
Chapter 5
Epigenomics

Not all genes are expressed in all tissues at all times. While many molecular
mechanisms regulating gene expression (in space and over time) are coded in the
DNA sequence (e.g. enhancers, repressors, transcription factors), there is a number
of so-called epigenetic mechanisms that can regulate gene expression by other
means.

In this chapter, we will first review the basics of epigenetics and then describe
the two most common epigenetic mechanisms, DNA methylation and histone
modification. We will conclude by touching upon a few issues relevant for the
integration of genomic and epigenomic information in population-based studies.

5.1 Epigenetics: Heritable, Stochastic and Environment-
Induced

In the broad sense, there are three general sources of epigenetic modifications and
their variations across cells, tissues and individuals: (1) heritable modifications,
which can be inherited either from cell to daughter cell (i.e. within the life of an
organism) or from a parent to a child (i.e. across generations); (2) modifications
that arise from stochastic instability in the transfer of epigenetic markers during
cell divisions; and (3) epigenetic modifications induced by the environment.

5.1.1 Heritable Modifications

Imprinting and X-inactivation are the two most common examples of epigenetic
modifications that are inherited from cell to daughter cell (but not from parent to
child). In the case of X-inactivation (in females), either the maternal or paternal X
chromosome is inactivated in the progenitor cell of a particular lineage (e.g.
neuron, oligodendrocyte, hepatocyte). Although the initial ‘‘choice’’ as to which of
the two X chromosomes to inactivate is random, all cells derived (and re-derived)
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subsequently from the original progenitor cell inactivate the same (maternal or
paternal) X chromosome. A given X-inactivation (e.g. of the X chromosome
inherited from the mother) is inherited through subsequent cell divisions (mitosis)
during the life of the individual, but it is not passed on to the offspring; thus, the
offspring can inherit an X chromosome that has been either active or inactive in
his/her mother. Note that this mechanism creates a mosaic of cells containing
either an active or inactive maternal (or paternal) X chromosome.

Similar epigenetic mechanisms, called gene imprinting, may also regulate
expression of genes located on autosomal chromosomes. Thus, there are more than
a hundred ‘‘mono-allelic’’ genes in which the allele inherited from one parent is
silenced (imprinted) while the other one remains active (Henckle and Arnaud
2010). Furthermore, it appears that gene imprinting can operate in an age-related
fashion: for example, maternal alleles of certain genes are expressed in the
embryonic brain (while the paternal alleles of the same genes are silenced/
imprinted) and vice versa in the adult brain (Gregg et al. 2010).

Trans-generational (from parent to child) transmission of epigenetic modifi-
cations has been a surprising discovery. For most of the past 150 years, Darwin’s
theory of natural selection was assumed to be the only (that is to say, correct)
alternative to the view formulated by Jean-Baptiste Lamarck at the beginning of
the nineteenth century: that acquired traits can be passed from parent to child
(Lamarck 1809). Simply put, we have taken for granted that Lamarckism was
wrong and that acquired traits cannot be inherited. This view is now changing,
however.

Although it is true that most epigenetic marks underlying the relatively stable
transmission of epigenetic information from cell to daughter cell during the life of
an individual (see above) are erased during gametogenesis,1 some of these marks
can be passed on to the offspring. Thus, we have trans-generational epigenetic
inheritance (reviewed in Daxinger and Whitelaw 2012). An often-quoted example
of this kind of inheritance is the agouti viable yellow (Avy) epiallele.2 In the
genetically identical (i.e. isogenic) Avy mice, the degree of transcription of a
retrotransposon3 located upstream of the agouti (A) gene results in the various
degree of the expression of this gene and, in turn, a varied amount of the agouti
protein being deposited in the mouse fur. The latter affects the fur colour on a
continuum, starting with the full-yellow (all-cell) coat, going into a mosaic of
yellow and agouti hair and ending with the full-agouti coat. Importantly, the level
of transcription of this transposable element varies in proportion to its methylation;
hence, an epiallele: less methylation means more transcription and more yellow
colour (Morgan et al. 1999; see Fig. 5.1). This effect appears to be related to an

