
line with other NDD. Most prominent causes of ID are genetic variations such as
aneuploidies, copy number variants (CNVs), single nucleotide variants (SNVs), and
or dynamic mutation in specific genes. Dynamic mutation of CGG triplet repeat
expansion of FMR1 in fragile X syndrome and de novo mutations ofMECP2 in Rett
syndrome is the most common single gene cause in male and female with ID
[37, 38]. In fact, epigenetic mechanism is implicated in both FMR1 and MECP2
causing ID. The DNA methylation is implicated in the full mutation of CGG triplet
of FMR1 gene in fragile X syndrome. MECP2 gene encodes a protein that is a well-
characterized epigenetic modifier [39]. Among the ID related genes >400, approxi-
mately ~10 ID genes encode proteins directly regulating chromatin modification and
epigenetic writers [40, 41]. Growing evidence indicates the important role of envi-
ronmental factors such as hazardous chemical exposures, infections during preg-
nancy, malnutrition, childhood diseases, severe head injury, and infection of central
nervous system [42]. Here, we describe the current knowledge of how epigenetic
dysregulation, especially DNA modification, contributes to ASD, ADHD, and ID.

17.2 Epigenetic Machinery of DNA Modification

Among the epimutations, chemical modification of DNA has an important role in
brain development [2]. As an epigenetic mark, the cytosine modification
5-methylcytosine (5mC) has been well studied in mammalian genome [43]. 5mC
occurs in symmetrical CG dinucleotides (CpG) at 5mCpG sites, and more frequently
at a genomic region enriched with CpGs referred to as a CpG island, containing
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minimum 50% CG content, more than 200 base pairs in length, and often closed to
regulatory elements, such as promoters in the genome [44]. The epigenetic “writers”
modifying 5’ position of cytosine ring include six DNA methyltransferases
(DNMT1, DNMT2, DNMT3A, DNMT3B, DNMT3C, and DNMT3L). These
DNMTs use S-adenylsylmethionine (SAM) as a methyl donor from the
one-carbon metabolism pathway to form 5mC [45]. Extensive studies have
suggested DNMT1, DNMT3A, and DNMT3B have a primary role in establishing
DNA methylation. DNMT1 maintains DNA methylation by remethylating hemi-
methylated DNA during genome replication [46]. Both DNMT3A and DNMT3B are
essential for de novo methylation covalently linking a methyl group to the 50 position
of the cytosine ring to create 5mC.

The enzymatic “erasers” targeting 5mC are the ten-eleven translocation (TET)
family of methyl cytosine dioxygenases [43]. TET1, TET2, and TET3 oxidize 5mC
to 5-hydroxymethylcytosine (5hmC) leading to active DNA demethylation pathway
(Fig. 17.1). TET family can further oxidize 5hmC to create 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC). These oxidized forms of 5mC can be excised and

Fig. 17.1 DNA methylation pathway (Note. This image from Annual Review of Medicine “DNA
Methylation and Susceptibility to Autism Spectrum Disorder,” by Tremblay and Jiang, Copyright
2019 by Annual Reviews. Used under the permission by copyright clearance center)
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repaired at any point through the base excision repair pathway toward an unmodified
cytosine [43, 47]. This active DNA demethylation, as a primary form occurs in
postmitotic cells including mature neurons in the brain [48]. While, passive demeth-
ylation loss of 5mC by reduced activity of DNMTs during replication process for
mitosis [49] (Fig. 17.1).

The 5mC in CpG islands is widely considered a repressive marker of gene
transcription [46]. Besides this canonical function of DNA methylation, it has also
important role in fine tuning transcriptional activation/silencing and alternative
splicing. Methylated DNA as a “reader” recruits DNA binding proteins with other
epigenetic enzymes [10, 50]. Depending on the binding protein, DNA–protein
complex can act as a repressor or an enhancer for gene transcription by altering
the binding affinity of polymerases to the DNA. Many human disease studies show
negative correlation between DNA methylation and RNA polymerase 2 density.
Increased DNA methylation is negatively correlated with active histone marks such
as H3K4me2/3, H3K9ac, and H3K14ac [51].

As an oxidative derivative of 5mC, 5hmC has a function of regulating gene
transcription but its function is elusive [4]. 5hmC peaks are correlated with higher
gene expression levels in gene bodies of ESC, but with lower expression levels in
NPC. Invariably, 5hmC distribution is widely different in ESCs and NPCs
[52]. Besides, technical advances have made it possible to do 5 fc/5caC-specific
sequencing but their specific functions related to transcription for individual genes
have not been fully elucidated [53]. Other oxidative derivatives of 5mC, such as N
(4)-methylcytosine and N(6)-methyladenine, also have not been studied extensively
in mammalian systems [46, 54].

17.3 Dynamic Reprogramming of DNA Methylation During
Brain Development

Active DNA demethylation is an important epigenetic process to change the cellular
distribution of 5mC, 5hmC, and the enzymes related to their formation, especially
during early embryonic development [55–58] (Fig. 17.2). Genome-wide
reconfigurations of DNA methylation occur at two stages, one immediately after
fertilization, with the exception of parental origin-specific imprinting region
[59, 60]. Another occurs during early primordial germ cells for gametogenesis
[59]. This dynamic epigenomic process of global DNA demethylation and the cell
type- or gene-specific reconfiguration of methyl marks during early embryonic
development may be highly susceptible to errors in epigenetic modification for
brain development. Impaired DNA methylation in animal models deficient Dnmt1
or Tet3 has shown that maintaining methylation pattern is critical for cell survival
and differentiation [61, 62].

Dynamic regulation of DNA methylation continues even postnatal development
and aging. The peak of synaptogenesis in humans (the first five years, varying with
brain region) and mice (2–4 weeks) is coincidence with increased 5mC or 5 mH
(H ¼ A, C, or T) [4]. In mice, enrichment of 5hmC is shown in actively transcribed

410 S. E. Wang and Y.-H. Jiang



gene bodies. Dynamic changes in 5mC and 5hmC have been suggested as a crucial
factor for synaptogenesis and early brain development.

Epimutations can occur at multiple developmental stages, in contrast to a genetic
mutation. Epimutation hot spots (yellow stars in Fig. 17.3) include pronuclear
reprogramming following fertilization, primordial germ cell reprogramming and
brain development in the embryo, early childhood and post-gestational
synaptogenesis, and adult maintenance of synapse function and plasticity.
Transgenerational inheritance of epimutations from parental germ cells has also
been proposed (dashed lines) [2] (Fig. 17.3). Genome-wide reconfigurations of
DNA methylation at embryonic and postnatal developmental stages concrete the
possibility that these points in development may be hot spots for the interface of gene
and environmental interactions for any disease mutation mechanism.

Fig. 17.2 DNA methylation dynamics during brain development. (Note. this image from Annual
Review of Medicine “DNA Methylation and Susceptibility to Autism Spectrum Disorder”, by
Tremblay and Jiang, Copyright 2019 by Annual Reviews. Used under the permission by copyright
clearance center)
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17.4 Evidence of DNA Methylation Dysregulation in ASD

17.4.1 Genetic Alteration in DNA Methylation Machinery Correlated
with ASD

Cumulative large-scale next generation sequencing (NGS) studies of patients have
supported epigenetic’s implications in ASD. Those studies have shown genetic
mutations associated with dysregulation of DNA methylation in ASD, existing on
multiple levels: genes encoding epigenetic machinery, abnormal methylation in
specific loci, and genome-wide correlations of hyper- and hypomethylation. Whole
exome and genome sequencing in ASD patients revealed de novo mutations in DNA
methylation machinery involving writers, readers, and erasers (DNMT3A, TET2,
MECP2, MBD5) (Table 17.1). The similar findings also occur to the genes encoding

Fig. 17.3 Proposed epimutation hot spot model. (Note. this image from Annual Review of
Medicine “DNA Methylation and Susceptibility to Autism Spectrum Disorder,” by Tremblay and
Jiang, Copyright 2019 by Annual Reviews. Used under the permission by copyright clearance
center)
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the histone modifications and chromatin remodeling such as lysine
acetyltransferases (KATs), lysine methyltransferases (KMTs), lysine demethylases
(KDMs), and chromodomain Helicase DNA binding proteins (CHDs) (Table 17.2).
These genetic mutations typically result in deficiency of epigenetic modifying
enzymes. These genetic findings allow significant molecular evidence to support
epigenetic dysfunction and the epigenetic’s implication in ASD [2].

17.4.2 Changes in DNA Methylation of ASD Risk Genes

Multiple studies have reported aberrant methylation patterns in ASD patients,
mainly hypermethylation of promoter region including CpG island.
Hypermethylation of MECP2 and UBE3A promoter was found with loss-of-func-
tion mutations in postmortem ASD patients’ brains, at initial studies [87, 88]. Fol-
lowing those discoveries, many other genes such as OXTR, SNRPN, MAGEL2,
FMR1, RELN, and GAD1 have been found as targeted genes of hypermethylated
transcription start sites (TSS), with reduced gene expression in ASD patients brains
compared to normal brain [89–93]. In comparison, hypomethylation pattern was
shown in several genes including RORA, ERMN, USP24, METTL21C, PDE10A,
STX16, and DBT in peripheral blood DNA of ASD patients [94]. In the same line
with hypomethylation, abundant 5hmC in promoters has been shown a positive
correlation with increased transcription of genes encoding Engrailed-2, GAD1, and
MECP2 [64, 95]. These genetic discoveries support the epigenetic dysregulation in
ASD, but the causality and origin of these changes remain to be elucidated.

Table 17.1 Genetic mutations in genes encoding the protein of DNA methylation machinery in
patients with NDD

Role Gene Description
SFARI
score* Comorbidities References

Writer DNMT3A De novo
methyltransferase

3 Tatton-Brown-
Rahman syndrome,
acute myeloid
leukemia

[19, 20,
26]

Eraser TET3 DNA methylcytosine
dioxygenase

3 Neurodevelopmental
disorder

[19, 63]

Reader MECP2 Methylation-
dependent
transcriptional
repressor

2 Rett syndrome,
X-linked intellectual
disability,
encephalopathy

[64]

Reader MBD5 Methyl-CpG-binding
domain family
member, interacts
with the polycomb
repressive complex

3 Intellectual disability,
microcephaly,
intellectual
disabilities, severe
speech impairment,
and seizure

[65, 66]
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Table 17.2 Genetic mutations in genes encoded in proteins of chromatin machinery in ASD
patients

Role Gene Description
SFARI
scorea Comorbidities Reference

Writer ASH1L H3K36
methyltransferase,
associates with HOX
genes

1 ID/ASD [19, 20,
67–71]

Writer EHMT1 H3K9
methyltransferase, E2F6
transcriptional
repression complex
component

3 Kleefstra
syndrome

[72–76]

Writer KAT2B Histone
acetyltransferase for
lysine, associates with
p300/CBP

2 [19, 67,
77]

Writer KAT6A H3K9 histone
acetyltransferase

3 ID [19, 67]

Writer/
reader

KMT2A H3K4
methyltransferase, binds
to unmethylated
promoter CpGs to
maintain unmethylated
state

1 MLL,
Wiedemann-
Steiner
syndrome

[19, 20,
67, 69,
78]

Writer/
reader

KMT2C H3K4
methyltransferase,
contains a DNA binding
domain

2 Kleefstra
syndrome/
ASD/ID

[19, 20,
25, 67–
69, 79,
80]

Writer KMT5B H4K20
methyltransferase

1 ID [20, 26,
27, 67,
69, 70]

Eraser KDM5B
(JARID1B)

H3K4 demethylase 2 ID [19, 20,
69, 79,
81]

Eraser KDM5C
(JARID1C)

H3K4 demethylase 3 X linked ID [72, 82,
83]

Chromatin ASXL3 Polycomb protein 1 Bainbridge-
Ropers
Syndrome/
ID/ASD

[20, 67,
69, 84]

Chromatin ARID1B Chromatin remodeling,
SWI/SNF complexes

1 Coffin-Siris
syndrome/
ASD/ID

[25, 67–
70, 78,
79, 85,
86]

(continued)
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However, DNA methylation is not a one-size-fits-all rule, acting as an on-off
switch at promoters. Abundant DNA methylation in gene bodies has an important
function of alternative splicing to generate isoform. Our recent studies have shown
that alternative TSS can be regulated by hypermethylation in specific intragenic CpG
islands for isoform-specific expression of SHANK3 in ASD patients’ brains
[96]. This finding supports an important role of DNA methylation regulating alter-
native promoters for gene products in the brain [97, 98]. Besides, DNA methylation
in gene bodies or intragenic regions can slow down the elongation rate of RNA
polymerase II by recruiting methylation-dependent splicing factors [99]. Some
studies have suggested dysregulation of splicing pre-mRNAs in ASD patients’
brains [100, 101]. Integrative analysis between isoform-specific data and DNA
methylome should be established in the brain, because alternative splicing is present
in 95% of neuronal genes and a crucial mechanism to contribute to the protein
diversity encoded by neuronal genes [102, 103].

17.4.3 Differentially Methylated Regions of DNA Methylome in ASD

Genome-wide DNA methylation profiling has emerged as a popular approach to
identify convergent molecular candidates. Many studies reported 5mC levels in
blood samples of ASD patients, due to scarcity of ASD postmortem brain tissues
[89, 104–106]. One group has shown that differentially methylated regions (DMRs)
in sperm DNA are associated with early signatures of ASD risk in one cohort
[107]. In addition, DNA methylome analysis has been attempted in placental tissue
at birth [108].

Current technical advances bring the extensive DNA methylome dataset to
interpret wide DMRs in >200 postmortem ASD brain tissues [104, 109, 110]. A
systematic view of DNA methylation in prefrontal cortex, temporal cortex, and
cerebellum from 43 ASD patients has shown that a number of co-methylated
modules are enriched for genes involved in immune system, synaptic signaling,
and neuronal function [109, 110]. Analyzing single nucleotide polymorphism (SNP)

Table 17.2 (continued)

Role Gene Description
SFARI
scorea Comorbidities Reference

Chromatin CHD2,
CHD8

Chromatin remodeling 1 [19, 20,
25, 67–
70, 78,
80, 81,
84, 86]

Note. This table is modified from the Annual Review of Medicine “DNA Methylation and
Susceptibility to Autism Spectrum Disorder,” by Tremblay and Jiang, Copyright 2019 by Annual
Reviews. Used under the permission by copyright clearance center
aSFARI score based on clinical data: 1–2, strong evidence; 3–4, suggestive/minimal evidence
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has also reported genetic variation associated with the changes of DNA methylation
in the cases analyzed [104].

Profiling genome-wide distribution of 5hmC has identified differentially
hydroxmethylated regions (DhMRs) in postmortem ASD cerebellums
[111, 112]. DhMRs between ASD patients and normal controls were shown only
in a young group (age � 18), suggesting that genome-wide disruption of 5hmC may
be specific to early developmental stage. Additionally, these DhMRs associated
genes are involved in psychiatric disease and NDD such as ASD, ID, and SCZ
[111, 112]. Recent studies have suggested that altered intragenic DMRs/DhMRs in
postmortem ASD brains associate with aberrant precursor messenger RNA splicing
[113]. However, the concrete evidence for the function of DhMRs in noncoding
region remains unknown.

17.4.4 Impact of Environmental Contributor on ASD Pathogenesis

Epigenome is known to be modifiable by environmental factors. Many studies have
supported the hypothesis using environmental chemicals in rodents [30]. Maternal
diet involving methyl-donor precursors affects increasing DNA methylation on
specific loci such as agouti, changing the coat color in offspring [114]. This finding
provides direct evidence that environmental factors exposure to in utero can contrib-
ute to DNA methylation of offspring. Regarding maternal care of pups such as
licking and grooming, glucocorticoid receptor gene promoter was shown in
hypomethylation status. These 5mC patterns can be reversed by alteration of care
and persist into adult age [115]. The environmental chemicals such as
polychlorinated biphenyls 95 and bisphenolin have been found in postmortem
ASD brain tissues, placenta, cord blood, suggesting a positive correlation with
abnormal DNA methylation in ASD risk genes loci. Furthermore, maternal
exposures to air pollution, obesity, asthma, stress, alcohol, and tobacco in utero
have been shown to impact DNA methylome of offspring [28, 30, 116–120]. It is
poorly understood whether there is a critical window during development and hot
spots in genome that are more susceptible to environmental insults and resulting in
the accumulations of epimutations.

17.5 Abnormal DNA Methylation Associated with ADHD

ADHD has been considered as a childhood disease but is also recognized now that
20% of cases with ADHD persist into teens and adults [121]. Cumulative data have
suggested that the prevalence of ADHD is greater in males than females, globally
[121, 122]. Gender ratios of ADHD prevalence in childhood are extremely varied by
countries ranging from 1:3 to 1:16 in females to males [122]. More than 10 studies of
worldwide meta-regression analysis in adults (�19 years) found that the prevalence
rate has shown a similar tendency in males to females (1.6:1) [121]. Besides, the
symptoms of ADHD are different between individuals with ages [123]. A worldwide
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meta-analysis of around 100 studies in children, adolescents, and adults has shown
that the hyperactive-impulsive type was the most common symptom in preschool
children. Otherwise, inattentive type was the most predominant common symptom
in adults and kids over 6 years old [121].

Likewise other NDD, ADHD is affected by interaction of gene and environmen-
tal burdens including maternal stress, lead, nicotine, alcohol, polychlorinated
biphenyls, poor maternal diet, and drug exposure such as paracetamol [34, 35,
124, 125]. GWAS and Epigenome-wide association studies (EWAS) have identified
that DNA methylation is associated with ADHD symptoms. Initial methylome
studies found the altered DNA methylation in VIPR2 gene from salivary DNA in
children with ADHD [126]. Accumulating large-scale methylome datasets in ADHD
patients has suggested the correlation between DNA methylation from peripheral
blood and postmortem brain samples with ADHD [33, 127]. Recent studies provided
specific candidate genes loci associated with DMRs. Prenatal smoking exposure to
fetus impact altered DNAmethylation of TARBP1 andGFI1 gene promoters, linking
between environment and ADHD [128, 129]. Prenatal unhealthy diet also influences
hypermethylation of IGF2 promoter in offspring, increasing risk of ADHD
[130]. Aberrant DNA methylation of DRD4 and KLDR1 genes loci contributed to
persistent ADHD status [128]. Hypermethylated SLC6A4 promoter was positively
correlated with certain features of ADHD, such as behavioral disinhibition [131].

17.6 Emerging Role of Chromatin Structural Protein
and Modifiers in Neurodevelopmental Disorders

As genetic heterogenecity of ID, many studies have found high comorbidity between
ID and other NDD including ASD, ADHD, and SCZ [36]. About 40% of ID cases
have a comorbidity of ASD and in the opposite ID is associated with 30% of children
with ASD [36, 132]. The symptomatic overlap between ID and ASD/other NDD is
reflected in shared genetic susceptibility among them. A significant fraction of
known ID causing genes have been implicated in ASD, ADHD, and other neuropsy-
chiatric disorders [36]. Not surprisingly, mutations in genes encoding synaptic
scaffold proteins or neuronal channels/receptors in the synapse are identified in ID
with variable NDD. Growing NGS data with advent analyses indicate a certain
causative variant in >17% of ~100 patients with ID and ASD, simultaneously.
Interestingly, 16 genes shared in ID and ASD are chromatin remodeling
factors [133].

DNA methylome analysis in blood samples from ID patients found a mutation of
histone modifying enzymes such as SETD1B, SETD5, and EHMT1 including SET
domain, which is necessary for histone methylation. SETD1B and EHMT1 have a
specific target of H3K4 and H3K9, respectively [133, 134]. Besides, loss of function
in SETD1B brings DMRs in gene bodies associated with regulatory clusters in
syndromic ID patients [134]. Emerging evidence indicates that disrupted
H3K36me3, acting as a docking signal for other chromatin remodeling enzymes,
causes ID common symptoms in patients with haploinsufficient SETD5 or loss of
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function in SETD2 [135]. Regarding DNA demethylation, TET3 deficiency in
11 patients shows common phenotypes of ID and developmental delay with disrup-
tion of DNA demethylation [63].

In addition to discovering aberrant DNA methylation from EWAS, histone
acetylome-wide association study (HAWAS) provided evidence of aberrant histone
modifications in postmortem ASD brains [136]. Histone acetylomes analysis was
performed by H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq)
using prefrontal cortex, temporal cortex, and cerebellum tissues from ASD and
controls. H3K27ac is useful to highlight active enhancers and promoters, in the
same line with gene expression and transcription factor binding. Functional enrich-
ment analysis showed a quite similar pattern of differential acetylation peak in
prefrontal cortex and temporal cortex. Upregulated differential acetylation peaks
were significantly enriched in synaptic transmission and cation transport activity
such as SLC30A5 zinc transporter gene. While, downregulated differential acetyla-
tion peaks showed enrichment in immune-related genes or -signaling pathway.
Interestingly, histone deacetylase genes including HDAC2 and HDAC4 had
downregulated differential acetylation peaks in prefrontal cortex and temporal
cortex. Furthermore, ASD-related increased differential acetylation peaks were
different depending on developmental stages, not reduced differential acetylation
peaks. Despite the causes for ASD are heterogeneous, a large cohort of ASD analysis
shows a convergence on shared downstream epimutations.

17.7 Conclusion

The role of epigenetics has been increasingly recognized in the field of epidemiology
because epigenetic modification serves as a molecular interface to measure the
impact of gene and environment interaction. The studies of epigenetic epidemiology
of NDDs have drawn much attention over the last decade. While substantial progress
has been made to understand the genetic contributions to the NDD, the cause for a
significant fraction or the majority of NDD cases remains elusive. Emerging evi-
dence have supported the epigenetic dysregulation during early development could
play a significant etiological role for NDD. However, in contrast to the studies of
genetic contributions, challenges to understand epigenetic dysregulation in NDD
remains substantial. Technically, because the epimutations are frequently tissue- and
cell-type specific, the availability of targeted disease tissues such as brains become
critically important. Unfortunately, the high-quality postmortem brain tissues are
very limited. Conceptually, it has been difficulty to establish a causal relationship
between observed epigenetic dysregulations and diseases implicated because the
functional consequences of associated epimutations are hard to determine in
humans. New techniques that are capable of profiling epigenome and transcriptome
at single cell level simultaneously may overcome some of these challenges in future
studies. A study of a mechanistic framework how epimutations at single, multiple
loci, as well genome-wide levels contribute to the disease pathogenesis remains to be
explored.
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Abstract

Genetic variation can only explain a small portion of risk to psychiatric disorders,
including major depressive disorder, schizophrenia, and post-traumatic stress
disorder. Epidemiological studies are increasingly showing a link between envi-
ronmental factors and the development of various psychiatric disorders, mainly
mediated by underlying epigenetic mechanisms. DNA methylation is one of the
most studied epigenetic mechanisms in psychiatric disorders. Epigenome-wide
association studies (EWAS) typically used to study changes in DNA methylation
still face methodological challenges and limitations at both the fundamental,
technical, and data analysis levels. In this chapter, we offer a brief overview of
some EWAS studies in different psychiatric disorders and discuss the current
challenges, pitfalls, and future considerations for this field.

Abbreviations

5hmC 5-hydroxymethylcytosine
5mC 5-methylcytosine
BP Bipolar disorder
CpG Cytosine-phosphate-guanine
CRISPR-dCas9 Clustered regularly interspaced short palindromic repeat-

deficient Cas9
DLPFC Dorsolateral prefrontal cortex
DMP Differentially methylated position
DMR Differentially methylated region
DNMT DNA methyltransferase
EWAS Epigenome-wide association studies
GABBR1 GABA-B receptor subunit 1 gene
GWAS Genome-wide association studies
HAT Histone acetyltransferase
HDAC Histone deacetylase
MBD-Seq Methyl-binding domain sequencing
MDD Major Depressive Disorder
MeDIP-Seq Methylated DNA immunoprecipitation sequencing
miRNA microRNA
MOBP Myelin-associated oligodendrocyte basic protein
mQTL Methylation quantitative trait loci
MZ Monozygotic
NGS Next-generation sequencing
PMPS Poly-methylomic profile scores
PTSD Post-traumatic stress disorder
RRBS Reduced representation bisulfite sequencing
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RT-qPCR Reverse transcription quantitative polymerase chain reaction
SCZ Schizophrenia
TET Ten-eleven translocation
WGBS Whole-genome bisulphite sequencing

18.1 Introduction

Over the past two decades, a growing number of genome-wide association studies
(GWAS) has shed light onto the etiology and progression of a range of psychiatric
disorders. However, the estimates on the contribution of genetic variation obtained
from these studies only explain a portion of the heritability (ranging from 40% to
60%) observed in psychiatric disorders such as major depressive disorder (MDD),
anxiety disorders, and schizophrenia (SCZ) [1]. Whereas the symptomatology of
these types of disorders is too heterogeneous to be linked to one gene as an
underlying cause [2], a large number of epidemiological studies has revealed the
importance of environmental factors, both pre- and postnatally, on the development
of mental disorders [3, 4].

Epigenetic mechanisms are key players in mediating the complex interplay
between genetic and environmental factors and, as such, might explain, at least in
part, the missing heritability is psychiatric genetics. Epigenetic processes mediate
dynamic alterations in the expression of genes without affecting the DNA sequence
itself and are the result of developmental, environmental, or stochastic influences
[2]. Epigenetic research offers a promising avenue in filling the knowledge gap in
understanding the complex etiology and symptomatology of psychiatric disorders
and could guide future research into the development of advanced treatment options.

This chapter provides a short overview of the recent literature on the involvement
of epigenetic mechanisms in the development and course of psychiatric disorders,
with a focus on the challenges associated with this line of research and perspectives
for future research in this respect. The first section provides a brief summary of the
most commonly studied epigenetic mechanisms, their relevance for brain develop-
ment, and potential pitfalls associated with psychiatric epigenetics research. Subse-
quently, this chapter summarizes findings from recent epigenetic epidemiological
research on psychiatric disorders, considering the potential challenges of this line of
research and the extent to which these challenges have been addressed in existing
studies. Finally, this chapter discusses future perspectives of psychiatric epigenetics
research.
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18.1.1 Epigenetic Mechanisms in Psychiatry

Epigenetic modifications consist of dynamic processes that can regulate gene
expression, but without involving changes in the underlying DNA sequence
[5]. They are crucial both for the development of the brain, as well as for
experience-driven transcriptional changes [6, 7]. Such modifications affect every
level of transcription, starting with regulating access of, e.g., the transcriptional
machinery to the DNA by means of histone modifications or DNA methylation
changes, as well as post-transcriptional modifications, mediated by, e.g.,
microRNAs (miRNAs), thereby affecting subsequent translation. Often, epigenetic
regulation involves stable changes in the chromatin structure, which is comprised of
DNA wrapped around a histone octamer. The nucleosome consists of two copies of
the core histones H2A, H2B, H3, and H4 [5]. Chromatin structure is modified via
remodeling enzymes such as histone acetyltransferases (HATs) and histone
deacetylases (HDACs), causing either an open, i.e., active or closed, i.e., inactive
chromatin state, respectively. HATs open up the chromatin by adding acetyl groups
to lysine residues of the histone tail, which ultimately allows the transcriptional
machinery access to the associated DNA sequence. HDACs, on the other hand,
promote transcriptional repression by removing those acetyl groups [5]. In addition
to acetylation, many other types of post-translational modifications have been found
at histone residues, such as phosphorylation, sumoylation, methylation, and
ubiquitination. The focus of this chapter will be on DNA methylation, mainly due
to the fact that it is the most and best-studied epigenetic mechanism in relation to
psychiatric disorders to date [8].

DNA methylation of the fifth position of cytosine is one of the best understood
epigenetic modifications and targets the DNA bases directly [5, 9]. DNA is
methylated via DNA methyltransferases (DNMTs), typically occurring at cytosine-
phosphate-guanine (CpG) sites, resulting in the formation of 5-methylcytosine
(5mC). DNA methylation is the most extensively studied mechanism of epigenetic
regulation and has been implicated in the regulation of gene transcription, mainte-
nance of genomic imprinting, X chromosome inactivation, chromatin structure, and
the silencing of transposable elements [10]. Recent findings have shown the impor-
tance of another, closely related, type of DNA modification of the fifth position of
cytosine, i.e., 5-hydroxymethylcytosine (5hmC). It occurs as a result of the oxidation
of 5mC, catalyzed by the ten-eleven translocation (TET) family of enzymes. While
5hmC can be stable on its own, it can also contribute to the process of DNA
demethylation, with two mechanisms that can convert 5hmC back into unmodified
cytosine [11]. While 5hmC is detected in all tissue types, it is most abundant in the
brain, suggesting its important role in brain function [10, 11]. Although an increas-
ing number of studies suggest a role of 5hmC in the brain distinct from that of 5mC,
traditionally used DNA methylation detection methods that make use of sodium
bisulfite treatment cannot distinguish between 5mC and 5hmC. Whereas the great
majority of those papers report the results as if reflecting true DNA methylation, i.e.,
5mC, in reality, these data reflect the combined levels of 5mC and 5hmC.
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In addition to histone modifications and DNA methylation, noncoding RNAs,
specifically miRNAs, have been shown to exert an important role in epigenetic
regulation by modifying protein levels [12]. MiRNAs are 18–25 nucleotide-long
noncoding RNAs that regulate gene expression at the post-transcriptional stage,
where they bind to the untranslated regions of mRNA molecules in order to suppress
protein translation or to stimulate the breakdown of the associated mRNA [12]. Not
only do miRNAs target key enzymes such as DNMTs, HDACs, and histone
methyltransferases, but the expression of miRNAs is also regulated via epigenetic
mechanisms, such as DNA methylation, RNA modifications and histone modifica-
tion, creating a miRNA-epigenetic feedback loop [12, 13]. A single miRNA can
regulate hundreds of mRNAs, while a single mRNA can also be targeted by
numerous miRNAs, making the interpretation of findings from research in this
area particularly challenging. Similarly to the area of DNA methylation, there are
methodological challenges associated with the comparability of miRNA studies,
such as the lack of consensus on the target tissue (such as peripheral blood,
cerebrospinal fluid, or brain tissue), as well as the numerous techniques used
for miRNA detection, such as quantitative reverse transcription polymerase chain
reaction (RT-qPCR), microarray, Northern Blotting, and next-generation
sequencing [14].

18.1.2 Methodological Considerations in Epigenome-Wide Studies

While the field of psychiatry epigenetics offers valuable insight into the underlying
mechanisms of disorders extending beyond the genome, there are important
challenges in epigenetics research that should be considered when conducting and
interpreting epigenome-wide association studies (EWAS) to better understand how
these changes impact key genes underlying psychiatric disorders [5, 15]. Such
potential pitfalls can be found in every step of planning and conducting an EWAS
study, starting with our basic understanding of the epigenome and study design,
through specific methodological considerations regarding the laboratory analysis of
samples and subsequent data pre-processing and statistical analyses. Understanding
the limitations of epigenome-wide research is, therefore, crucial for both the careful
interpretation of existing findings, as well as for the improvement of future studies in
the field (Fig. 18.1).

18.1.2.1 Fundamental Understanding of the Epigenome and Study
Design

Current understanding of the epigenome is still limited, which comes along with
important considerations in terms of designing an EWAS and interpreting associated
findings.

For example, mechanisms involving histone modifications are typically neglected
likely due to challenges in either detecting them or in terms of interpreting the
functional implications of the findings [16]. Accordingly, most of the current
epigenome-wide research has focused on DNA methylation for both biological
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and practical reasons. While most challenges in terms of detecting DNA methylation
have been overcome by now (see below), the functional relevance of differential
methylation is still often unclear though. As such, differential methylation could
indicate increased or reduced transcription depending on the location of the
methylated position, such as the promoter region, which is commonly investigated.
As in certain cases, differential methylation at intergenic CpG shores and intra-genic
CpG islands may be even more relevant for phenotypic variation when compared to
methylation changes at CpG islands located in promoter regions, selecting the
appropriate method to detect DNA methylation, e.g., through arrays or by means
of sequencing, is crucial in view of the desired coverage and genomic location.
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Fig. 18.1 Challenges of epigenetic-wide association studies (EWAS) in psychiatric disorders.
Several challenges at the biological, technical, and data analysis levels aimed at unraveling
epigenetic mechanisms, in particular DNA methylation in psychiatric disorders, remain. There
are several avenues worth exploring in overcoming these challenges in order to allow optimal
interpretation of the epigenetic data in psychiatry. See text for more details
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Furthermore, as the epigenome is not dynamic, a prospective study design often
offers the most robust findings, allowing for the interrogation of epigenetic changes,
e.g., in response to environmental variation, over time [15]. The timing of sample
collection is crucial in this respect, as epigenetic modifications can be transient in
certain cases. In the case of research into the underlying effects of treatments, as well
as exposure to certain environments, such as military deployment [17], longitudinal
studies can offer valuable insight into the epigenetic modifications in human
populations. Analysis of disease-discordant monozygotic (MZ) twins offers an
excellent tool in the study of epigenetic modifications associated with the disease
phenotype, while its combination with a longitudinal design can provide valuable
insight into the environmental variation impacting upon the etiology of the disease
[15]. Moreover, in view of the important role of the early environment in program-
ming adult mental health and disease, applying a longitudinal design including the
assessment of developmental epigenetic changes, could be of great added value
[15]. A major challenge to this type of design, however, lies in the lack of detailed
phenotyping, a thorough collection of detailed information regarding exposure to
environmental variation and repetitive follow-up and sampling throughout life
[15]. Of note, generally, DNA methylation changes originating during early devel-
opment may have higher inter-tissue concordance than those induced later in
life [16].

In addition, researchers must be wary that the disease process itself as well as its
(e.g., pharmacological) treatment can also cause epigenetic changes and causal
inference into the etiology of the disease, and is therefore problematic when based
solely on findings from human populations [15]. For this purpose, additional in vitro
or in vivo animal studies are often needed [16].

18.1.2.2 Technological Challenges
A major challenge of epigenetic research in humans lies in the access to the tissue of
interest, i.e., the brain, which is typically not available. Unlike genetic research
where the sample tissue is not as relevant, in epigenetics, differences in, e.g., DNA
methylation can be confounded by the sample’s source and its cellular composition,
especially in the case of whole blood samples [16]. While cells share the same DNA
sequence, it is the epigenome that differentiates cell types and, therefore, cellular
composition of the tissue of interest. This may in fact even differ between samples of
the same type of tissue, which is of great importance in epigenetic analysis. Hence,
taking into account potential differences in cell-type composition, either a priori by
using cell sorting or post hoc using bioinformatics tools, is a must. Moreover, using
peripheral tissue as a replacement of the brain can be problematic, especially that
research shows that association between blood or saliva and the brain is quiet limited
[18], and may respond differently to environmental challenges, such as exposure to
stress [19]. One possible solution to optimize the translational ability of EWAS lies
in the use of DNA methylation as a biomarker for mental illnesses [20].

The use of different techniques to detect DNA methylation raises an additional
problem in comparability across studies [16]. Due to the demand for large sample
sizes, researchers have to weigh the benefits of coverage versus precision. While
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there are various methods available to capture methylated DNA, the ‘golden stan-
dard’ in current epigenetic research is the use of bisulfite treatment, followed by
either an array- or next-generation sequencing-based detection [16, 21, 22]. So far,
based on the delicate balance between precision and coverage, most labs involved in
EWAS have made use of commercially available Illumina 450k and EPIC (850k)
Methylation Beadchip microarrays. The 450k array, which is not available anymore,
assessed DNA methylation at over 480 000 CG dinucleotides, mainly covering
promoter regions [22], and providing an affordable option for large-scale epidemio-
logical findings. Its successor, the Infinium MethylationEPIC array, targets over
850 000 CpGs. While being of clear added value, next to the limited coverage, these
platforms lack the possibility to thoroughly assess methylation at non-CpG sites
[20]. Recently, more frequently, next-generation sequencing (NGS) is being used,
which allows for flexibility in this respect, which evidently is more costly and time
consuming. Whole-genome bisulfite sequencing (WGBS) offers almost full cover-
age [16, 21, 22]. Reduced representation bisulfite sequencing (RRBS), while
granting single-base resolution as in WGBS, has lower coverage, including the
great majority of promoters and CpG islands, implying a lower number of reads
necessary to yield accurate sequencing, in addition to lower costs and processing
time compared with WGBS. Other approaches, such as methylated DNA immuno-
precipitation sequencing (MeDIP-Seq) or methyl-binding domain sequencing
(MBD-Seq), make use of means to capture methylated pieces of DNA prior to
sequencing. It is worth noting that while there is high correlation between different
platforms, which is related to the fact that most of the genome is either simply
methylated or unmethylated, there may be substantial differences within loci that
display intermediate methylation levels [16].

As indicated above, accumulating evidence suggests an important role for other
cytosine modifications such as 5hmC in the human brain. However, the great
majority of EWAS published to date made use of sodium bisulfite-treated DNA,
which does not allow to discriminate between 5mC and 5hmC, which may lead to
incorrect interpretation of associated findings. Making use of oxidative-bisulfite
DNA treatment (parallel to classical bisulfite treatment) now allows for simulta-
neously assessing DNA methylation and hydroxymethylation [23].

18.1.2.3 Data Analysis
There are various data analysis strategies available for analysing and interpreting
epigenetic data and, similarly to the methodological problems raised earlier, to date,
no clear consensus on the most optimal approach exists [15]. Most of the current
studies in the literature have investigated individual CpGs to identify differentially
methylated positions (DMPs), as that is also the method most suitable for the
Illumina array-based platforms, owing to their modest coverage. Another approach
is to explore differentially methylated regions (DMRs), which is based on the
assumption that several differentially methylated cytosines in close proximity with
each other are likely to affect chromatin formation and thus the transcription of the
accompanying gene(s) [15]. Methods with greater coverage may be more suitable
for the investigation of DMRs, as there is not clear consensus yet whether the
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number of CpGs covered by the Illumina arrays is sufficient for this type of analysis.
The advantage of DMR analysis is the reduced risk of false-positives due to artifacts
affecting single CpGs, as well as higher power because of the reduced multiple
testing error [15]. Additionally, DMRs may be easier to be interpreted biologically.
It should be noted though, that differential methylation at single CpG methylation
sites can also have important functional consequences. In addition to these two
commonly used methods, Mendelian randomization can be useful for causal infer-
ence and is being applied more regularly nowadays. As such, a methylation quanti-
tative trait loci (mQTL) analysis aims at identifying genetic variants that affect DNA
methylation patterns [24], knowledge of which is of extreme importance, as a certain
degree of epigenetic variation may be caused by genetic variation. Another critical
point to consider is accounting for cellular heterogeneity, especially in blood, which
is crucial in EWAS. For instance, one study showed that cellular composition
accounts for the majority of the detected variability in DNA methylation. It appears
that DNA methylation profiles were both cell type- and age-dependent. This can be
corrected for using a statistical approach as described in Ref. [25].

18.2 Epigenetic Profiles in Psychiatric Disorders

While the following sections include a discussion on numerous EWAS performed to
date, it should be noted that this does not concern a systematic review of the
available literature in this respect, as its aim is to highlight strengths and limitations
of certain approaches in this respect.