1 Gametogenesis refers to the production of gametes (eggs and sperm) in gonads, through
meiosis (see Sect. 4.1.)
2 Epialleles differ in their epigenetic modifications (whereas alleles differ in nucleotides).
3 Retrotransposon is a form of the transposable elements that first copy themselves from DNA to
RNA (transcription), then back to DNA (reversed transcription), before inserting themselves into
the genome in a new position. In this way, they generate insertions, deletions and translocations.
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incomplete erasure of the epigenetic mark on the retrotransposon in the maternal
(but not paternal) germ line.

Such trans-generational epigenetic transmission is likely to vary with the
number of subsequent generations. For example, certain epigenetic modifications
of histones in the chromatin of Caenorhabditis elegans parents, known to affect
their longevity, are not entirely erased during gametogenesis and, therefore, can
also extend the lifespan of the offspring up to the third generation (Greer et al.
2011). In this case, this trans-generational inheritance appears to affect preferen-
tially the epigenetic regulation (expression) of genes involved in metabolic
pathways (Greer et al. 2011).

What are the sources of inter-individual variability in the epigenome? In the
next two sections, we will discuss stochastic instability in the transfer of epigenetic
markers during mitosis and environment-induced epigenetic modifications (see
Fig. 5.2).

5.1.2 Stochastic Instability

Epigenetic marks are transmitted from cell to daughter cell during mitosis and, to a
much lesser extent, from a parent to offspring through the germ line. This transfer
of epigenetic information involves a variety of molecular processes (see Sect. 5.2
for details) and, not surprisingly, it is prone to errors. Thus, it has been estimated
that the error rate for replicating epigenetic marks is *1 in 1,000; this is much
higher than the estimated error rate during the DNA replication [*1 in 1,000,000
bases; Hjelmeland (2011)]. These errors introduce a certain level of randomness

Fig. 5.1 Agouti mice. From Morgan et al. (1999)

5.1 Epigenetics: Heritable, Stochastic and Environment-Induced 69



into the transmission of epigenetic information. Stochastic instability then refers to
the probabilistic nature of the processes that results both from a predictable action
and the random element. The above example of agouti mice illustrates the range of
such stochastic instability: the level of DNA methylation of the ‘‘metastable epi-
allele’’ can vary by over 80 % across the isogenic mice; a phenomenon stable
during the life of an individual but stochastic across different individuals (Dolinoy
et al. 2010). What are the main sources of the predictable actions and the most
important time window of their influence on the epigenome?

5.1.3 Environment-Induced Epigenetic Modifications

During gametogenesis, epigenetic marks are first (largely) erased and then re-
established de novo. Thus, in utero, the re-establishment of epigenetic marks can be
influenced by a variety of environmental influences acting on the pregnant mother
(F0 generation) and both the somatic and germ lines of the embryo (F1 generation).
In the case of the former, such somatic ‘‘epimutations’’ will be transmitted from cell
to daughter cell throughout the prenatal and post-natal life of the exposed (F1)
offspring; these effects are likely to be present in all tissues. In the case of the latter,
the germ-line epimutations have the potential for being transmitted to the subsequent
(F2) generation, and beyond (see Fig. 1.3). On the other hand, if the environment acts
post-natally, its effect is more likely to be seen in specific tissues; thus, tobacco
smoke is more likely to affect lung tissue, and diet (together with local bacteria; see
the paragraph on ‘‘body environment’’ in Sect. 3.1) is more likely to affect the gut
tissue. Figure 5.2 illustrates the most common exposures that have been investigated
in the context of environment-induced changes in epigenome; these vary from the
effects of specific diets, toxins, stress and behaviour (reviewed in Faulk and Dolinoy
2011). One of the most exiting models of behaviour-induced epigenetic modifica-
tions has been introduced by Michael Meaney and his colleague; in a series of
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Fig. 5.2 Sources of
epigenetic variability. Five
environmental influences that
affect the developing embryo
and its primordial germ cells
(represented by the pink and
blue dots). Adapted based on
Faulk and Dolinoy (2011)
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experiments, they showed that high (vs. low) levels of licking and grooming (by the
dam) during the first week of pups’ lives is associated with lower levels of meth-
ylation of the promoter of the glucocorticoid receptor (and, in turn, its higher
expression) in the hippocampus, as well as lower response of the hypothalamic-
pituitary-adrenal axis to stress (reviewed in Zhang et al. 2013; see Fig. 5.3).