18.2.1 Major Depressive Disorder

MDD is one of the most heterogeneous and prevalent psychiatric disorders and
findings from EWAS studies suggest a wide variety of changes in epigenetic
regulation which may underlie MDD [26]. A recent longitudinal study utilizing
the 450k Illumina platform and examining tissue from the dorsolateral prefrontal
cortex (DLPFC) of 608 participants showed epigenome-wide significant association
between DNA methylation changes in certain genes and late-life MDD [27]. The
most significant association found in this study was observed for the YOD1/PFKB2
locus. YOD1 has been found to be involved in the maintenance of the correct
conformation of proteins, more specifically related to inflammatory responses.
Although this study made use of a tissue-specific analysis and a longitudinal design,
it is worth noting that the researchers employed tissue bulk analysis, which was later
corrected for cell-type composition [27]. This notion is relevant, as cell-type com-
position can be different between, e.g., patients and controls in EWAS studies, e.g.,
due to cell loss, when assessing brain tissue, or inflammation, when assessing
blood. This challenges the correct interpretation of results, as cell-type-specific
modifications in one cell-type could, for example, be masked by changes in another.
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In another study, on a cohort of 724MZ Danish twins, making use of whole blood
samples and the Illumina 450k platform, Starnawska and colleagues showed
associations between DNA methylation and MDD for the gene encoding neuropsin,
which is involved in synaptogenesis and has previously been implicated in schizo-
phrenia and bipolar disorder (BP) [28]. The authors also found differential methyla-
tion for the DAZAP2 gene, which is known for inducing stress granule formation.
Although the study utilized peripheral blood samples, it has the strong advantage of a
discordant MZ design, as well as a relatively large sample size [28]. Additionally, the
researchers investigated depression severity amongst the general population, as
opposed to clinical cases. An additional strength of the study is that blood cell
composition proportions were estimated using flow cytometry for a part of the
individuals (n ¼ 471). In another study using a relatively large sample size (N ¼
844), followed by a replication study (N¼ 1339), the relationship between umbilical
cord DNA methylation and maternal depression throughout pregnancy was
investigated, using the Illumina 450k platform [29]. Results from the first cohort
showed a relationship between maternal depression at any point during pregnancy
and 7 DMRs, which was, however, not replicated in the second cohort. The DMRs
were located within genes related to brain development and the formation of the
nervous system, as well as the LYNX1 gene, which was previously shown to be
hypermethylated in the hippocampus of patients with MDD [29].

18.2.2 Suicide

Suicide is the fourth leading cause of death amongst 15–29 year old, with nearly one
million deaths per year globally [30]. The heterogeneity of disorders accompanying
suicide completion poses additional challenges in this line of research, where
researchers investigating the epigenetic changes associated with suicide may either
focus on a specific disorder, exclude individuals with a particular underlying disor-
der, or in some cases compare disorders. Additionally, depending on whether suicide
attempts or suicide completion is being investigated, the sample methods differ, with
tissue-specific samples being the typical choice in the latter case. It should be noted
that while a history of suicide attempts is the strongest predictor of suicide comple-
tion, some studies focus on comparing individuals with a history of suicidal ideation
versus healthy controls, whereas other studies examine post-mortem tissue in suicide
completers. As there may be differences in epigenetic modifications between the two
groups, findings should be interpreted with caution.

Due to high suicide attempt rates amongst individuals with BP, it is the most
studied comorbid disorder in individuals with a history of suicide attempts [31]. In
one such study, the authors investigated the prefrontal cortex of 23 individuals with
BP who died of suicide, 27 who died of other causes, and 31 non-psychiatric controls
[31]. Overall, BP subjects had more hypomethylated DMRs compared to controls,
pooled for cause of death, whereas within the BP group, individuals who died of
suicide showed increased methylation than those who did not. Of specific interest,
ARHGEF38 was hypomethylated in BP associated with suicide, which, while
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relatively unknown, is believed to be involved in the GTPase cycle [31]. It should be
noted that those findings were primarily driven by males with BP who died of
suicide, which suggests that sex differences may be a factor that should be included
in future studies. This is especially relevant since there are known sex differences in
the rates and method of suicide, with males being more likely to die of suicide and
opting for violent methods, whereas females tend to gravitate towards non-violent
tools [32, 33]. Additionally, aggression and impulsivity are known risk factors for
suicide [34], which may also be relevant as there have been sex differences
demonstrated in aggressive behavior, impulsivity, and violent acts [35]. The differ-
ence in suicidal ideation and suicidal completion, therefore, with the former being
more common in women, whereas the latter is more common in men, may suggest
distinct molecular changes associated with each. Work on suicide is further compli-
cated by the heterogeneity of disorders accompanying suicidal ideation, such as
MDD, BP, SCZ, anxiety disorders, substance abuse, and personality disorders
[31, 36, 37]. Finally, the authors showed differences in methylation in axonal
guidance signaling pathways, cardiac beta-adrenergic signaling, and opioid
signaling [31].

Another study by Jokinen and colleagues [37] investigated DNA methylation in
whole blood of individuals with a history of suicide attempt. The researchers used
both the Illumina 450k and the EPIC 850k platforms to investigate DMPs associated
with suicide attempts. They excluded factors such as schizophrenia spectrum
disorders, intravenous drug abuse, dementia, and mental retardation (N ¼ 88 for
cohort 1; N ¼ 129 in the second cohort and N ¼ 93 for the third cohort). Their
findings suggest that individuals with a higher risk of suicide attempt had reduced
levels of methylation in the promoter region of the CRH gene, which is crucial in
HPA-axis regulation [37]. A strength of this study is that the initial findings were
also replicated in the following cohort of adolescents. Yet again, most of the
participants in the study were previously treated with antidepressants which also
influences DNA methylation profiles [38], and there was no clear distinction in
diagnosis in view of the underlying psychiatric illness(es).

In a comparison of depressed individuals who committed suicide versus
non-psychiatric sudden-death controls (N ¼ 75 in total), using brain tissue from
Brodmann areas 11 and 25, Murphy and colleagues [39] showed methylation
changes in several genes. The researchers observed hypomethylation in both cortical
regions in MDD suicide cases for the PSORS1C3 gene, which is thought to be
involved in the regulation of nearby immune system-related genes. In addition, two
other DMRs related to antigen processing (TAPBP) and mitochondrial ATP synthase
function (ATP5G2) were identified. It is worth to note that a limitation of this kind of
design is the lack of medication data, which can be especially crucial when compar-
ing groups with an underlying psychiatric illness with controls, as some of the
methylation changes that are identified may be related to treatment or even result
from the disease progress itself, as opposed to be causally associated with suicidal
ideation specifically. A design including a group of individuals with MDD who died
of other causes could have tackled those limitations. In addition to individuals with
MDD and BP, individuals with SCZ are at increased risk for committing suicide.
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Bani-Fatemi and colleagues conducted two studies in peripheral blood investigating
suicide attempts in individuals with SCZ, in the first of which they did not find
changes in methylation between the group with a history of suicide attempts and
those without [40]. Findings from the second study did show hypermethylation in
both SLC20A1, a sodium-dependent phosphate transporter, and SMPD2, which
encodes for the enzyme sphingomyelin phosphodiesterase 2, in those individuals
displaying suicidal ideation. In both these studies, no records on medication were
available, and a relatively small sample size was used (N ¼ 123 and N ¼
107, respectively).

In addition, in another study investigating suicidal behavior in individuals with
BP, the authors included not only a typical DMP and DMR analysis, but also
correlated DNA methylation age with suicidal behavior [41]. In this study,
individuals with a history of suicidal behavior displayed hypomethylation in
MPP4, which is known to regulate the activity of membrane calcium ATPases,
and TBC1D16, which represents a known activator of Rab4a involved in cell growth
and survival, as well as hypermethylation in NUP133, which is known to be
involved in spindle assembly and nuclear mRNA export [41]. Furthermore,
age-related signatures of DNA methylation showed a weaker correlation in DNA
methylation age and chronological age when compared to controls, where the DNA
of individuals with a history of suicidal behavior was hypothesized to exhibit
accelerated (epigenetic) aging. This study was the first to investigate the relationship
between suicidal ideation and DNA methylation age, although it is worth to note that
the authors did not specifically control for factors that have previously been
associated with changes in DNA methylation age [42].

18.2.3 Schizophrenia

SCZ is a neurodevelopmental disorder characterized by psychosis and altered
cognitive function, which was one of the first targets in the investigation of both
genetic risk factors as well as epigenetic changes associated with disease risk and
progression [43]. Initial twin and family studies have shown the heritability of the
disease, although it does not fully explain its etiology. Together with MDD, it is also
one of the disorders for which there are studies with relatively large sample sizes. In
one such project, Hannon and colleagues [44] investigated methylation changes in
three cohorts, the first of which was a discovery cohort (N ¼ 675), followed by a
replication one (N ¼ 847), and an MZ pair cohort (N ¼ 96 pairs). Findings show the
top-ranked group of pathways associated with SCZ was related to immune function-
ing, with the second-ranked group involved in neuronal proliferation and brain
development [45]. The large sample size, multiple phases and the inclusion of an
MZ cohort make this project an excellent example of a study that aimed to address
the methodological challenges of this line of research.

A more recent study byWakeys and colleagues [46] examined 171 individuals, of
which 57 diagnosed with SCZ, 59 with BP, and 55 healthy controls. In addition to
the DMP analyses, the researchers computed poly-methylomic profile scores
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(PMPS), based on EWAS data and clinical status. All five PMPS computed were
associated with SCZ, where individuals with SCZ showed heightened PMPS relative
to controls. While similarly to the Hannon study [45], the researchers used peripheral
blood for the methylation analyses and the sample size for this cohort was not very
large, a strength of this study was the inclusion of polygenic risk score analysis, as
well as the comparison between individuals with SCZ not only to controls, but also
to BP patients.

A big challenge in the identification of epigenetic changes in SCZ is defining
whether DNA methylation changes are a cause or a consequence of the disease
[47]. That could also be due to the fact that antipsychotics also carry an effect on
DNA methylation profiles [48, 49], and hence any observed EWAS association in
SCZ could also be due to the effects of antipsychotics. That being said, future EWAS
studies must work to include both medicated and drug-naïve patients to detect true
disease phenotypes.

18.2.4 Post-Traumatic Stress Disorder

Post-traumatic stress disorder (PTSD) is a debilitating psychiatric disorder that
typically develops as a result of direct or indirect exposure to a traumatic event
[17]. While most individuals are resilient to the long-term effects of trauma expo-
sure, some develop PTSD with no effective pharmacotherapy being developed to
date. Epigenetic findings from this area can, therefore, not only shed light on risk and
resilience factors, but also on the underlying mechanisms of the disorder directing
further research into advanced treatment options. Due to the nature of the disorder
and its cause, researchers often select military cohorts as their sample, often
comprised exclusively of male individuals. The advantage of such a design is the
possibility to analyze the methylome prior to, as well as in the short and long run
after exposure to trauma, as well as the possibility to identify potential predictors of
resilience. Additionally, the type of stressor that the individuals are exposed to is
typically similar of nature, often related to combat. Evidently, there are also
disadvantages related to the use of military samples, such as the higher number of
male individuals, the potential underreporting of symptoms, as well as the relatively
homogenous type of trauma. Samples drawn from the general population could shed
more light on epigenetic mechanisms underlying PTSD following various types of
traumas, as well as over different periods of time. Thus, while military cohorts may
be more convenient from a methodological perspective, a well-devised longitudinal
study of a community sample could also provide valuable insight into epigenetic
modifications associated with the disorder.

In a large study including three military cohorts, Snijders and colleagues [17]
investigated the peripheral blood of soldiers exposed to trauma, comparing those
who did develop PTSD symptoms with resilient individuals and those not exposed to
trauma. Participants with PTSD symptoms showed an association between DNA
methylation profiles and post-deployment symptoms [17]. The top replicating DMP
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represented an intergenic site near a gene (SPRY4) that codes for a member of the
Sprouty proteins involved in the inhibition of tyrosine kinase signaling. Addition-
ally, the strongest association for the DMR analysis was in a region related to
immune functioning [17]. It should be noted that the individuals in this study were
males only, with those who developed PTSD having been exposed to more traumatic
events. Another study that focused on adolescents (N ¼ 39), the majority of which
female (84.6%), showed two DMPs associated with PTSD symptom severity, one of
which was in the MAML gene, which has been implicated in neuronal plasticity
[50]. In addition, a DMR in the MOBP (myelin-associated oligodendrocyte basic
protein) gene was identified, which has previously been associated with PTSD in the
literature.

While the previous two studies both investigated peripheral blood, Logue and
colleagues [51] used samples from two blood-based cohorts and a brain bank cohort
(N ¼ 513; replication cohort N ¼ 1253; and brain tissue (prefrontal cortex) cohort
N ¼ 72). Analysing DMPs and DMRs, the authors found a negative correlation
between the effect size estimations across the blood-based cohort and the brain bank
samples, suggesting that effects investigated using peripheral blood should be
interpreted with caution. This difference was mainly driven by one site in
OR2AG1, which interestingly displayed the largest effect size in both blood and
brain, but in the opposite direction. OR2AG1 is a gene coding for an olfactory
receptor, whose activation carries consequences for serotonin release [52]. Addition-
ally, in the brain bank cohort, a probe in the CHST11 gene, which was also among
the top 10 results in the discovery cohort, was associated with PTSD. This gene is
involved in, e.g., neuronal plasticity, fear learning, and neuroinflammation. Finally,
an epigenome-wide association in the G0/G1 Switch 2 (GOS2) gene was identified,
where higher methylation was associated with a PTSD diagnosis. Previous findings
have shown cortisol to suppress G0S2 [53] and its expression has been linked to
PTSD in the literature [54, 55]. It should be noted that while this study employs a
much larger sample size and has the strength of multi-tissue type comparison, the
researchers used different platforms for the discovery and replication cohort, namely
Illumina 450k and EPIC 850k arrays, respectively.

In another recent study, Katrinli and colleagues [56] investigated methylation
changes associated with PTSD in two large cohorts (N ¼ 554 and 780), including
correlating the levels of DNA methylation and gene expression. The authors found
two DMRs associated with PTSD, for one of which (HLA-DPB1) the direction of the
effect was in the opposite direction for the two cohorts, with this gene having been
previously associated with PTSD in the literature [17] and is thought to be related to
immune system dysregulation [57, 58]. The function of the other gene (SPATC1L) is
thought to be related to the protection of cells from cell death induced by
DNA-damaging alkylating agents [59], which are by-products of normal cellular
function, as well as oxidative stress and chronic inflammation [60]. Similar to the
previously discussed multi-cohort project, however, this study also used different
platforms for the two cohorts investigated.
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18.2.5 Anxiety Disorders

Due to the heterogeneity of anxiety disorders, the scope of studies that investigate
epigenetic mechanisms associated with anxiety is relatively wide. Research in this
area, therefore, varies both in terms of the type of anxiety investigated, with some
studies including individuals with panic attacks, as well as in view of the stage of life
at which they are being studied, where for example, some studies focus on
transgenerational effects of maternal anxiety on the offspring.

Using a population-based (N¼ 1522) and a clinical cohort (N¼ 300), Emeny and
colleagues [61] identified an association between severe anxiety and increased
methylation at a CpG site located in the promoter of ASB1, a gene associated with
ubiquitin degradation pathways, as well as scaffolding, neurogenesis, and
neuroprotection [62]. While the population-based sample as well as the large sample
size for both cohorts is a particular strength of this study, it should be noted that the
authors used two different questionnaires to assess anxiety and there was no clear
distinction between panic disorder and anxiety symptoms across the cohorts. In
addition to studies that investigate epigenetic changes associated with anxiety in
adults, some focus on the effects of maternal anxiety on DNA methylation in
newborns. In one such study, Vangeel and colleagues [63] evaluated changes in
DNA methylation derived from the umbilical cord blood of newborns whose
mothers exhibited more symptoms of anxiety and correlated that with the cortisol
awakening response measured at 2, 4, and 12 months of age of the infant. Of the
10 DMRs, the top DMR was found in the GABA-B receptor subunit 1 gene
(GABBR1) and associated with prenatal anxiety especially in male newborns.
GABBR1 methylation profile was also associated with newborn cortisol levels at
4 months. These findings highlight the role of GABBR1 in prenatal anxiety, particu-
larly in influencing neuronal plasticity in the face of environmental stressors
[64]. Another important observation points towards taking into account gender
effects when analyzing differential methylation profiles [65].

18.3 Concluding Remarks

Epigenome-wide approaches have garnered much attention in the recent years, with
the primary focus being on DNA methylation. While there is increasing interest in
the role of epigenetic dysregulation in mental health and disease, results from EWAS
studies should be interpreted with caution (Fig. 18.1). Most importantly, for various
reasons, several studies still make use of low sample sizes. In addition, studies often
make use of bulk brain tissue, which does not always allow correcting for cellular
heterogeneity, an issue that can be overcome by, for example, cell sorting. Moreover,
particularly when assessing DNA derived from brain tissue, specific approaches that
are able to discriminate between 5mC and 5hmC should be employed. Future EWAS
studies should also include sex as a determining factor owing to known sex
differences in epigenetic mechanisms. Another consideration would be to include
homogenous populations of a certain disorder, or addressing specific (e.g.,
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behavioral) phenotypes (e.g., panic attacks) so as not to risk missing potential
associations. In the near future, the field could benefit from validating candidate
signatures, by for instance employing (e.g., CRISPR-dCas9-based) epigenetic
editing tools, to determine whether signatures identified in EWAS in fact represent
a causal association. Moreover, multi-omics approaches centered around an integra-
tive analysis of various layers including genetic, epigenetic, proteomic, and
metabolomic data show great promise in the development of novel treatment
strategies and diagnostic and prognostic biomarkers for psychiatric disorders.
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Abstract

Type 2 diabetes (T2D) and obesity are multifactorial and polygenic metabolic
diseases. Combinations of genetic and non-genetic risk factors such as risk SNPs,
age, unhealthy diets, and physical inactivity increase the risk for these diseases.
Emerging data also support a key role for epigenetic mechanisms in the patho-
genesis of T2D and obesity. In this chapter, we summarize current knowledge of
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epigenetic alterations found in individuals with T2D and obesity. We present
studies performed in blood, as well as human tissues important for metabolism,
i.e., adipose tissue, skeletal muscle, liver, and pancreatic islets. These studies have
found differential DNA methylation associated with both T2D and obesity.
Although some studies exist, there is still limited information regarding histone
modifications in human tissues linked to metabolic diseases. We finally explore
how epigenetic mechanisms may be targeted by epigenetic editing and inhibitors of
epigenetic enzymes for future therapies and precision medicine in T2D and obesity.

Abbreviations

BMI Body mass index
BWS Beckwith–Wiedemann syndrome
Cas CRISPR associated system
ChIP Chromatin immunoprecipitation
CRISPR Clustered regularly interspaced palindromic repeats
DMR Differentially methylated region
DNMT DNA methyltransferase
EWAS Epigenome-wide association study
GWAS Genome-wide association study
HDAC Histone deacetylase
ICR Imprinting control region
mQTL Methylation quantitative trait locus
PBL Peripheral blood lymphocyte
PBMC Peripheral blood mononuclear cells
SAM S-adenosylmethionine
SAT Subcutaneous adipose tissue
sgRNA Single guide RNA
T2D Type 2 diabetes
TALES Transcription activator-like effectors
TET Ten eleven translocation
VAT Visceral adipose tissue
WB Western blot
WGBS Whole-genome bisulfite sequencing
ZF Zinc finger

19.1 Introduction

This chapter will discuss recent advances in epigenomics of human obesity and type
2 diabetes (T2D), common metabolic disorders with a continuously increasing
prevalence worldwide. Metabolic disorders develop when the metabolism of
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nutrients is inappropriate to the body’s needs, with insufficient or excess intake of
essential substances. The underlying cause may be dysfunctions in organs involved
in metabolism, like the pancreas, skeletal muscle, adipose tissue, or liver, triggered
by, e.g., inherited genetic defects, consuming too much of certain nutrients, or a
mixture of these factors. According to the World Health Organization (WHO), more
than 1.9 billion adults, or 39% of the world’s population aged 18 years and over,
were overweight (BMI �25) in 2016. Additionally, the International Diabetes
Federation (IDF) predicts 578 million people to be affected by T2D by 2030
[1]. This development is likely the result of increased availability and intake of
food with high fat and sugar content, in combination with the more sedentary
lifestyle that comes with urbanization and changed modes of work and
transportation.

Although both genetic and non-genetic factors, e.g. diet and physical inactivity,
are known to increase the risk for obesity and T2D, these explain only a modest part
of disease prevalence [2, 3]. Epigenetic changes are likely to mediate part of the
missing heritability for metabolic disorders and may occur in response to the fast
changes of the environment. The Dutch Hunger Winter is one example of how an
altered environment, in this case prenatal famine, leads to epigenetic changes that are
visible decades later [4]. Also, exercise seems to affect DNA methylation genome-
wide [5, 6]. Not only environmental exposures need to be considered when
analyzing and interpreting epigenetic changes, but also variables such as age and
sex, which are known to impact the epigenome [7, 8].

Finally, as the epigenome is tissue specific, there is also a need to consider what
tissue to study when connecting a metabolic phenotype to epigenetic disturbances, or
vice versa. For obesity and T2D, most relevant are the hormone-secreting cells of the
pancreas controlling blood glucose levels, the liver with a central role in all meta-
bolic processes, adipose tissue, and skeletal muscle. However, in some cases, blood
may mirror the epigenetic changes observed in metabolically active tissues [8, 9],
which can then be used as a biomarker with the advantage of being easy to analyze in
the clinic. Additionally, the life span of different cell types may also affect the
dynamics of the epigenetic pattern.

The research field of epigenetics of obesity and T2D is fast emerging, and the
accumulation of data from larger cohorts and adequate tissues will move the field
from detecting genome-wide associations to providing evidence for causality.

19.2 DNA Methylation in Human Blood and Association
with Type 2 Diabetes and Obesity

Blood is one of the easiest human tissues to use for analyses due to availability,
commonly drawn at clinical visits and available in various biobanks. However, as
mentioned above, the epigenetic state of blood cells is not as straightforward to
connect to a metabolic phenotype as that of other, more metabolically active tissues.
Still, metabolic diseases such as obesity are often associated with low-grade inflam-
mation and increased white blood cell (WBC) count [10]. Also, DNA methylation
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markers in the blood may respond to processes or disturbances throughout the
different tissues of the human body.

The absolute changes in DNA methylation are often modest, hence large sample
sizes as well as replication or collaborative efforts are needed to establish a true
association with a disease. Chambers et al. [11] performed a nested case–control
study based on DNA methylation measured using the Illumina 450k array [12] in
DNA from blood drawn at baseline, and analyzed the risk of developing T2D. The
study included both Indian Asians (n ¼ 1074 with incident T2D and 1590 controls)
and Europeans (n ¼ 377 with incident T2D and 746 controls). Five methylation
markers, annotated to ABCG1, PHOSPHO1, SOCS3, SREBF1, and TXNIP, were
found to consistently associate with T2D development, both individually (relative
T2D risk between top and bottom quartiles: 1.77–2.14), but also when combining
the results to a methylation risk score with a relative risk for future T2D (top vs
bottom quartile) of 3.51 in Indian Asians and 2.49 in Europeans (Table 19.1). The
higher methylation risk score in Indian Asians may suggest an explanation for the
higher T2D incidence in this population and provide an opportunity for risk stratifi-
cation and disease prevention [11]. Dayeh et al. also found that DNA methylation in
blood at ABCG1 was associated with an increased risk, while DNA methylation at
PHOSPHO1 was associated with a decreased risk of future T2D [13]. A systematic
review for differential DNA methylation associated with T2D or related traits was
performed by Walaszczyk et al., followed by replication of 100 top hits in blood
from 100 T2D and 100 control individuals [14]. In their case-control cohort,
significance was obtained for five of those markers (in ABCG1, LOXL2, TXNIP,
SLC1A5, and SREBF1), and hence these were suggested as disease biomarkers. The
approach of combining data from different cohorts and studies increase generaliz-
ability, which is important for use in a random population. Still, the absolute changes
in those markers range from 1.8 to 3.6% [14], and more markers need to be
combined before it can be brought into the clinic as a useful tool. Another drawback
of this study is that the replicated T2D markers are also associated with age, and as
the control group is significantly younger than the T2D cases, it is hard to determine
if the methylation differences are driven by the disease or rather by increasing age. In
a different study, Cardona et al. identified 15 novel sites where DNA methylation
was associated with incident T2D, and they confirmed the three sites annotated to
TXNIP, ABCG1, and SREBF1 [15].

A review from 2018 summarized the role of DNA methylation in blood and T2D,
based on 37 studies. Both candidate gene, global and genome-wide approaches were
considered, supporting evidence for reproducible associations between T2D and
DNA methylation of TCF7L2, KCNQ1, ABCG1, TXNIP, PHOSPHO1, SREBF1,
SLC30A8, and FTO [16]. Again, confounding factors are highlighted, e.g., sex,
tissue heterogeneity, age, and ethnicity, which may all influence methylation levels
by themselves and may mask the results of many studies. More recently, a meta-
analysis of DNA methylation in peripheral blood from four European cohorts was
performed, including methylation data from the Illumina 450k array and phenotypic
traits in a total of 3428 individuals, of which 10% were diagnosed with T2D
[17]. This study replicated previous associations, e.g. with TXNIP, ABCG1, and
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CPT1A, but also identified novel DNA methylation markers associated with T2D.
These include a CpG site inHDAC4, and sites nearby SYNM andMIR23A. Together,
these six markers captured 11% of the variation in T2D. Additional analyses showed
that many of those top six sites were also associated with glucose tolerance, age, sex,
and white-blood-cell type [17].

Considering obesity, several studies with thousands of samples run on the
Illumina 450k array have presented robust associations between DNA methylation
in blood and BMI, and also connected these alterations to gene expression and
obesity-related traits [18–20]. Mendelson et al. presented 83 CpG sites associated
with BMI after analyzing DNA methylation from whole blood in 3743 individuals

Table 19.1 DNA methylation in blood and association with T2D and obesity

Study Cohort (n) Readout

Chambers
et al. [11]

Prospective study: Indian Asians
(1074 incident T2D; 1590 controls)
Europeans (377 incident T2D;
746 controls).

T2D prediction: ABCG1, PHOSPHO1,
SOCS3, SREBF1 and TXNIP

Dayeh et al.
[13]

Prospective study (129 incident
T2D; 129 controls)

Association with T2D: ABCG1 and
PHOSPHO1

Walaszczyk
et al. [14]

Review of EWAS publications
followed by replication in 100 T2D
and 100 controls

Association with T2D: ABCG1, LOXL2,
SLC1A5, SREBF1, and TXNIP

Cardona
et al. [15]

Main (563 incident T2D;
701 controls)
Replication (1074 incident T2D;
1590 controls and 403 prevalent
T2D; 2204 controls)

Association with T2D: ABCG1, CPT1A,
SREBF1, and TXNIP

Willmer
et al. [16]

Review of 37 studies Association with T2D: ABCG1, FTO,
KCNQ1, PHOSPHO1, SLC30A8,
SREBF1, TCF7L2, and TXNIP

Juvinao-
Quintero
et al. [17]

Meta-analysis of four cohorts (3428
individuals; 10% diagnosed with
T2D)

Association with T2D: ABCG1, CPT1A,
HDAC4, MIR23A, SYNM, and TXNIP

Mendelson
et al. [18]

Main (3743 individuals)
Replication (4055 individuals)

Association with BMI: 83 CpG sites, of
which 19 associated with gene
expression (ABCG1, CACNA2D3,
CPT1A, DHCR24, LGALS3BP, NOD2,
PHGDH, SARS, SLC1A, and SREBF1).
Two CpGs with causal effect on BMI

Wahl et al.
[19]

Main (5387 individuals of European
and Indian Asian ancestry)
Replication (4874 European and
Indian Asian men and women)

Association with BMI: 187 CpG sites,
62 of them also associated with T2D

Campanella
et al. [20]

Population-based European cohorts
(1941)

Association with adiposity: 40 CpG
sites.
CpG in ABCG1 associated with four
adiposity phenotypes, lipid levels and
transcriptional activity
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followed by replication in three cohorts with a total of 4055 individuals [18]. These
CpG sites were further connected to gene expression, with significant associations
for 19 CpG-expression pairs, representing 10 unique genes (ABCG1, CPT1A,
SREBF1, LGALS3BP, DHCR24, PHGDH, SARS, NOD2, CACNA2D3, and
SLC1A). Mendelian randomization analysis was used to determine casual support;
16 CpGs showed evidence for differential methylation secondary to BMI, whereas
two CpGs, including the one in SREBF1, showed causal support for effect on BMI
[18]. Another study based on genome-wide DNAmethylation analysis in blood from
10,261 samples found 187 CpG sites significantly associated with BMI [19]. Also in
this study there was more support for altered methylation secondary to obesity than
the opposite, but still, a few CpG sites seem to influence obesity. Among the
187 epigenetic markers associated with obesity, 62 were also associated with
incident T2D [19]. In an attempt to determine if DNA methylation may be an
intermediate marker between obesity and obesity-related diseases, Campanella
et al. connected DNA methylation in blood from 1941 individuals with four different
adiposity measurements, and then tested if the significant marks were associated
with some cancers and myocardial infarction [20]. First, 40 CpG sites were found
associated with one or more adiposity measures (BMI, waist circumference, waist-
hip, and waist-height ratio). One site in ABCG1 is associated with all four
phenotypes, and also with lipid levels and transcriptional activity. Next, among the
40 markers associated with adiposity, two were also associated with colorectal
cancer and one with myocardial infarction [20].

19.3 DNA Methylation in Human Tissues of Importance
for Metabolism, and Association with Type 2 Diabetes

A rapidly increasing number of studies show that epigenetic changes contribute to
T2D pathophysiology by altering cell function in pancreatic islets, liver, skeletal
muscle, and adipose tissue. These studies were initially based on candidate gene
approaches, but as methods for genome-wide analysis of DNA methylation have
been developed this has shifted towards epigenome-wide association studies
(EWAS).

19.3.1 Pancreatic Islets

Mitochondrial metabolism is key for proper insulin secretion from the pancreatic
β-cells, and dysfunction in this organelle therefore contributes to T2D [21]. Peroxi-
some proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α), encoded
by PPARGC1A, regulates the expression of genes involved in energy metabolism
and has been implicated in T2D [22]. An early study on human islet epigenetics
showed that this gene is not only vital for proper insulin secretion but also that
promoter methylation at PPARGC1A was greatly increased in pancreatic islets in
T2D [23]. Similar DNA methylation findings were later done in INS, the gene for

450 C. Ling et al.



insulin [24], and PDX1 [25] encoding a key transcription factor for β-cell develop-
ment and function [26]. The expression of these three genes is greatly reduced in
human islets in T2D, and altered promoter methylation has been experimentally
shown to affect transcription of INS and PDX1 [25, 27]. This indicates that the
differential methylation patterns identified in T2D contribute to impaired β-cell
function and therefore T2D pathophysiology. The genome-wide DNA methylation
analyses in pancreatic islets in T2D have been based on Illumina methylation arrays
or whole-genome bisulfite sequencing (WGBS). The earliest such study was
published in 2012 and was based on the first generation of arrays, interrogating
~27,000 methylation sites. In this study, the authors found changes that are
associated with β-cell survival and function [28]. A later study used the second
generation of arrays, which allows the analysis of more than 450,000 methylation
sites. This study also included a larger sample size, thus increasing the power
greatly. More than 1500 CpG sites were found to be differentially methylated in
islets from donors with T2D compared to non-diabetic controls [29]. More than
100 differentially methylated genes also exhibited altered expression in T2D, and it
was experimentally shown that altered methylation can underlie the expression
changes. Further in vitro follow-up showed that altering the expression of these
genes in a similar fashion as in T2D, perturbed insulin and glucagon secretion from
pancreatic β- and α-cells, respectively. A later study utilizing WGBS increased the
coverage even more (~23 million CpG sites), albeit with lower power due to the high
costs associated with sequencing at the depth needed for analysis of DNA methyla-
tion. Instead of identifying differential methylation at individual sites, this study
focused on finding differentially methylated regions (DMRs), thus increasing the
biological relevance [30]. DMRs were defined as stretches of DNA containing three
or more consecutive differentially methylated CpG sites with an average absolute
methylation difference of at least 5% in human islets from individuals with T2D vs
controls. Almost 26,000 such DMRs were identified. Top hits were annotated to
PDX1, ARX, a gene involved in α-cell development [31], and TFAM, a mediator of
PDX1 function in β-cells [32]. In fact, there were seven DMRs annotated to PDX1
and, on average, these were 1075 base pairs long, contained 46 CpG sites, and
exhibited a mean difference in methylation of 52%, strongly supporting the notion
that epigenetic dysregulation of PDX1 is important in T2D. Additionally, the
significant DMRs overlap several SNPs associated with T2D and were also enriched
for binding sites for islet-specific transcription factors, further supporting an impor-
tant role for altered DNA methylation in islet cell function in T2D. Finally, a few
genes exhibiting both altered methylation and expression (NR4A3, PARK2, PID1,
and SOCS2) were experimentally shown to regulate glucose-stimulated insulin
secretion [30].

There are strong interactions between our genetic and epigenetic architecture,
also in pancreatic islets. Importantly, approximately 25% of all SNPs introduce or
remove a CpG site, hence directly affecting the possibility for DNA methylation to
occur in the human genome. A methylation quantitative trait locus (mQTL) analysis
showed that among 70,000 SNP-CpG pairs (i.e., SNPs associated with methylation
at CpG site(s)), some were located in T2D candidate genes identified by genome-
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wide association studies (GWAS), such as ADCY5, KCNJ11, INS, and PDX1 [33]. A
causal inference test showed that DNA methylation in some instances mediates the
effect of the SNP on gene expression and insulin secretion. Interestingly, another
study showed that close to 50% of the then known T2D-associated SNPs introduce
or remove a CpG site and thereby strongly affect methylation and gene
expression [34].

19.3.2 Liver

The liver is responsible for taking up glucose when levels are high and store it as
glycogen, and releasing glucose from the breakdown of glycogen, or gluconeogene-
sis, to replenish low glucose levels in the circulation when needed. The decreased
insulin and increased glucagon levels seen in T2D create an imbalance with
enhanced glucose output from the liver as a result. Epigenetic modifications may
contribute to this imbalance. Array-based EWAS have identified significant epige-
netic changes in liver biopsies from individuals with T2D compared to non-diabetic
controls [35–38]. Interestingly, the vast majority of CpG sites showed lower meth-
ylation in T2D, potentially due to lower levels of the methyl donor folate in T2D
[38]. These studies identified altered methylation and expression of genes involved
in, e.g., glucose and lipid metabolism, and cell cycle regulation. More specifically,
the findings included T2D candidate genes as well as the genes for protein kinase Cε
(PRKCE) [37] and platelet-derived growth factor α (PDGFA) [35] which were both
hypomethylated and overexpressed in T2D. These proteins have been found to be
involved in the development of insulin resistance in the liver [35, 39], supporting an
important role for these epigenetic changes in T2D.

19.3.3 Skeletal Muscle

The skeletal muscle tissue is where most of the insulin-stimulated glucose uptake
occurs, and well-functioning skeletal muscle cells are therefore important for glu-
cose homeostasis. Studies on muscle biopsies as well as cell cultures established
from human muscle have identified important roles of epigenetics in regulating this
tissue in T2D. Barrès et al. used methylated DNA immunoprecipitation (MeDIP) to
investigate promoter methylation and found that the promoter for PPARGC1A was
hypermethylated in vastus lateralis from individuals with T2D [40]. Methylation of
the promoter also correlated negatively with expression of the gene and number of
mitochondria in the biopsies. Furthermore, exposing human myotubes to inflamma-
tory molecules or fatty acids, i.e., a diabetogenic environment, resulted in increased
methylation of the PPARGC1A promoter. These epigenetic changes were mediated
by the DNA methyltransferase 3B (DNMT3B). Similar epigenetic findings in
PPARGC1A were observed in monozygotic twins discordant for T2D [41]. Another
study found altered methylation and expression of genes encoding mitochondrial
enzymes in muscle biopsies from individuals with T2D. These included the gene for
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pyruvate dehydrogenase kinase 4 (PDK4), which the authors also found
hypomethylated in T2D. Knockout of PDK4 results in improved glucose homeosta-
sis in mice given a high-fat diet [42]. Interestingly, expression of both PPARGC1A
and PDK4 is upregulated in muscle by exercise [43, 44] and this might be due to
epigenetic changes [45, 46]. In donors with T2D, it was further found that
individuals who responded to exercise with a large epigenetic change at the
PPARGC1A locus also showed a significant reduction in intramyocellular lipids
[45]. A study investigating muscle biopsies from healthy individuals with and
without a family history of T2D found differential methylation and expression of
genes involved in, e.g., insulin signaling [5]. Similar epigenetic differences were
evident in monozygotic twins discordant for T2D, further increasing the relevance of
the findings to T2D. A more recent investigation found methylation and expression
differences in muscle stem cells from normoglycemic controls compared with
donors with T2D, and abnormal regulation of methylation and expression during
muscle cell differentiation in T2D [47]. Close to 600 genes were differentially
expressed in T2D myoblasts, including genes with known roles in muscle differen-
tiation (e.g., FBN2, TEAD4, and STAT3) as well as previously unrecognized
regulators of human myogenesis, e.g., VPS39. DNA methylation of 331 CpG sites
correlated with expression of these differentially expressed genes, including FBN2
and VPS39. Additionally, VPS39 was among the genes that were differentially
expressed between the two groups after differentiation to myotubes. Functional
follow-up showed that mimicking the lower expression of VPS39 seen in T2D via
siRNA-mediated knockdown in human myoblasts resulted in a severely impaired
formation of myotubes due to impaired autophagy and epigenetic mechanisms.
Heterozygous knockout in mice also impaired glucose uptake in skeletal muscle,
strongly implicating a role for VPS39 deficiency in T2D.

19.3.4 Adipose Tissue

The adipose tissue is our main storage facility for energy. It takes up nutrients from
the blood postprandially and stores the energy as lipids. When nutrient levels in the
blood drop, and the levels of insulin and glucagon change, the adipose tissue will
instead release nutrients for direct energy production in our cells or for glucose
production in the liver.

In T2D there are DNA methylation changes in adipose tissue, as indicated by
several studies. In 2012, Ribel-Madsen et al. used arrays interrogating ~27,000
methylation sites and bisulfite sequencing in a small cohort of monozygotic twins
discordant for T2D to show that there were larger methylation differences in repeti-
tive regions (e.g., LINE1) than in gene promoters. However, when they looked at
specific sites they found significantly higher methylation of, e.g., the HNF4A
promoter [41]. Mutation of HNF4A leads to maturity onset diabetes of the young
(MODY) 1 due to β-cell defects [48]. Nilsson et al. [49] analyzed two T2D case-
control cohorts and found differential methylation at almost 16,000 CpG sites,
including in several T2D candidate genes, e.g. IRS1, KCNQ1, TCF7L2, and
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PPARG. Methylation of a subset of the significant CpG sites is also associated with
BMI and fasting glucose, two risk factors for T2D. Importantly, it was also shown
that matching the donors for age and sex was necessary to detect significant
differences that stood for correction for multiple testing. Similarly, another study
investigated both visceral (VAT) and subcutaneous (SAT) adipose tissue and
identified methylation changes in T2D [36]. Again, this included sites in candidate
genes for T2D and obesity, e.g., IRS1, FOXA2, and KCNQ1. A study investigating a
smaller cohort, and thereby with weaker power, found significant differences on
24 CpG sites including inHOOK2 [50]. A more detailed methylation analysis of this
gene showed further methylation differences between women and men with T2D.
No functional data was presented however and whether HOOK2, encoding a dynein
adaptor [51], plays a role in adipocyte function in T2D remains unknown.

Similarly to the findings in muscle stem cells described above, there seem to be
DNA methylation differences in adipocyte precursors in T2D. This was shown in a
study by Andersen et al., where they analyzed preadipocytes from VAT of lean
individuals and obese individuals with and without T2D [52]. Adipocyte differenti-
ation, as determined by expression of the differentiation marker Fatty acid-binding
protein 4 (FABP4), was impaired in obese individuals with T2D. This was
accompanied by both expression and DNA methylation changes. Genes
downregulated only in obese individuals with T2D were enriched for metabolic
pathways as well as the insulin and PPAR signaling pathways. While only a cell
cycle pathway was enriched in the methylation data, the authors found epigenetic
differences associated with adipocyte differentiation. The authors constructed an
adipogenic score based on the expression of adipocyte-specific genes. Almost 4000
DMRs were associated with the adipogenic score, and when comparing lean
normoglycemic and obese with T2D they found many more DMRs associating
with the adipogenic score (n ¼ 305) than when comparing normoglycemic lean
and obese individuals (n ¼ 100). Similarly, analysis of adipose tissue biopsies from
first-degree relatives of individuals with T2D identified DNA methylation
differences [53]. The most affected gene was PTPRD, a T2D candidate gene [54],
with six hypomethylated DMRs. The first-degree relatives also exhibited higher
PTPRD expression in adipose tissue compared to the control group, and methylation
at the top DMR was shown to regulate transcription. PTPRD expression also
correlated with adipocyte size. In vitro analysis further showed that overexpression
of Ptprd in 3T3-L1 pre-adipocytes led to impaired adipogenesis.