As pointed out above, epigenetic modifications involve a variety of mecha-
nisms, including DNA methylation, modifications of histone proteins and post-
transcriptional modifications of non-coding RNA, such as microRNAs, which
regulate translation of mRNA into polypeptides. I will now describe two of these
mechanisms in some detail.

5.2 DNA Methylation and Histone Modifications

The methylation of cytosine is the most common epigenetic modification of DNA.
Given that the diploid human genome contains 6 9 109 nucleotides (A, C, G and
T), there are about 150,000,000 cytosines that—in theory—can exist, in either a
methylated or unmethylated state. But, in fact, methylation takes place most often

Fig. 5.3 Associations between maternal behaviour (licking and grooming), expression of the
glucocorticoid receptor in the hippocampus, regulation of the hypothalamus-pituitary-adrenal
axis and psychopathology (right side). LG licking and grooming, ACTH adrenocorticotropin,
CRF corticotropin releasing factor, 5-HT serotonin, cAMP cyclic adenosine monophosphate, PKA
protein kinase A, NGFI-A nerve growth factor–inducible factor A, CBP CREB-binding protein,
GR glucocorticoid receptor. From Zhang et al. (2013)
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(but not exclusively) when cytosine sits next to guanine—that is, if it is present as
CpG4 dinucleotides; when CpG dinucleotides cluster together, we talk about CpG
islands. Note that about 60 % of human gene promoters are associated with CpG
islands, thus providing a powerful means for DNA methylation to influence gene
expression (Portela and Esteller 2010). The so-called CpG shores (areas flanking
the CpG islands) show higher variation in DNA methylation, even though the CpG
density is lower in these regions as compared with the CpG islands (Rakyan et al.
2011). As shown in Fig. 5.4, DNA methylation can occur not only in CpG islands
and shores but also in the gene body, and on repetitive sequences, including those
associated with transposable elements (see above for the agouti mice). In general,

Fig. 5.4 DNA methylation. ‘‘DNA methylation can occur in different regions of the genome. The
alteration of these patterns leads to disease in the cells. The normal scenario is depicted in the left
column and alterations of this pattern are shown on the right. a CpG islands at promoters of genes are
normally unmethylated, allowing transcription. Aberrant hypermethylation leads to transcriptional
inactivation. b The same pattern is observed when studying island shores, which are located up to
2 kb upstream of the CpG island. c However, when methylation occurs at the gene body, it
facilitates transcription, preventing spurious transcription initiations. In disease, the gene body
tends to demethylate, allowing transcription to be initiated at several incorrect sites. d Finally,
repetitive sequences appear to be hypermethylated, preventing chromosomal instability, translo-
cations and gene disruption through the reactivation of endoparasitic sequences. This pattern is also
altered in disease.’’ E Exon, TF transcription factor, RNA pol RNA polymerase, DNMT DNA
methyltransferase, MBD methyl-CpG-binding-domain proteins. From Portela and Esteller (2010)

4 Note the nomenclature: CG refers to cytosine located on one DNA strand and guanine on the
other (complementary) strand. On the other hand, CpG refers to the two nucleotides being located
side by side on the same DNA strand.
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methylation of the CpG islands at promoters of genes is associated with a reduced
rate of DNA transcription. On the other hand, methylation in the gene body
facilitates gene expression by preventing spurious initiations of transcription
(Portela and Esteller 2010).