19.4 DNA Methylation in Human Tissues and Association
with Obesity

Although multiple, well-powered studies have presented robust associations
between DNA methylation in blood and BMI, less is known about the relation
between obesity and the epigenome of metabolically active organs, i.e., adipose
tissue, skeletal muscle, pancreas, and the liver. In 2015, Rönn et al. published an
EWAS based on DNA methylation in SAT and association with BMI [8]. As the
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body composition differs between men and women, and the epigenome displays
sex-specific differences [7], male (n ¼ 96) and female (n ¼ 94) cohorts were
analyzed separately. The analysis based on the Illumina 450k array showed that
methylation of 33,058 individual CpG sites in the male and 39,533 sites in the
female cohort was associated with BMI. In the male cohort, BMI-associated meth-
ylation was further linked to differential expression of 2825 genes. Additionally,
among the ~5000 CpG sites associated with BMI in both cohorts, a large proportion
have also been associated with T2D, which may indicate that differential DNA
methylation due to BMI predispose to T2D [8]. Another study of adipose tissue
DNA methylation compared monozygotic twins discordant for BMI. Even if the
methylome was more similar within twin pairs than between unrelated individuals,
the authors found 22 CpG sites differentially methylated between co-twins with high
and low BMI [55]. The genes discovered point to a downregulation of lipogenesis
and adipogenesis, together with upregulation of inflammation and extracellular
matrix remodeling in adipose tissue from the twins with a high BMI. Also, SAT
DNA methylation of some CpG sites correlated with markers of unhealthy obesity,
i.e., intra-abdominal and liver fat, insulin resistance, dyslipidemia, and low-grade
inflammation.

In 2014, Horvath et al. presented evidence for epigenetic biomarkers of aging and
hypothesized that obesity may increase biological age in a tissue-specific manner
[56]. Indeed, they found a strong correlation between BMI and epigenetic age in the
liver, which may partly explain why obese people have an increased risk of
age-related diseases. The association between BMI and epigenetic age could not
be confirmed in SAT, skeletal muscle or blood, while all tissues displayed a signifi-
cant correlation between chronological age and the age determined by DNA meth-
ylation markers. To follow up on the acceleration of epigenetic age induced by
obesity, Toro-Martin et al. used a reduced version of Horvath’s epigenetic clock in
VAT. Also in this metabolically active tissue, they found a correlation between BMI
and epigenetic age. They also confirmed previous findings of DNA methylation age
and association with BMI in the liver, but not in blood [57].

Dick et al. reported DNA methylation sites in HIF3A to be associated with BMI
[58]. These sites were first identified in blood, but also replicated in adipose tissue.
Furthermore, in adipose tissue the methylation level correlated with HIF3A gene
expression. DNA methylation and gene expression of HIF3A was further
investigated in several tissues by Main et al. [59], confirming the association
between promoter methylation of HIF3A and BMI. Their results indicate a tissue-
specific role for HIF3A, where SAT is the more important with low expression
negatively affecting whole-body insulin sensitivity. In another candidate gene
approach, DNA methylation levels of the adipokines LEP and ADIPOQ were
investigated and related to, e.g., BMI [60]. These genes are involved in energy
balance and the development of obesity and related complications. In SAT,
ADIPOQ DNA methylation was associated with BMI, whereas an association
between LEP DNA methylation and BMI was only found in blood. Moreover,
there was an association between DNA methylation of both genes in SAT as well
as VAT and LDL cholesterol [60].
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Hall et al. investigated DNA methylation of the GLP1R promoter in human
pancreatic islets [61]. The glucagon-like peptide-1 receptor (GLP1R) is needed for
proper insulin secretion and its expression is downregulated in islets from T2D
patients. In the human islets, one CpG site of the GLP1R promoter was positively
associated with BMI, while negatively associated withGLP1R expression. If obesity
is a cause of altered DNA methylation, which in turn affects gene expression and
insulin secretion, this again provides a mechanism of how obesity increases risk of
T2D. In another study by Hall et al., human pancreatic islets were exposed to
palmitate in vitro to mimic the environment in obese individuals [62]. On a global
level, there was a small significant increase in DNA methylation after palmitate
treatment, but due to the limited number of human islets, changes on individual CpG
sites only reached nominal significance. Anyhow, combining DNA methylation and
mRNA expression data from islets exposed to palmitate revealed several T2D
candidate genes, supporting how an obesogenic environment contributes to the
development of T2D. In a larger set of human islets, it was also shown that BMI
affected gene expression of several genes that were also altered by the palmitate
treatment [62].

Furthermore, Davegårdh et al. found abnormal epigenetic changes during the
myogenesis of human myoblasts from obese individuals compared with controls.
Almost four times as many changes in DNA methylation took place when myoblasts
from obese differentiated into myofibers compared to myoblasts from lean
individuals, supporting an epigenetic memory from the obese in vivo situation
[63]. Still, the impact of obesity on genome-wide DNA methylation in human
pancreatic islets as well as skeletal muscle remains to be further investigated.

19.5 Chromatin Structure and Histone Modifications
in Humans, and Association with Type 2 Diabetes

DNA is wound around histone proteins in order to facilitate its compaction to
chromatin. Post-translational modifications of histone tails (e.g., methylation and
acetylation) enable a complex regulation of chromatin structure and thereby gene
activity. The identification of histone mark positioning over the genome and the
co-localization of multiple, different histone marks are used to define and predict
distinct chromatin states.

Studies on histone modifications associated with T2D in humans are limited
compared to corresponding data on DNA methylation. Direct comparisons of
histone marks in individuals with T2D vs non-diabetic individuals have only been
performed in blood cells and using biased approaches (ChIP-PCR) for a single
histone mark and one or two gene(s) of interest (summarized in Table 19.2). These
studies demonstrate that the diabetes-associated inflammation in part can be
attributed to altered histone modifications and consequently altered expression of
inflammatory genes. Miao et al. [64] compared the levels of histone 3 acetylation at
lysines 9 and 14 (H3K9ac and H3K14ac) at the TNF-α and COX-2 promoters in
blood monocytes from four individuals with diabetes (of which two with T2D) vs
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two controls. They observed increased H3K9ac at the promoters of these inflamma-
tory genes in individuals with diabetes. Similarly, Hou et al. [66] demonstrated an
increased overall H3 acetylation at the TNF-α and COX-2 promoters, and subsequent
increased mRNA expression of these genes, in peripheral blood mononuclear cells
(PBMC) from 12 individuals with T2D vs 12 controls. In another study, Miao et al.
[65] compared the levels of the repressive mark H3K9me2 at the IL-1A promoter and
PTEN coding region in blood monocytes from 6 individuals with T2D and 6 controls.
They observed increased H3K9me2 levels at these regions in individuals with T2D
vs controls. In this study, they also profiled histone H3 dimethylation at lysines 4 and
9 (H3K4me2 and H3K9me2) using DNA microarrays (ChIP-on-chip), and
corresponding mRNA expression, in high glucose-treated THP-1 monocytes to
mimic the diabetic environment. Paneni et al. [67] demonstrated that upregulation
of the methyltransferase Set7 caused the enrichment of H3K4me1 at the NFκB p65
promoter and subsequently increased NFκB p65 mRNA expression in blood
monocytes from 38 individuals with T2D vs 12 controls.

Global analyses of histone modifications in target tissues for T2D, e.g., pancreatic
islets, have only been performed in individuals without diabetes. Thus, comprehen-
sive genome-wide analyses of histone modifications in diabetes-relevant tissues
from individuals with T2D are missing. To bridge this gap, efforts have been
made to instead integrate data on chromatin structure and histone marks in
non-diabetic individuals, to construct maps of chromatin states (e.g., active,
repressed, bivalent), regulatory elements (e.g., enhancers, TSSs) and open chroma-
tin. Using these approaches, insights on the role of histone modifications in T2D are
gained by overlaying these maps with known T2D-associated loci [68–73], also at a
single-cell level [74, 75]. Together, these studies have demonstrated that, in pancre-
atic islets, T2D-associated GWAS SNPs to a large extent are localized to distal
regulatory elements (enhancers) characterized by enrichment of H3K4me1 in open
chromatin (identified by FAIRE-seq, DNase-seq, and ATAC-seq). Furthermore, the
generation of islet chromatin 3D structure enables the identification of candidate
target genes to T2D-associated variants located in distal enhancers [76, 77]. Also,
ATAC-seq has been used in islets from donors with T2D and non-diabetic controls
to identify alterations in open chromatin regions (OCR) associated with diabetes
[78]. These OCRs have further been linked to numerous histone modifications
associated with open and closed chromatin, as well as enhancer regions.

Table 19.2 Studies of histone modifications in individuals with type 2 diabetes

Study
n (diabetes/
control) Cell type Readout (vs control)

Miao et al.
[64]

4 (of which
2 T2D)/2

Monocyte " H3K9ac levels at TNF-α and COX-2 promoters
(ChIP-PCR)

Miao et al.
[65]

6 (also
7 T1D)/6

Monocyte " H3K9me2 levels at IL-1A promoter and PTEN
coding region (ChIP-PCR)

Hou et al.
[66]

12/12 PBMC " Histone H3 acetylation at TNF-α and COX-
2 promoters (ChIP-PCR)

Paneni
et al. [67]

38/12 Monocyte " H3K4me1 levels at NFκB p65 promoter (ChIP-
PCR)
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19.6 Histone Modifications in Humans and Association
with Obesity

Similarly to T2D, comprehensive studies on the role of histone modifications for
human obesity are lacking and this is an area that needs further investigation.
Existing studies have been limited with regards to the methodologies used (indirect
or biased) and small sample sizes that could confound the results (summarized in
Table 19.3). Jufvas et al. [79] used immunoblotting to compare the overall levels of
H3K4me2, H3K4me3, and H3K9me2 in mature adipocytes isolated from 19 over-
weight individuals, 10 overweight individuals with T2D, and 14 control individuals.
They observed lower H3K4me2 levels in the overweight non-diabetic individuals,
and higher H3K4me3 levels in the overweight individuals with T2D, compared to
control individuals, while no differences were observed for the heterochromatin
mark H3K9me3 [79]. This suggests that being overweight or having T2D is
associated with dynamic regulation of H3 lysine 4 methylation status. However,
the underlying mechanisms for this regulation as well as the downstream effects on
gene expression and regulatory networks were not explored. Castellano-Castillo
et al. [80] compared the levels of H3K4me3 at the promoters of several genes
involved in adipogenesis, lipid metabolism and inflammation (LEP, LPL,
SREBF2, SCD1, PPARG, IL6, TNF, E2F1) in VAT from 10 individuals with morbid
obesity, 9 morbidly obese individuals with prediabetes and 10 control individuals.
They found enrichment of H3K4me3 at the promoters of LPL, SREBF2, SCD1,
PPARG, IL6, and E2F1 in morbidly obese individuals with prediabetes compared to
control individuals, and there was a positive correlation between H3K4me3 levels at
these promoters and BMI, HOMA-IR and glucose. Moreover, H3K4me3 enrichment
at the E2F1 promoter was also associated with increased E2F1 mRNA
expression [80].

Väremo et al. [82] performed gene-set analysis of genes that were differentially
expressed in muscle cells isolated from individuals with either obesity or T2D, obese
individuals with T2D, and control individuals (n ¼ 6 per group). Using histone
modification gene-sets obtained from the Epigenomics Roadmap and ENCODE
projects, they identified one histone mark (H3K27me3) that was enriched in all
groups compared to control for five muscle-specific pathways, and associated with

Table 19.3 Studies of histone modifications in individuals with obesity

Study n (obesity/control)
Cell type/
tissue Readout (vs control)

Jufvas et al.
[79]

19 overweight (also
10 overweight with T2D)/
14

Primary
adipocytes

# H3K4me2 in overweight,
" H3K4me3 in T2D (WB)

Castellano-
Castillo
et al. [80]

10 morbid obesity (also
9 morbid obesity with
prediabetes)/10

Visceral
adipose
tissue

" H3K4me3 levels at LPL, SREBF2,
SCD1, PPARG, IL6, and E2F1
promoters (ChIP-PCR)

Puig et al.
[81]

6/6 Skeletal
muscle

! H3K27ac (WB)
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downregulation or unspecific regulation of contributing genes. This histone mark
likely influences the transcriptional signatures in these cells [82]. Puig et al. used
immunoblotting to compare the overall levels of H3K27 acetylation (H3K27ac) in
skeletal muscle biopsies from individuals with obesity and control individuals (n ¼
6 per group), and observed no differences between the groups [81]. Williams et al.
[83] performed genome-wide profiling of H3K4me1 and H3K27ac in human muscle
cells exposed to TNF-α or palmitate to mimic the metabolic stress associated with
increasing adiposity. Using this approach, they were able to construct maps of
enhancer elements and observed that acetylation of H3K27, marking active
enhancers, was dynamically regulated in response to the treatments. By combining
data on enhancer activity with enhancer-promoter interactions and gene expression
in the same cells, and overlapping with GWAS SNPs associated with T2D, insulin
resistance, BMI or waist-hip-ratio (WHR), they identified 13 putative target genes
associated with these phenotypes. Based on eQTL analysis of human skeletal muscle
biopsies they also demonstrated that 12 of these genes (associated with BMI and/or
WHR) displayed differential expression based on SNP genotype (BMI: GAB2,
BTBD1, PABPC4, MACF1; WHR: LAMB1, TCEA3, FILIP1L, NRP1, ZHX3,
TBX15, TNFAIP8; BMI+WHR: EIF6) [83].

Obesity is tightly linked to diet, and several factors derived from nutrient catabo-
lism act as substrates for histone-modifying enzymes, e.g., S-adenosylmethionine
(SAM) for methylation and acetyl-CoA for acetylation. Studies in humans have
shown that plasma levels of SAM are associated with adiposity [84], and serum
levels of SAM increased in response to overfeeding [85]. McDonnell et al.
demonstrated that acetyl-CoA derived from cellular fatty acid oxidation directly
promotes histone acetylation [86]. In line, Malmgren et al. showed that palmitate
exposure increased the activity of histone acetyl transferase (HAT), increased
H3K9ac at candidate genes and reduced glucose-stimulated insulin secretion in
β-cells [87]. Diet and nutrient availability likely influence histone methylation and
acetylation patterns in metabolic diseases, but this remains to be further elucidated.

19.7 Epigenetic Editing and Impact on Metabolic Disease

Existing evidence suggests a key role of epigenetics in the pathogenesis of metabolic
disease, as summarized above. However, up to today, there is limited proof of
whether disease-associated epigenetic modifications cause the disease. Some studies
have used causal mediation analysis to show that, e.g., DNA methylation may cause
metabolic diseases and/or directly affect metabolic traits [15, 33, 88, 89]. However,
these are mathematical models and not experimental proof. In order to identify
causal epigenetic changes in metabolic disease, different tools for epigenetic editing
have been developed. These technical platforms utilize DNA binding molecules and
epigenetic modifiers to recognize the target sequence and actively re-write the
epigenetic signature, thus allowing for the investigation of a specific epigenetic
modification at a specific gene locus [90].
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The epigenetic editing tools currently in use are (i) zinc finger (ZF) proteins,
(ii) transcription activator-like effectors (TALES), and (iii) the clustered regularly
interspaced palindromic repeats (CRISPR) system. Both ZF proteins and TALES
consist of several modules of amino acids that recognize three base pairs and one
single base pair, respectively, of the target DNA sequence [91, 92]. Both ZF proteins
and TALES are expensive and labor intensive to produce. In addition, many
off-target effects are observed for the ZF proteins. The CRISPR-CRISPR associated
protein system (Cas) originates from the bacterial defense system. Here, the
CRISPR-Cas system detects foreign DNA, which is then cleaved by the nuclease
activity of Cas9. Cas9 is guided to the specific sequence by single-guide RNAs
(sgRNAs). For the purpose of epigenetic editing, an enzymatically deactivated Cas9
(dCas9) is used in order to not change the actual DNA sequence [93]. The design and
redesign of the CRISPR-dCas9 system is relatively simple and not very
cost-intensive in comparison to the other two platforms. Furthermore, off-target
effects can be predicted. Epigenetic modifiers like DNA methyltransferases
(DNMTs), Ten Eleven Translocation (TET), or histone modification enzymes are
then bound either directly to the DNA binding platform (ZF proteins and TALES) or
to the deactivated Cas9 protein, which is recruited to the target region by the sgRNA
(CRISPR-dCas9 system). When delivered into the target cells, the DNA binding
platform finds its DNA sequence and the epigenetic modifier exerts its repressing or
activating function by e.g. adding methylation to cytosines (DNMT3a) or promoting
DNA demethylation (TET1), respectively. In addition to epigenetic modifiers that
affect gene expression by modulating DNA methylation, a histone acetyltransferase
(p300) for instance can also be fused to the DNA binding platform and mediate gene
activation [94, 95].

Existing studies, trying to identify causal epigenetic changes in metabolic disease,
utilized the TALES [96, 97] and CRISPR-dCas9 [98] platforms in order to investi-
gate the epigenetic landscape of their genetic region of interest. Kameswaran et al.
investigated the DLK1-MEG3 locus, which is misregulated in islets from donors
with T2D [96]. They describe hypermethylation of theMEG3 promoter in T2D islets
when compared to control islets. Hypermethylation of the MEG3 promoter also
correlated with decreased expression of MEG3 and its associated miRNAs. To
investigate if increased methylation at this region is responsible for decreased
expression of Meg3, Kameswaran et al. used TALES to target DNMTs (DNMT3a
and 3L) to the Meg3-DMR sequence, located 360 bp upstream of the Meg3
transcription start site, in mouse ßTC6 β-cells. Here, they observed that
hypermethylation of the Meg3-DMR sequence using epigenetic editing led to a
repressed expression of Meg3. Furthermore, they found a 20% increase in methyla-
tion at the targeted Meg3-DMR in TALE-DNMT expressing mouse ßTC6 β-cells,
showing that DNA methylation is controlling Meg3 expression. All in all,
Kameswaran et al. were able to identify potential causal epigenetic changes at the
Dlk1-Meg3 locus using targeted epigenetic modifiers in mouse ßTC6 β-cells.

The same group also studied the imprinted CDKN1C gene in human islets
[97]. CDKN1C (p57) inhibits the cell cycle and is thereby a negative regulator of
cell proliferation. Here, they focused on the methylation status at the imprinting
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control region 2 (ICR2), which regulates the expression of CDKN1C and is
hypomethylated on both alleles in Beckwith-Wiedemann-syndrome (BWS). These
patients display decreased p57 protein levels, a deactivation of the CDKN1C gene,
and exhibit massive β-cell proliferation, a desirable outcome in diabetes research in
order to generate an alternative strategy to the use of β-cell replacement therapy. To
investigate if epigenetic editing can be used to induce β-cell proliferation, a TALE-
TET1 fusion protein that targets the ICR2 region was designed. Targeted demethyl-
ation of the ICR2 region in human islets led to decreased CDKN1C transcript levels
and p57 protein levels, both resulting in increased β-cell replication. With this
approach, Ou et al. demonstrated that epigenetic editing cannot only be applied to
identify causal epigenetic changes, but also to mimic the molecular alterations of an
imprinting disorder in order to induce β-cell proliferation [97].

Another group, Liu et al., utilized the CRISPR-dCas9 epigenetic editing platform
to investigate MyoD and its role in muscle development in mouse fibroblasts [98]. In
their study, they fused TET1 to dCas9, which with the help of sgRNAs is targeted to
one (DMR5) of the six DMRs that have been described for the MyoD gene, in order
to induce demethylation. They reported that targeting TET1 to the DMR5 region
upstream of the MyoD gene resulted in a substantial reduction of methylation in the
targeted region and moderate induction of MyoD expression. Within this study, Liu
et al. demonstrated that binding an epigenetic modifier like TET1 to dCas9 allows
for the targeted erasure of DNA methylation.

The described studies demonstrate how epigenetic editing can currently be
applied in the field of metabolic disease (Fig. 19.1). They show that with the help
of epigenetic editing we will be able to identify causal epigenetic changes or to take

Fig. 19.1 Schematic overview of conducted studies by Kameswaran et al. [96], Ou et al. [97], and
Liu et al. [98] in the field of epigenetic editing in metabolic disease. From left to right the figure
shows the different epigenetic editing platforms used in the different studies, the cell system they
were delivered to and the outcome of the studies. Filled and unfilled circles display methylated and
unmethylated CpG sites, respectively
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advantage of imprinting disorders to develop new treatment strategies. Furthermore,
one of the hallmarks of epigenetics is reversibility. Utilizing epigenetic editing, this
reversibility can be exerted in a targeted manner and unfavorable epigenetic states in
metabolic disease can be corrected. Being able to correct those unfavorable epige-
netic changes will offer patients with metabolic diseases a chance for a more
personalized treatment approach and lead us to less treatment side effects in the
future.

19.8 Epigenetic Inhibitors and Impact on Metabolic Disease

Previous studies have identified epigenetic modifications in individuals with meta-
bolic disease, e.g. T2D or obesity [99]. These results support alterations in the
activity of epigenetic enzymes. Indeed, some studies have shown changes in either
expression, protein levels, or activity of enzymes known to alter the epigenome in
tissues from individuals with metabolic diseases [47, 100, 101]. It is hence possible
that inhibitors of epigenetic enzymes could affect metabolic phenotypes and poten-
tially be used for therapy. There are numerous inhibitors of histone deacetylases
(HDAC) and methyltransferases as well as of DNMTs [102]. Some of these
inhibitors are commercially available and some are approved by the FDA or in
clinical trials for cancer therapy [102]. Recent data also support that TSA, MC1568
and GSK-J4, inhibitors of histone-modifying enzymes, can improve β-cell function
or insulin secretion in T2D islets [101, 103–105]. For example, the group of
Mandrup-Poulsen has shown that HDAC inhibition prevents cytokine-induced
toxicity in pancreatic β-cells, that oral administration of the HDAC inhibitor
ITF2357 to streptozotocin (STZ) treated mice normalize STZ-induced hyperglyce-
mia, and that selective inhibition of HDAC3 is a potential therapeutic path forward
to protect β-cells from inflammatory cytokines and nutritional overload in diabetes
[106–110]. Moreover, our group has shown that HDAC7 is overexpressed in pan-
creatic islets from patients with T2D compared with normoglycemic controls. In
addition, overexpression of HDAC7 in clonal β-cells resulted in reduced glucose-
stimulated insulin secretion, while simultaneous exposure to TSA or MC1568
restored the impaired insulin secretion in HDAC7-overexpressing cells [101]. We
also exposed human pancreatic islets from donors with T2D to MC1568, which
resulted in increased glucose-stimulated insulin secretion [103].

Some studies have also investigated epigenetic enzymes in target tissues for
insulin e.g. muscle cells. For instance, we demonstrated abnormal levels of DNA
methyltransferases, DNMT3A and 3B, during myogenesis of myoblasts from
patients with T2D compared with non-diabetic individuals [47]. Also, obesity
affected the expression of DNMTs during myogenesis [100]. However, whether
inhibitors of DNMTs improve myogenesis in these patients remains to be tested. On
the other hand, HDAC3 inhibition protected C2C12 myotubes and skeletal muscle
against lipotoxicity, and the authors suggested that such inhibitors may be effective
for the treatment of obesity and insulin resistance [111]. Moreover, adipose tissue
phenotypes are affected by HDAC inhibitors, e.g. specific epigenome modifiers
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affect white adipocyte differentiation, and inhibition of class I HDACs from the very
first stage of differentiation stimulates the differentiation process and imprints cells
toward a highly oxidative phenotype [112]. Together these data support that
inhibitors of epigenetic enzymes affect tissues involved in both insulin secretion
and sensitivity and that they may be specifically developed for future diabetes
therapies.

19.9 Conclusion

Although more epigenetic studies are needed, in particular investigating histone
modifications and individual cell types, it is well accepted that epigenetic alterations
have a key role in the pathogenesis of T2D and obesity. Case-control and prospec-
tive human studies have identified numerous epigenetic differences that seem to
affect both insulin sensitivity and secretion. The majority of these studies have
focused on DNA methylation, an epigenetic mark that is easy to study using array-
based approaches. Hence, future studies should focus on the large number of histone
modifications that most likely play an important role in metabolic disease. Also, the
use of epigenetic editing and inhibitors of epigenetic enzymes may make it possible
to target epigenetic signatures and enzymes for future therapies. Nevertheless, a
better understanding of the specific epigenetic mechanisms that cause T2D and
obesity is needed before such therapies may be developed.
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Abstract

The mechanisms responsible for vascular disease development have been
investigated for many decades, but we are far from a complete identification of
all involved molecular processes. This still remains a major unmet need
and despite significant improvements in diagnosis, prevention, and early inter-
vention, cardiovascular pathologies are still the leading cause of death and
disability worldwide. Epigenetics guides gene expression through the regulation
of transcription independently of the genetic code. Those regulatory mechanisms
are essential to numerous processes, such as cell growth, development, and
differentiation, and they might depend on environmental adaptation, aging, and
disease states. The current knowledge on the epigenetic mechanisms regulating
vascular physiopathology has uncovered new potential targets for intervention.
Herein, we provide an overview of the epigenetic landscape and its role in
vascular diseases, highlighting the impact of DNA methylation and histone
modification as well as non-coding RNA mechanisms.

Abbreviation

5mC 5-methyl-Cytosine
5-aza 5-azacytidine
3’UTR 30-Untranslated region
circRNA Circular RNA
CVD Cardiovascular disease
DNMT DNA methyltransferase
EC Endothelial cell
EndMT Endothelial-to-mesenchymal transition
HDL High-density lipoprotein
LDL Low-density lipoprotein
lncRNA Long ncRNA
miRNA, miR microRNA
MRE miRNA Recognition Element
nt Nucleotides
ORF Open reading frame
PAH Pulmonary artery hypertension
pre-miRNA Precursor miRNA
pri-miRNA Primary miRNA
PVOD Venous-occlusive disease
SNP Single nucleotide polymorphism
TSS Transcription start site
VSMC Vascular smooth muscle cell
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20.1 Introduction: The Constant Burden of Cardiovascular
Disease

All vasculature-associated diseases, including atherosclerosis and pulmonary hyper-
tension, belong to the vast category of cardiovascular diseases (CVDs). CVDs are
the principal cause of death and disability worldwide [1], and are indeed responsible
for 31% of global deaths (https://www.who.int/en/news-room/fact-sheets/detail/
cardiovascular-diseases-(cvds)). Over the last decade, progresses in diagnosis, pre-
vention, and treatment have considerably improved overall survival. However, the
number of people diagnosed with CVDs remains very constant worldwide [2]. This
fact already triggering some innovative ideas many years ago, suggesting that not all
cases of CVD morbidity could be explained by common risk factors, such as blood
lipids, hypertension, and diabetes [3]. Nonetheless, the probability of developing
vasculature-associated diseases might depend, besides the environmental risk factors
cited above, also on genetic variations, which should not to be confused with genetic
mutations, such as those observed in pathologies like familial hypercholesterolemia
[4]. Among those variations are the single nucleotide polymorphisms (SNPs), whose
association with vascular pathologies is a complex challenge that must be integrated
with specific sets of risk factors. However, all this information is not sufficient to
explain the great penetrance of vasculature-associated diseases in the global popula-
tion; additional elements need to be included in the global picture. The first theori-
zation of such innovative events was proposed in the middle of the twentieth century
by the British developmental biologist Conrad Waddington. Indeed, with no idea of
the mechanisms, he coined a new term: epigenetic landscape [5]. Waddington
proposed the existence of biological phenomena on top of genetic variability, as
essential modulators of cell fate determination [6].

In eukaryotic organisms, organ development is tightly regulated by coordinated
steps of gene expression activation and repression that follow precise time and space
events in cells sharing the same DNA sequence [7]. This phenomenon modulates the
extreme level of folding of chromatin needed to fit chromosomes into the nucleus
and also the changes necessary so that genes can be either accessible to regulator
elements and be transcribed (areas called euchromatin) or tightly packed and inactive
(heterochromatin) [8]. Transformation of euchromatin to heterochromatin and vice
versa contributes to gene regulation and defines today’s meaning of the term
epigenetics, which is more complex compared to Waddington’s definition:
epigenetics now refers to those heritable changes that, rather than depending on
changes of the DNA sequence, influence how chromatin structure affects gene
expression. Those are principally based on chemical modification of DNA—in
particular, on cytosine—and histone proteins; more recently, processes regulated
by non-coding RNAs have also been added to those classified as epigenetic
mechanisms [9, 10].

Although the understanding of the epigenetic mechanisms associated with
vasculature-associated diseases is still in its infancy, it is advancing very fast due
to great improvements in DNA sequencing capacity. Thus, today we foresee that the
knowledge generated by studying the role of epigenetics in vasculature-associated
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diseases may be soon translated into new therapeutic approaches [11, 12]. The
concept of epigenetics is quite intriguing for the field of human epidemiology. As
a plethora of studies has assessed the central role of epigenetic modifications in
human disease etiology, it is becoming evident how epigenetics might link environ-
mental factors and lifestyle to pathology onset and progression [13]. In light of the
crucial role of epigenetics, the study of its epidemiology permits a better identifica-
tion of the interindividual variables impacting differential gene expression and
disease susceptibility, augmenting the armamentarium of physicians and researchers
working in several scientific fields, including the cardiovascular one [14].

In this chapter, we give an overview of the role of epigenetics as the main
non-genetic component of vascular disease risk, focusing on the chemical alteration
of DNA and histones and the activity of non-coding RNAs in the development of
these pathologies.

20.1.1 Etiology and Pathobiology of Vascular Diseases

Vasculature-associated diseases comprise a wide variety of conditions affecting
primarily blood vessels, including atherosclerosis, restenosis, aneurysm, and differ-
ent hypertensive syndromes, such as pulmonary artery hypertension (PAH), among
others [15].

While the specific pathophysiologic processes underpinning injury development
might differ from one pathology to another, they still share common genetic and
non-genetic molecular determinants [16]. Disease initiation and progression are
defined by alterations in the transcriptional program of the cells residing within the
vessel wall—namely endothelial cells (ECs), vascular smooth muscle cells
(VSMCs), and fibroblasts—and the impaired communication with inflammatory
cells recruited to the site of injury. Indeed, sustained exposure to stressors fosters
vascular remodeling through the establishment of disease-prone cellular phenotypes,
by disrupting intra- and inter-cellular responses [11].

EC de-regulation and activation leads to endothelial dysfunction and deteriora-
tion [17]. Similarly, VSMCs undergo profound phenotypic changes, transitioning
towards a synthetic, non-contractile state while gaining migratory properties along
with excessive extracellular matrix (ECM) deposition and alteration of the apoptotic
program [18]. Furthermore, immune cell (mainly monocytes/macrophages) differ-
entiation, activation, and polarization within vascular lesions nurture disease
progression [19].

Of note, several lines of research have elucidated that the impact of VSMC
plasticity on vascular disease might vary in a context-dependent fashion. As such,
VSMC proliferation and migration can be harmful or beneficial, whereas apoptosis,
senescence, and switching to a more macrophage-like phenotype can promote
inflammation and disease progression [20].

To further complicate matters, these pathologies can, in turn, lead to secondary
injures, such as heart failure, myocardial infarction, and ventricular hypertrophy.
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Additionally, their progression might be hastened by complications such as diabetes
and metabolic disorders [21].

Here, we will discuss the role of epigenetics in two specific pathologies: athero-
sclerosis and PAH.

20.1.2 Atherosclerosis

Atherosclerosis is the main clinical manifestation of CVDs and underlies the major-
ity of cardiovascular complications, remaining the leading cause of morbidity and
mortality worldwide [22, 23]. It is a chronic inflammatory disease that preferentially
develops in specific points of vessels, known as predisposition sites, such as the
branching points of large arterial trees and the inner curvature of the aortic arch [24].

Atherogenesis onset is characterized by the infiltration in the arterial wall of
low-density lipoproteins (LDLs), which are then retained in the endothelium and
oxidized. These oxidized LDLs (oxLDLs) trigger endothelial dysfunction at
atheroprone sites, impairing laminar flow, promoting inflammatory cell infiltration
and adhesion, and rearranging VSMC phenotype, eventually leading to arterial wall
thickening, narrowing of the vascular lumen, accumulation of lipids, and the forma-
tion of plaques [23, 25]. Lesion progression can trigger plaque rupture or erosion,
causing ischemic events, such as ischemic stroke and myocardial infarction (MI).
Indeed, as the atheromatous plaque evolves, it is stabilized by a fibrous cap, but at
later stages becomes thinner and susceptible to rupture, resulting in the aforemen-
tioned acute events [11, 15].

Additionally, pathologies such as coronary artery disease (CAD) and restenosis
display similar or related features, being therefore classified as atherosclerosis-
related conditions. More in detail, CAD is a localized form of atherosclerosis
affecting coronary vessels. The main treatment option is surgical angioplasty
associated with drug-eluting stent placement [26]. However, the efficacy of this
solution can be temporary, favoring the formation of in-stent obstructions, called
stenosis/restenosis, in the first 6 months post-surgery, as reported in 25–50% of cases
[27]. At the cellular level, restenotic obstructions mainly rely on EC activation and
the re-activation/de-differentiation of VSMCs that migrate to the site of injury,
causing neointimal hyperplasia [28].

20.1.3 Pulmonary Artery Hypertension

Hypertension is a disorder that depends on complex genetic and environmental
factors. PAH is characterized by progressive pulmonary vascular remodeling that
gradually leads to narrowing of the vessel, increased pulmonary artery resistance,
and imbalance between vasoconstriction and vasodilatation, events that eventually
result in right ventricular maladaptive hypertrophy, heart failure, and premature
death [29–31].
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PAH can be classified into different subcategories, including idiopathic PAH,
heritable PAH, and PAH associated with other diseases [32]. However, as mentioned
above, all types of PAH share common aspects, including PAEC proliferation;
PASMC proliferation, migration, and contraction; inflammation; and fibroblast
proliferation, activation, and migration [32].

During PAH pathogenesis, vascular remodeling is guided by several molecular
processes, with dysregulation evident across the different layers of the vessel wall;
such mechanisms include, but are not limited to, a hypoxic microenvironment,
growth factor changes, signaling pathway modulation, metabolic imbalance, and
epigenetic modifications [33]. At the cellular level, it is characterized by alterations
of PAEC biology, leading to a dysfunctional endothelium and endothelial-to-mes-
enchymal transition (EndMT). Further alterations pertain to apoptosis resistance,
phenotype conversion, proliferation, and migration of PASMCs, alongside fibroblast
accumulation [34–36].

Of note, PASMCs and PAECs are the principal cell types contributing to the
pathogenesis of PAH, and their dysregulation is significantly involved in the vascu-
lar remodeling occurring during systemic hypertension and PAH, correlating with
the detection of specific sub-cellular populations [15].

20.2 DNA Methylation and Vascular Diseases

Through the chemical modification of nuclear DNA and its interactors, epigenetics
translates the influence of the environment into gene expression regulation. Appro-
priate packaging of genomic DNA within the nucleus is of pivotal importance for
proper gene transcription. DNA is tightly organized in wrapped structures, known as
chromatin, containing an equal mass of proteins (histones) [37]. DNA rolls up with
histone octamers, consisting of two H2A-H2B dimers surrounding H3-H4 dimers, to
form nucleosomes [38]. The solid interactions among nuclear DNA, histones, and
linker RNA lead to the formation of a nucleoprotein complex: this chromatin can be
defined as euchromatin or heterochromatin, depending on its level of
compaction [39].

DNA methylation is the best-characterized chemical modification. It is a ubiqui-
tous epigenetic mechanism that occurs when a methyl group derived from S-
adenosyl-methionine is bound to position 5 of the cytosine ring, forming
5-methyl-cytosine (5mC) [40]. This heritable modification can occur at cytosine-
guanine dinucleotide sites, called CpG islands, and it is commonly associated with
repression and gene silencing [41], especially if it is happening at transcription start
sites (TSSs), by preventing transcription factors (TFs) from approaching DNA
[42]. This modification is commonly catalyzed by the activity of a family of enzymes
named DNA methyltransferases (DNMTs) [43]. This family comprises three active
members, identified in mammalian cells as DNMT1, DNMT3A, and DNMT3B
[43, 44]. Among them, DNMT1 is broadly expressed in mammalian cells and has
a role in the maintenance of the mitotic inheritance of methylated DNA [45]. The
Ubiquitin-like with PHD and Ring Finger Domains 1 (UHRF1) has a crucial role in
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this process, favoring DNMT1 in the recognition of hemimethylated DNA [46]. On
the other hand, DNMT3A and DNMT3B are the main factors responsible for de
novo methylation [47], which commonly occurs in early embryos [48] and at
different stages of development [49].

Conversely, the removal of 5mC, also known as DNA demethylation, leads to
DNA transcription and can be achieved through passive or active mechanisms. As
easily perceivable, passive demethylation occurs due to a lack of activity of DNMT1
during cell division [50]. On the other hand, active demethylation occurs through
direct enzymatic removal of the methyl group from 5mC. First described in 2009, it
was reported that ten-eleven translocation (TET) methylcytosine dioxygenases fam-
ily plays a crucial role in DNA demethylation via the enzymatic oxidation of 5mC to
generate 5-hydroxymethylcytosine (5hmC) in a Fe(II)- and α-ketoglutarate (α-KG)-
dependent manner [51]. 5hmC is a crucial intermediate that is gradually replaced by
unmethylated cytosines through several mechanisms. In particular, the oxidation
reaction can proceed to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)
[52, 53]. Furthermore, the pathway is continued by thymine-DNA glycosylase
(TDG), which recognizes and excises 5caC (and also 5fC) from DNA. The latter
reaction depends on base excision repair (BER), engaged for completing the DNA
demethylation cycle [54] (Fig. 20.1). Although 5hmC has broadly been
characterized as an intermediate state of the demethylation process, it emerged to
represent a crucial epigenetic mark; increasing data are suggesting that 5hmC may
represent a stable epigenetic mark [55]. 5hmC distribution was reported to have a
pivotal role in the acquisition of cellular imprinting during cellular differentiation,
but of outmost importance, it is associated with the recruitment of TFs, and therefore
is entitled to actively regulate gene transcription processes [56, 57].

Besides its involvement in physiological processes, the regulation of DNA
methylation is one of the crucial epigenetic mechanisms in the development and
progression of cancer, where its patterns are globally disrupted [58]. In recent
decades, many other pathologies have broadly been related to DNA methylation
impairment; among them, cardiovascular pathologies are prominent.

20.2.1 Atherosclerosis and DNA Methylation

Due to their strong dependence on environmental stimuli, epigenetic modifications
have been progressively associated with atherosclerosis development. Thus, they are
of pivotal interest for therapeutic and biomarker outcomes.

Decades of studies described that DNA hypomethylation seems to be
preponderated during atherosclerosis progression [59, 60]. Nonetheless, focal
DNA hypermethylation is now considered of crucial importance in atherosclerosis
development [61, 62]. In particular, several reports describe how the regulation of
DNA methylation can broadly affect atherosclerosis development and progression
by directly targeting all the layers within the vessel, affecting ECs, immune cells, and
VSMCs.
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Fig. 20.1 Illustration of DNA methylation and histone modification effects on gene
expression. Top: Mechanisms of DNA methylation and demethylation. During differentiation
processes, DNA undergoes different chemical modifications. De novo methylation is mediated
primarily by DNMT3A and DNMT3B. Upon DNA replication, newly synthesized strands lack
methylation marks, but DNMT1 rapidly restores the correct methylation on a newly synthesized
DNA. Adult patterns of methylation are erased by epigenetic mechanism involving TET enzymes.
Bottom: The nucleosome is composed of double-stranded DNA wrapped around a core of histone
proteins. Modifications such as acetylation and methylation of lysine residues on core histones are
mutually exclusive. Acetylation on lysines is always associated with increased gene expression.
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EC damage can be considered the first pathological trigger for atherosclerosis
development, where oxidative stress, lipid deposition, and transcription of inflam-
matory mediators play a crucial role [63]. In the context of oxidative stress, the
aberrant transcription of Src homology 2 domain-containing protein (p66Shc)
contributes to mitochondrial dysfunction, increased apoptosis, and endothelial func-
tional alteration [64]. This pathological effect was prevented by the restoration of
DNMT3B activity that resulted in p66Shc repressed transcription [65].

Treatment of ECs in vitro with oxLDL was reported to directly induce DNMT1-
mediated methylation of Kruppel-like factor 2 (KLF2), abrogating endothelium-
dependent vascular homeostasis, and so inducing a pro-atherogenic phenotype
[66]. In addition, it induced increased methylation of the promoter regions of Src
homology 2-containing protein tyrosine phosphatase 1 (SHP-1) [67]. Atherogenic
stimuli are reported to induce a strong increase in expression of antioxidative
enzymes (SOD2, catalase, and GPx) in infiltrating immune cells and migrating
VSMCs, via altering 5mC status [68, 69].

Nonetheless, VSMCs were described to display a pro-atherogenic phenotype
after SOD2 inhibition mediated by induction of DNA methylation; this effect was
completely prevented with 5-azacytidine (5-aza), a very well-known DNMT1 inhib-
itor [70]. In line with this finding, UHRF1 was found to regulate the pro-atherogenic
phenotype of VSMCs, directly cooperating with DNMT1, as a downstream target of
platelet growth factor-BB (PDGF-BB) treatment [71].

20.2.2 Pulmonary Artery Hypertension and DNA Methylation

Epigenetics is involved in the development of PAH [72], so it may be a potential
therapeutic target to ameliorate the clinical outcome of this severe disease
[73]. Global alteration of DNA methylation status is reported to be clearly linked
with PAH development and progression. In particular, the promoter region of the
superoxide dismutase (SOD)2 gene was found to be hypermethylated through the
activity of DNMT1 and DNMT3B in PASMCs isolated from spontaneously devel-
oping PAH (fawn-hooded) rats [74] and plexiform regions of PAH patients [75],
overall contributing to the activation of hypoxia-inducible factor (HIF)1-α, and thus
inducing a pro-proliferative and apoptosis-resistant state. This pathological pheno-
type can be abolished with the administration of 5-aza, which blunted DNA methyl-
ation on the SOD2 gene at different loci [75].

Furthermore, in PAECs, strong hypermethylation was found at the promoter of
several genes and microRNAs involved in lipid metabolism, including ABCA1,
ABCB4, ADIPOQ, miR-26A, and BCL2L11. ABCA1 was found to have reduced

⁄�

Fig. 20.1 (continued) Lysine methylation is associated with gene activation when found at H3K4,
and H4K40, but is associated with gene silencing at H3K27, H3K9, and H4K20
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expression at the mRNA and protein levels, leading to novel therapeutic
possibilities [76].

Global DNA methylation level reduction was also observed in fetal lambs
exposed to long-term high-altitude hypoxia: this was associated with loss of the
cyclin dependent kinase inhibitor (CDKN1A, p21), which caused aberrant PASMC
proliferation in these fetuses, leading to PAH in the newborn [77].

Moreover, the presence of differential epigenetic marks was demonstrated
between pulmonary venous-occlusive disease (PVOD) patients and PAH patients.
This was due to hypermethylation of the granulysin (GNLY) gene, a cytosolic
antimicrobial peptide found in the gDNA of explanted lungs and peripheral blood
mononuclear cells [78]. This finding is noteworthy due to the lack of knowledge on
this pathology, allowing early diagnosis and rapid discrimination of the two groups
of patients.

20.3 The Histone Code and Vascular Diseases

As already described in previous paragraphs, genetic information is finely regulated
by environmental stimuli and the accessibility of gene promoters to TFs.

Histones are the key component of chromatin and are rearranged in a spiral
secondary structure known as a solenoid [79]. There are four types of histone
protein: H2A, H2B, H3, and H4. They share a common structure, composed of a
globular domain surrounded by flexible, protruding domains (also known as amino
(N)- and carbon(C)-terminal tails). An octamer of dimers of each type of histone
forms the main essence of chromatin: the nucleosome [37]. Within the three-
dimensional structure of the solenoid, additional H1 histone proteins cooperate in
the maintenance of chromosomal stability [80] As first discovered by the epigenetic
pioneer Emil Heitz [81], there are two different chromatin states characterized by
different accessibility capacities: euchromatin is related to active transcription
because of its less compact and more accessible structure; on the other hand,
heterochromatin is a tightly compact structure where transcription is prevented.

The protrusion of the N-terminal tails of all histones and of the C-terminal tails of
H2A histones permits reversible covalent modifications, known as post-translational
modifications (PTM), to control DNA accessibility and to regulate gene transcription
[82]. Histone PTMs (hPTMs) include a wide variety of chemical modifications and
constitute the so-called “histone code” [83] (Fig. 20.1). More in depth, lysine
(K) was the first discovered to be acetylated or methylated [84], but further acylation,
biotinylation, crotonylation, formylation, malonylation, sumoylation, and
ubiquitination were discovered to collectively regulate conversions on this amino
acid [85]. Arginine (R) can be either deiminated (converted to citrulline) or (mono-,
di-, and tri-) methylated [86]. Serine (S), threonine (T), and tyrosine (Y) can be
phosphorylated [87] and S and T can also be glycosylated [88]. In this complex
scenario, hPTMs are the product of the dynamic activity of particular enzymes that
deposit chemical modifications (writers), decipher the mark (readers), or proficiently
remove the labels (erasers).
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Mass spectrometry (MS) was the first approach able to decipher how epigenetic
modifications could affect chromatin accessibility and, thus, regulate gene transcrip-
tion. Taking advantage of the vastly technical benefits of high-throughput
technologies, a more precise overview of histone marks has been possible in recent
decades. Here, we will discuss the three main hPMTs: acetylation, methylation, and
phosphorylation.

Histone Acetylation
Acetylation occurs predominantly on K residues of H3 and H4 histones. Histones
exhibit a positive ionic charge that strongly interacts with negative acetyl groups,
leading to a weak interaction with DNA, and enhancing chromatin accessibility.
Acetylated histones are favorable binding sites for bromodomain-containing
proteins (BRDPs), which orchestrate assembly of the transcriptional machinery
[89]. Acetylation is predominantly enriched in peculiar regions inside the promoter
and at the 50 side of the coding sequences. Of note, H3 acetylation on K9 and K27
(H3K9ac and H3K27ac) is generally associated with enhancers and promoters of
active genes.

Histone deacetylation is mediated by histone deacetylases (HDACs), generating a
more compact structure of the nucleosome and, thus, leading to transcription
impairment [90]. This mark can be reverted through the action of histone acetyl
transferases (HATs; CBP/p300, MYST, and GNAT), which induce chromatin
relaxation [90]. Of note, unbalance in the activity of these two families of
“switchers” leads to aberrant acetylation patterns and the development of CVDs
[91]. Indeed, abnormal histone acetylation is implicated in many diseases, including
hypertension [92], PAH [93] and ventricular hypertrophy [94]. Therefore,
approaches aimed at manipulating the acetylation/deacetylation balance, preventing
an aberrant PTM state, might be an innovative therapeutic strategy for these
pathologies. Overall, HDAC inhibitors have demonstrated to be protective agents
in the development of several CVDs [95].

Histone Methylation
In contrast to acetylation, which is a clear mark of transcriptional activation,
methylation of K and R residues can have different impacts on gene transcription.
The most extensively studied histone lysine methylation sites are H3K4, H3K9,
H3K27, H3K36, H3K79, and H4K20, although many other methylated lysine
residues are present on H1, H2A, H2B, and at other H3 and H4 loci [96].

Histone methylation is mediated by lysine- and arginine-methyltransferases
(KMTs, and PRMTs, respectively), taking advantage of S-adenosyl-L-methionine
(SAM) as the methyl-donor. These enzymes can add up to three methyl groups,
resulting in mono-, di-, or tri-methylation of lysines, and mono- or di-methylation of
arginines. Generally, monomethylated lysine improves transcription, whereas the
addition of further methyl groups can have a different effect depending on the
residue (e.g., H3K4me2–3, H3K36me3, and H3K79me2–3). In addition, high plas-
ticity in the recruitment of reader enzymes induces either gene transcription or
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repression based on the methylation level at the residue (e.g., H3K4me2 and
H3K4me3) [97].

Histone demethylases (HDMs) are the principal effectors of methyl group
removal from arginine and lysine residues [98]. This process takes place through
the activity of FAD-dependent amine oxidases [99] or FeII and α-KG-dependent
dioxygenases [100].

Histone Phosphorylation
Despite being the first modification to be characterized, histone phosphorylation is
somewhat less well understood than acetylation and methylation. Like with acetyla-
tion, phosphorylation produces a negative charge, reducing the positive charge
carried by histones and leading to increased accessibility of chromatin. Histone
phosphorylation is transient and dynamically coordinated by kinases and is mainly
associated with gene activation mediated by specific TFs [101]. Histone phosphory-
lation has broadly been related to apoptosis, DNA repair, chromatin rearrangements
during cellular division, and gene transcription [102]. Of note, one of the most
studied phosphorylation sites is H3S10, which once phosphorylated by Aurora B,
recruits enzymes that block H3K9 methylation; HATs then acetylate the lysine
residue, further increasing transcriptional activity, in a mechanism known as
phosphor-acetylation [103].

20.3.1 Atherosclerosis and Histone Modifications

Epigenetic de-regulation is a clear and well-known hallmark of atherosclerosis
development. Global reduction in H3K27 tri-methylation was observed at a late
stage in atherosclerotic plaques. Nevertheless, this was not related to alterations in
global levels of the corresponding histone methyltransferase EZH2, the catalytic
subunit of the polycomb repressive complex 2 (PRC2). Similarly, neither alterations
in BMI1, a PRC1 complex component, which binds to H3K27me3, nor the expres-
sion of the histone demethylase JMJD3, which removes the methyl marks on
H3K27, were reported [104]. In addition, H3K27me3 reduction was also reported
to affect NF-κB activation in human coronary artery ECs, resulting in an increase in
inflammatory status due to the aberrant transcription of adhesion molecules and
cytokines [105].

G9a, another well-known epigenetic enzyme, is able to operate H3K9 mono- and
di-methylation. In hyperhomocysteinemic ApoE�/� mice treated with methionine,
G9a was reduced together with H3K9me2, resulting in the promotion of apoptosis in
macrophages and increased plaque stability [106].

In VSMCs and macrophages of human carotid arteries, histone
hyperacetylation—with a consequent reduction in methylation levels at H3K9 and
H3K27—was reported to be a clear mark of atherosclerotic severity [107]. Further-
more, increased HAT-mediated histone acetylation was a potential regulator of
VSMC differentiation due to the recruitment of serum response factor (SRF) and
its cofactor, myocardin [108], that further mediate the activation of CArG box
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elements of VSMC-specific marker genes [109]. Moreover, HDAC3 deficiency in
myeloid cells was reported to improve plaque stability by increasing collagen
deposition, and has been proposed as a macrophage polarization inducer, favoring
the alternatively activated macrophage phenotype. These cells secrete TGFβ1, which
can be considered a trigger promoting collagen deposition by VSMCs [110].

HDAC inhibitors have been proposed as intriguing suppressors of atherosclerosis
development due to transcriptional reduction of a subset of inflammatory genes (e.g.,
TLR-induced IL-12p40 secretion in dendritic cells). They have been also described
to induce other pro-atherogenic genes (e.g., COX-2 expression), suggesting that
further efforts are needed to better describe their role in atherosclerosis [111].

Nonetheless, epigenetic mechanisms dynamically arrange gene expression, with
the mutual relation between hPTMs and DNA modifications being of outmost
importance. In particular, synergistic effects have been reported between
DNMT3A/3B and H3K9 or H3K36 methylases (SETDB1, SUV39H1/2, EHMT1/
2, and SETD2); in contrast, DNA methylation is completely abrogated by H3K4
mono-, di-, and tri-methylation [112].

In addition, H3K27 methylation (operated by EZH2) stimulated foam cell forma-
tion in ApoE�/� mice, improving atherosclerosis development. In particular, EZH2
enrolls DNMT1 and methyl CpG-binding protein-2 (MeCP2). The DNMT1-MeCP2
complex then promotes the methylation of the ATP-binding cassette transporter A1
(ABCA1) promoter, whose inhibition improves atherosclerosis [113].

20.3.2 Pulmonary Artery Hypertension and Histone Modifications

Over the past decades, increasing evidence has suggested that hPTMs, and espe-
cially aberrant histone acetylation, influences PAH development. Of note,
epigenetics-based therapies directly targeting histone acetylation could be innova-
tive approaches for the treatment of PAH.

Firstly, EZH2, which operates H3K27-specific methylation, was found
upregulated in human PASMCs, regulating proliferation, migration, and anti-
apoptotic processes [114].

Transcriptional regulator myocardin-related transcription factor A (MRTF-A)
interacts with NF-κB, halting H3K4 methyltransferase on cell adhesion molecule
(CAM) promoters in response to hypoxia. This complex then promotes ICAM-1,
VCAM-1, and E-selectin transcription, improving leukocyte migration to the pul-
monary vascular wall [115].

Moreover, in the monocrotaline (MCT)-induced PAH rat model, the histone
methyltransferase nuclear receptor binding SET domain 2 (NSD2) was recently
found to be involved in the development of the disease. In particular, NSD2
knockdown reduced H3K36me2, with an effect on pulmonary arterial remodeling
through autophagy inhibition, pulmonary artery pressure normalization, and right
ventricular hypertrophy reversion [116].

Histone acetylation also plays a critical role in PAH. Idiopathic PAH patients and
chronically hypoxic rats had upregulated HDAC1 and HDAC5 in several tissues,
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including heart, lung, and pulmonary arteries [117]. Increased histone acetylation is
further induced by hypoxia and modulates hypoxia-inducible factor-1α (HIF-1α)
binding levels in the endothelin-1 (ET-1) gene core promoter region in spontane-
ously hypertensive rats (SHR) [118]. In line with this, HDAC inhibitors were
reported to attenuate hypertensive responses in SHRs [119]. Furthermore, valproic
acid (VPA) prevented hypertension development via reduction of mineralocorticoid
receptor (MR) transcription by increasing its acetylation [120]. In addition,
trichostatin A (TSA), another HDAC inhibitor, effectively reduced blood pressure
and vascular inflammation in SHRs [121].

An increased accumulation of HDAC4 and HDAC5 in the PAEC nuclei of PAH
patients was reported to impair myocyte enhancer factor 2 (MEF2) activity, inducing
connexin 37 (Cx37), connexin 40 (Cx40), KLF2, and KLF4, and resulting in an
improvement in cell proliferation [122]. Moreover, PASMCs had increased levels of
HDAC3 and HDAC6, regulating SOD3 expression and inhibiting BAX-induced cell
death programs, and thus enhancing cell proliferation [123]. Furthermore, a global
increase in acetylation was observed in Angiotensin (AII)-treated VSMCs. AII is a
strong vasoconstrictor directly responsible for triggering hypertension. AII-treated
VSMCs had elevated HDAC5 phosphorylation in a time- and dose-dependent
manner. This led to HDAC5 export out of the nucleus, causing a reduction in
MEF2 transcription [124].

20.4 ncRNAs and Vascular Diseases

Once acknowledged that only approximately 2% of the mammalian genome
possesses a coding potential, the past decades have seen increased interest in
non-coding transcripts. Initially considered to be artifacts, these molecules are now
recognized as active players in the gene regulation machinery [125]. With the advent
of new-generation sequencing, the catalog of non-coding RNAs (ncRNAs) and the
understanding of their functions in cardiovascular health and disease has grown
exponentially [126–128].

ncRNAs can be classified into two major groups based on their size: small (<200
nucleotides) and long (>200 nucleotides) ncRNAs [129, 130]. Small ncRNAs
comprise regulatory elements, such as microRNAs (miRNAs, miRs) and Piwi
RNAs (piRNAs), and the more stably expressed housekeeping ncRNAs, such as
small nucleolar RNAs (snoRNAs) and transfer RNAs (tRNAs). The classification of
long ncRNAs (lncRNAs) is more complex and can be based on genomic localiza-
tion, specific function, and mechanism of biogenesis. Of note, a particular class of
lncRNA defined as circular RNAs (circRNAs) has gained increasing interest in
experimental biology because of its peculiar features [131–134]. Alternatively,
ncRNAs can be classified on the basis of their role into infrastructural (i.e., small
nuclear and nucleolar RNAs, ribosomal RNAs) and regulatory RNAs (i.e., miRNAs,
lncRNAs, piRNAs, and small interfering RNAs) [135]. Notably, it has been reported
that regulatory ncRNAs may actively participate in gene regulation by modulating

488 I. F. Hall et al.



chromatin structure, adding another layer of complexity to the epigenetic landscape
of vessel biology [136, 137].

Increasing evidence has demonstrated the importance of ncRNAs during the
development of different pathologies, including those of the vascular system
[15]. While the current knowledge on miRNAs is extensive, further investigation
is required to elucidate the contribution of lncRNAs to vascular pathophysiology
[125, 138].

miRNAs are small ncRNAs with a size of ~20 nucleotides (nt) that regulate gene
expression at the post-transcriptional level. miRNAs play an essential role in
controlling several pathways and biological processes, such as development, differ-
entiation, apoptosis, and survival [139]. Because they have critical roles in the
regulation of gene expression during normal physiology, being involved in many
different biological processes, their malfunction has been directly associated with
many diseases, including those of the vascular system [140, 141].

In the nucleus, miRNAs are first transcribed into a typical hairpin primary
miRNA (pri-miRNA) structure by RNA polymerase enzymes, namely Pol
II. Then, the pri-miRNA is specifically recognized and cleaved by the microproces-
sor complex DGCR8/Drosha, producing precursor miRNAs (pre-miRNAs).
Pre-miRNAs are exported to the cytoplasm by the Exportin 5 (XPO5)/RanGTP
complex, where they are further processed by Dicer, which removes the terminal
loop, resulting in an intermediate miRNA duplex. Interestingly, the directionality of
the strands determines the name of the mature miRNA form: the 5p strand arises
from the 50 end of the pre-miRNA hairpin, while the 3p originates from the 30 end.
This duplex is further processed by the Argonaute (AGO) protein family. Although
both strands can be loaded onto AGO proteins, generally, the strand with lower 50

stability or 50 uracil is preferentially utilized and is considered the guide strand. The
non-loaded strand, called the passenger strand, is unwound from the guide strand
and eventually degraded. The guide strand is loaded onto the RNA inducing
silencing complex (RISC), finally enabling mRNA target recognition. miRNA and
RISC promote the recruitment of poly(A)-binding proteins, which shorten the poly
(A) tail of mRNAs [141] (Fig. 20.2). Once the miRNA is loaded onto the RISC,
miRNA:mRNA interaction can occur. The miRNA binds its mRNA target in a
sequence-specific manner, suppressing gene expression by either blocking the
translational mechanism or activating nucleolytic mRNA degradation mainly
through targeting the 30-untranslated region (3’UTR) of the target gene [129]. The
specific sequence in the 3’UTR mRNA target recognized by the miRNA is known as
the miRNA Recognition Element (MRE), which includes a region of ~8 nt at the 50

end called the seed sequence [129, 142, 143] (Fig. 20.2).
LncRNAs represent a large and heterogeneous class of ncRNAs, comprising a

wide catalog of transcripts that differ in their biogenesis, genomic origin, and
function [126, 144]. Most lncRNAs are synthesized via spliceosome-mediated
processes on Pol II and Pol III, and present 50-caps as well as 30 polyadenylated
(polyA) tails [145, 146]. LncRNAs are usually subject to splicing events, being
presumably transcribed and processed similarly to mRNAs [145], from which they
differ mainly by the absence of translational coding potential. Mature transcripts are
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low-copy number molecules with specific sub-cellular localization [131, 147]. Of
note, this is merely a general definition, as several exceptions have been reported so
far. For instance, lncRNAs of intergenic origin differ from mRNA-like lncRNAs due
to the lack of a polyA tail. Additionally, a few lncRNAs have been shown to contain
functional cryptic open reading frames (ORFs) that may give rise to small
peptides [148].

Generally, lncRNA sequences are poorly conserved among species; however, this
might be compensated by the maintenance of structural properties warranting

Fig. 20.2 MicroRNA
biogenesis. A microRNA is
transcribed as pri-microRNA,
which matured first in a
pre-microRNA and finally in
the mature microRNA. The
latest binds the 3’UTR of the
target gene inhibiting gene
expression
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conserved functionality [149]. Additionally, their expression is closely modulated at
developmental stages, displaying tissue and cell specificity as well, this being
suggestive of their involvement in gene regulation [130, 150].

Based on their direction with respect to the coding gene, lncRNAs transcripts are
categorized as sense, antisense, exonic, and intronic. Other well-known forms are
promoter bidirectional non-coding lncRNA, enhancer lncRNAs (eRNAs), intergenic
lncRNA (lincRNAs), and circular RNAs (circRNAs) [151, 152] (Fig. 20.3). More-
over, these transcripts can act via cis- or trans-regulatory circuits [22, 153]. Herein,
we present a partial description of their biological functions, which might be only the
tip of the iceberg of the roles of lncRNAs in biological systems. LncRNAs can
function as: (1) signals, responding to specific stimuli in the intra- and/or extracellu-
lar milieu; (2) decoys, sequestering biological active molecules and altering chroma-
tin accessibility; (3) scaffolds, participating in specific functional multi-riboprotein
complexes; (4) guides, orchestrating chromatin-modifying complexes; (5) mediators,
contributing to 3D nuclear organization; and (6) molecular sponges, sequestering
active miRNA molecules to inhibit and fine-tune their function [131, 144]
(Fig. 20.3).

This class of ncRNA is, therefore, emerging as a fundamental player in the
regulation of gene expression at the chromatin, DNA, transcriptional, and post-
transcriptional levels in health and disease [15, 154]. As lncRNAs impact incidence
and outcome of human diseases, a better understanding of their putative roles in
vascular pathobiology merits further investigation [125, 155]. Indeed, key findings
in the field warrant the potential use of these molecules in a clinical setting, as further
described in this chapter.

Finally, among lncRNA transcripts, it is worth mentioning circRNAs in further
detail. Like the vast majority of RNAs, circRNAs are generally transcribed by Pol II
as a pre-messenger RNA (pre-mRNA) [156]. However, unlike linear transcripts,
circRNAs undergo an alternative splicing event, namely back-splicing, promoting
the formation of RNA loops. This tail-to-head folding exploits canonical splicing
sites and proceeds from an upstream 50 splice site (acceptor) to a downstream 30 one
(donor) [133, 134]. Consequently, covalently closed RNAs, displaying neither 5–30

polarity nor a polyA tail, are generated. Given their structure, circRNAs are more
stable than linear RNAs and less sensitive to RNAse R exoribonuclease degradation
[157]. Finally, RNA loops can be secreted in exosome vesicles in response to
specific stimuli and, subsequently, detectable in body fluids, such as serum and
saliva [22]. Hence, circRNAs are promising candidates for human disease prognosis,
prevention, and treatment.

In conclusion, compelling evidence has shown that ncRNAs such as miRNAs,
lncRNAs, and circRNAs could be exploited for the development of new RNA-based
therapeutics. Indeed, despite the limitations of such approaches, they represent a
valuable tool for the generation of novel strategies in vascular disease.
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Fig. 20.3 Schematic classification of the different types and functions of lncRNAs. Left:
LncRNAs are classified according to their genomic position: Exon are represented in green and
orange, enhancer in light green, promoter in pink, while intron in gray. Arrows indicate transcrip-
tion starting sites. Right: LncRNAs modulate gene expression by different mechanisms: in the
nucleus they might guide TFs to promoter region (1) or sequester TFs inhibiting their function (2);
They can also modulate chromatin structure by acting as scaffold (3) or guide (4)

492 I. F. Hall et al.



20.4.1 Atherosclerosis and miRNAs

Atherosclerosis is an inflammatory disease in which hypercholesterolemia plays a
central role in pathologically activating vascular cells and the immune system
[158, 159]. These processes might be further accelerated by conditions such as
diabetes mellitus and hypertension [160]. Carotid and coronary artery disease are
two major atherosclerotic conditions and are the primary cause of stroke and heart
attack, respectively. miRNAs are involved in every stage of the biological processes
responsible for atherosclerosis development. Indeed, numerous miRNAs (miR-21-
5p,�34a-5p,�146a-5p,�146b-5p,�210-3p) have been found to be upregulated in
plaques from aorta, carotid, and femoral artery [161].

A detailed analysis of the single vessel layers shows how miRNAs are specific for
the endothelium, infiltrating immune cells, and VSMCs. For instance, several
miRNAs have been associated with dysfunction of the endothelium in vascular
diseases. miRNAs involved in endothelium senescence include miR-34a, �217,
and -146a, whereas others like miR-200c, �126, �10a, and -181b are modulated
by oxidative stress and pro-inflammatory factors [160, 162]. Adhesion molecules are
dysregulated by the misexpression of miRNAs such as miR-126, �31, and �17–3p
[162]. Interestingly, the endothelium has been also found to secrete microparticles
containing miRNAs, such as miR-19b, which affects other cellular components
during plaque formation [163].

During atherosclerosis development, oxLDLs are loaded into monocytes/
macrophages and VSMCs within the intimal layer, leading to the formation of
foam cells and activated VSMCs. The role of macrophages during cellular adhesion,
lipid uptake, and inflammatory responses has an important impact on plaque devel-
opment. Several miRNAs, such as miR-99b,�152,�125a-5p, and�155, have been
observed to be modulated in monocytes/macrophages within atherosclerotic
plaques, influencing important steps, such as the accumulation of foam cells
[160, 162]. Also, miR-10a plays a role in the pro-inflammatory contribution to the
malfunctional endothelial phenotype during atherosclerosis [164]. In addition,
miR-21 has been found to be increased in monocytes, driving atherosclerosis
progression [165]. As for ECs, also macrophages are able to transfer miRNAs
(i.e., miR-146a, �128) through extracellular vesicles [165]. However, macrophages
might also secret miRNAs in conjunction with high-density lipoprotein (HDL);
indeed, in human plasma, miR-210 has been found dysregulated in atherosclerosis
patients [165].

Atherosclerotic lesions are also characterized by the presence of migratory
VSMCs in the intimal layer. Some examples of miRNAs with an important impact
on VSMC phenotypic switching during disease development are miR-143/145,
�22, �21, �221/222, and � 128 [159, 160, 165]. Furthermore, during the final
phase of atherosclerosis, involving plaque destabilization and rupture, those
structures are characterized by a rich content of inflammatory macrophages and
VSMCs. The levels of miR-322, �100, �127,�133a/b, and �145 are, for instance,
significantly higher in patients with destabilized plaques [160, 165]. Moreover,
VSMC differentiation—promoted by the progression of fatty streaks into a fibrous
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cap—is regulated by miRNAs, such as miR-26a, which targets transforming growth
factor-β (TGF β), a critical factor for VSMC differentiation and apoptosis
[162]. Other short ncRNAs, such as miR-29b, are involved in the regulation of
VSMC migration, by targeting metalloproteases (MMPs), and contractility, by
targeting critical genes, such as KLF4 in the case of miR-145 or �128 [162, 166].

20.4.2 Atherosclerosis and lncRNAs

In contrast to miRNAs, lncRNA investigation has not delivered a wealth of informa-
tion on their role in atherosclerosis. Nonetheless, based on a handful of key studies, it
is understood that lncRNAs can alter the onset and progression of atherosclerosis by
affecting a wide array of processes governing the transcriptional program of all three
principal cell components of atherosclerotic plaques [28, 150].

A paradigmatic example is the antisense ncRNA known as ANRIL, found in the
Inhibitors of Cyclin Dependent Kinase 4 (INK4) locus [167]. ANRIL functions as a
guide lncRNA binding specific subunits of the Polycomb repression complexes
1 and 2 (PRC1 and 2) and mediates interaction with target promoters [167]. This
fosters H3K27 tri-methylation and transcriptional repression of the INK4 locus in
cis. Interestingly, ANRIL exerts its atheroprotective function also in trans
[167, 168]. Additionally, it is expressed and modulated by all the three principal
cell components, so is directly associated with the severity of atherogenesis and
lesion progression [169, 170].

Different lncRNAs (i.e., PUNISHER, LEENE, sONE) have been found to partic-
ipate in EC differentiation, homeostasis, and function [171–173]. Additionally,
several others have been identified in atherogenesis, for instance, MALAT1,
MEG3, LINC00323–003, and MIR503, as well as the circRNAs cZNF292,
cAFF1, cDENND4C, and cTHSD1, which are differentially expressed upon
hypoxic conditioning, a stimulus known to evoke EC dysfunction [22, 174,
175]. Nonetheless, only a few have been extensively characterized so far. Human
metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was one of the
first lncRNAs studied in human disease. It is highly expressed in vascular endothe-
lium and is de-regulated in several CVDs upon distress signals. Indeed, its down-
regulation produces a shift from a proliferative to a migratory phenotype, causing
aberrant vessel growth in vivo [176]. Coherently, profound cell cycle dysregulation
was revealed by gene expression profiling [176]. Nonetheless, recent literature
suggests that its role on atherosclerositic deterioration is due to increased accumula-
tion of hematopoietic cells [176, 177].

SENCR is a vascular cell-specific lncRNA expressed in human ECs and VSMCs
and plays a role in EC differentiation and homeostasis [178, 179]. Interestingly,
Baker’s laboratory uncovered that SENCR may be involved also in endothelium
dysfunction. Indeed, its expression is significantly reduced in ECs isolated from
patients with premature CAD compared to control subjects, suggesting a central role
in atherosclerosis [180]. In addition, SENCR protects against vascular damage by
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participating in adherent junction maintenance, membrane integrity, and permeabil-
ity of ECs [179].

Aberrant phenotypic transition and apoptosis impairment of VSMCs are central
events in atherogenesis initiation and progression. Along with miRNAs, lncRNAs,
and circRNAs participate in the fine-tuning of VSMC biology. This can be achieved
either independently or through epigenetic networks. For instance, circLRP6/miR-
145 axis modulation is essential for VSMC homeostasis and may play a role in
atherogenesis as well [181].

Lnc-Ang362 is an AII-induced lncRNA that enhances aberrant cell growth in
VSMCs. It is co-transcribed with miR-221 and -222, well known for their detrimen-
tal effect on vessel biology [182]. In light of this, the effects of lnc-Ang362 on
proliferation may likely be due to its role as the host transcript of the 2 miRNAs.
Noteworthy, as these molecules are modulated in the same manner, further studies
might cement lnc-Ang362 as a therapeutic target in atherosclerosis [183]. Similarly,
the lncRNA SMILR concurs in atherogenesis by promoting aberrant cell prolifera-
tion via modulation of CENPF mRNA. While its overexpression results in
neointimal hyperplasia, its disruption ex vivo promoted adverse vascular remodeling
[184]. The above-mentioned lncRNA SENCR was first described in human coronary
artery VSMCs. In this context, SENCR contributes to maintain cell differentiation
by acting on cell contraction-related genes such as myocardin (Myocd), while
reducing the pro-migratory gene signature (Midkine/Pleiotrophin). Therefore, it
can counteract the pathological migration of VSMCs to the neointima during
atherosclerotic lesion formation [178].

Inflammation and innate immune responses are also crucial events in atheroscle-
rosis and act mainly through the modulation of monocyte and macrophage function.
Myocardial infarction associated transcript (MIAT) is upregulated in vulnerable
atherosclerotic plaques and fosters persistent, aberrant immune responses. Of note,
MIAT ablation alleviates injury progression by acting on the miR-149-5p/CD47 axis
and promoting macrophage clearance capacity (efferocytosis), thus reducing
the inflammatory burden [185]. Concordantly, the monocyte- and macrophage-
enriched lncRNA PELATON is upregulated in vulnerable plaques and is localized
at inflammation sites. Its knockdown ameliorated atherosclerosis progression by
promoting macrophage phagocytosis by acting in trans, and unlike MIAT,
PELATON did not affect efferocytosis. Further studies on its coding potential may
provide deeper insight into its role in macrophages [186].

RAPIA is a lncRNA that is highly expressed in advanced stages of atherosclero-
sis; its silencing protects against the worsening of vascular conditions by reducing
proliferation and triggering the apoptotic program in macrophages via the miR-183-
5p/ITGB1 pathway [187].

Finally, the already mentioned lncRNA MALAT1 is a modulator of the innate
immunity response and is atheroprotective. Further studies are needed to better
define its mechanism of action; nonetheless, it seems to maintain vascular function-
ality via a network of ncRNA-mediated processes involving mascRNA and
NEAT1 [188].
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20.4.3 Pulmonary Artery Hypertension and miRNAs

Different studies have indicated the involvement of miRNAs during PAH develop-
ment. Normalization of some of these ncRNAs has been reported to blunt experi-
mental pulmonary hypertension.

Considering lung as a bulk tissue, screening analyses were performed to evaluate
miRNA modulation in PAH patients. A first study, for instance, measured
337 miRNAs in PAH and control lungs, identifying six statistically significantly
upregulated miRNAs (miR-450a, �145, �302b, �27b, �367, and � 138), while
only one, miR-204, was found to be down-regulated in pathological specimens
[189]. The authors then linked miR-204 to a fundamental pathway able to sustain
PASMC proliferation and resistance to apoptosis, which involves the signal trans-
ducer and activator of transcription 3 (STAT3), the protein tyrosine phosphatase
non-receptor type 11 (SHP2) expression, the proto-oncogene tyrosine-protein kinase
(Src), and nuclear factor of activated T cells (NFAT) [189].

Among miRNAs playing a role in PASMCs, we also have the miR-17–92 cluster.
It contains six miRNAs (miR-17, miR-18a, miR-19a, miR-19b, miR-20a, and
miR-92a) transcribed as one common pri-miRNA [190]. miR-17–92 expression
was found reduced in PASMCs from patients with PAH [191], and was associated
with decreased levels of SMC differentiation proteins, such as α-smooth muscle
actin (α-SMA), transgelin (SM22α), and calponin, indicating a direct correlation
between an SMC differentiation phenotype and miR-17–92 expression [191].

Another polycistronic miRNA cluster involved in PAH development is miR-143/
145, a highly specific ncRNA expressed by SMCs of different origins [192]. Its
expression is increased in human PAH as well as in the hypoxia-induced mouse
model of PAH [193]. miR-143/145 cluster expression in PAH relies on down-
regulation of bone morphogenetic protein receptor type II (BMPR2). Indeed,
transforming growth factor-β (TGF-β) and bone morphogenic protein 4 (BMP4)
activate Myocd expression and nuclear translocation of Myocd-related transcription
factors (MRTFs), respectively, resulting in increased expression of miR-143 or
miR-145, with concomitant repression of KLF4 expression, leading to the activation
of a contractile gene program in SMCs [194]. Finally, negative manipulation of
miR-145, but not miR-143, inhibited hypoxia-induced PAH in mice [193].

The miR-17-92 cluster has been shown also to control endothelium dysfunction
in PAH. The development of familial PAH might depend on mutations of BMPR2
[195]. The link between this gene and the pathology relies on miR-17–5p and
miR-20a, two members of the miR-17–92 cluster that directly target BMPR2 in
PAECs. Interleukin 6 (IL-6) upregulates miR-17/92 expression through increased
transcriptional activity of STAT3 [196]. Thus, inhibition of BMPR2 upregulates
miR-17–92 expression, which then induces PAEC proliferation and reduces their
apoptotic rate, resulting in the development of PAH.

Very recently, a study from Zhang and colleagues demonstrated that miR-483 is
down-regulated in the serum of idiopathic PAH patients, with a direct inverse
correlation with the severity of the pathology. They also demonstrated that
miR-483 directly regulates several genes, including TGF-β, TGF-β receptor
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2 (TGFBR2), β-catenin, connective tissue growth factor (CTGF), interleukin-1β
(IL-1β), and endothelin-1 (ET-1), all of which are involved in PAH pathogenesis.
Finally, an in vivo approach demonstrated that EC-specific miR-483 overexpression
in a model of PAH was able to blunt the typical clinical outcomes, such as increased
pulmonary vascular pressure and right ventricular hypertrophy [197].

20.4.4 Pulmonary Artery Hypertension and lncRNAs

The modulation of lncRNAs evoked by stimuli such as hypoxia and oxLDL is
involved in de-regulation of PAECs, causing endothelium dysfunction and
EndMT. Some examples of modulated ncRNAs are GATA6-AS, H19,
MIR210HG, MEG9, MALAT1, and MIR22HG [198, 199], although their contribu-
tion to pulmonary hypertrophy is still largely unknown.

Additionally, PASMCs contribute to PAH progression via aberrant proliferative
and migration and impairment of apoptosis. These phenotypic changes are sustained
by a variety of cytokines and growth factors (i.e., PDGF-BB, NOTCH, Ang II, IL-1,
FGF-2, and IGF-1) and lead to aberrant vascular remodeling [33].

The hypoxia-induced lncRNA of the Hoxa cluster antisense RNA 3 (lncRNA
Hoxaas3) is upregulated in pulmonary hypertension. It promotes pathology progres-
sion by boosting PASMC over-proliferation and accelerating the cell cycle; hence, it
may be a suitable therapeutic target to weaken damage progression [200].

The lncRNA regulated by PDGF-BB and TGF-β, namely LnRPT, has been
identified in rat PASMCs and described as a putative therapeutic tool. Mechanisti-
cally, LnRPT controls PASMC proliferation by inhibiting the Notch pathway.
Coherently, this regulatory capacity is reduced upon PDGF-BB-mediated LnRPT
down-regulation. Additional studies may provide further insight into the use of
LnRPT in PAH treatment [201].

In contrast, the lncRNA H19 is upregulated upon PDGF-BB stimulation in a
rodent model of hypoxic-induced damage. It participates in PAH progression by
promoting cell proliferation and inflammation through the regulation of the
miR-let7b/AT1R axis [202].

The lincRNA Cox2 plays an important role in the modulation of innate immunity
by activating or repressing specific responsive genes in mouse macrophages, thereby
regulating inflammatory processes [203]. Interestingly, it is upregulated in the
peripheral blood of PAH patients and is also modulated in PASMCs upon exposure
to hypoxia. Its detrimental effect on PAH development is considered to function via
miR-let7A/STAT3 axis regulation [204].

20.5 Conclusion

The body of evidence discussed in this chapter strongly indicates that chromatin
modifications are directly involved in the pathogenesis of CVDs. This is particularly
important since, over the past years, the incidence of CVDs has increased greatly.
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Fortunately, the research focusing on CVDs has grown in step, with many studies
aimed at understanding the role of epigenetic processes in CVD development. It is,
then, easy to understand that the definition of personalized epigenetic patterns can
help to diagnose the causes of such pathologies and, thus, to identify tailor-made
therapeutic approaches. Furthermore, recent technologic advances both in terms of
data generation and analysis have allowed the scientific community to create detailed
epigenetic maps of CVDs, providing clinical practice with new tools to link envi-
ronmental effects with traditional risk factors: this includes also the possibility to
eventually predict individual response to drug treatments.

Fully deciphering the epigenetic networks of the vasculature is, however, still far
from completion. Thorough comprehension of the links between epigenetic
mechanisms and specific tissue transcriptional programs is needed. This is particu-
larly important for the development of therapies aimed at normalizing altered
programs in specific cell types of the vessels. Indeed, the final aim would be to
target epigenetic mechanisms in specific tissue compartments to avoid undesirable
effects provoked by the modulation of gene expression elsewhere. Therefore, further
studies are critically needed in order to personalize these new types of therapies.
Because they are able to target all the types of epigenetic mechanisms discussed
above, current RNA-based therapeutics might be able to fulfill this unmet need: these
include silencing RNAs (siRNAs), antisense oligonucleotides (ASOs), lnRNAs,
miRNAs, RNA aptamers, single guide RNAs (sgRNAs) for CRISPR/Cas9 systems,
etc. These methodologies can target any gene, including those codifying proteins
with no enzymatic activity; this is in contrast with classical drugs, which are not able
to do so. This sheds a very positive light on the possibility of being able to tackle the
majority of diseases of the cardiovascular system in the near future.
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