How does DNA methylation regulate gene expression? One of the mechanisms
involves recruitment of special proteins5 that go on to recruit histone-modifying
and chromatin-remodelling complexes to the methylated site. As explained below,
the DNA-chromatin complex is a powerful regulator of gene expression by virtue
of ‘‘opening’’ and ‘‘closing’’ DNA for transcription (see Sect. 4.1). Another
mechanism involves direct inhibition of transcription by preventing the binding of
relevant transcription factors to the promoter (e.g. Kuroda et al. 2009).

Recall that DNA is packaged with protein complexes to form chromatin.
Heterochromatin contains tightly packed and inactive DNA, whereas euchromatin
contains a stretched out and active DNA molecule ready for transcription (Sect. 4.1).
Histone proteins are the main actors in the transformation of heterochromatin to
euchromatin and back (see Fig. 4.1). Gene expression requires uncoiling of chro-
matin fibres, a process guided by H1 histone and its bonds with DNA molecules.
Once uncoiled, two turns of DNA molecule are wrapped around an octamer of core
histones (H2, H3A, H3B and H4) in the individual nucleosomes; the N-terminal tails
of the core histones protrude out of a nucleosome (see Fig. 4.1b). Importantly,
various chemical processes6 can modify amino acids in these histone tails leading, in
turn, to the binding of different proteins, affecting local condensation of chromatin
and, as such, the level of transcriptional activity at this particular stretch of DNA
molecule.7

5.3 Bringing Together Genome and Epigenome

Advancements made in mapping DNA variations in the human genome have
enabled a GWAS-based search for genetic variants associated with complex traits.
In the same manner, we are now in a position to carry out genome-wide scans for
epigenetic marks; at present, the relevant technology enables us to do so only for
DNA methylations (Rakyan et al. 2011). For example, the Infinium HumanMe-
thylation450 BeadChip Kit allows one to assess methylation state at 485,000
methylation sites across the entire genome, with an average of 17 CpG sites per

5 Methyl-CpG binding-domain proteins.
6 Acetylation, methylation, phosphorylation, sumoylation and ubiquitylation.
7 For example, trimethylation of lysine 27 in H3 histone (H3K27me3) is associated with gene
silencing (e.g. Soshnikova and Duboule 2008). As described above, deficiencies in another of the
histone-trimethylation complexes (H3K4me3) influence the lifespan of C. elegans and that
epigenetic modifications (demethylation) of this complex, when located in the vicinity of certain
genes, are transmitted across four generations, together with the phenotype. In other words, it
influences expression of these genes and longevity (Greer et al. 2011).
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gene region and coverage of 96 % of CpG islands. In principle, this information
can be interrogated in three ways that reflect the combination of time of exposure
to the presumed methylation event (prenatal vs. post-natal) and type of cells
(somatic or germ lines) affected by the event. This is in addition to the genetic
control of methylation events.

In the case of prenatal events, such as exposure to cigarette smoking or a diet
low on folic acid, we would expect to find epimutations in both somatic and germ
lines of the offspring.

In case of somatic-cell lines, epimutations should be present across a variety of
tissues. Given the limited availability of tissue in human population-based studies,
this assumption can be tested—for example—by comparing the epigenome of DNA
extracted from blood cells, buccal (epithelial) cells, bulge cells of the hair follicles
or epithelial cells found in urine and faeces (Rakyan et al. 2011). Naturally, the
global genome-wide rate of epimutations (defined as a deviation from the reference
sample) may serve as a useful phenotype and, perhaps, a more precise proxy of the
actual level of exposure to the environment under study. Furthermore, the presence
of epimutations in a particular gene region provides an important parameter to be
used in evaluating interactions between a particular environment (e.g. cigarette
smoking during pregnancy) and specific genetic variations (Text Box 5.1).

Text Box 5.1. Smoking during pregnancy and DNA methylation

In one of our studies, we have observed an interaction between the BDNF
genotype and prenatal exposure to maternal smoking with regard to the
relationship between brain and behaviour; but only non-exposed individuals
showed the effect of genotype (Lotfipour et al. 2009). We speculated that this
gene might have been ‘‘silenced’’ in the exposed offspring, thus rendering
DNA variations in the gene irrelevant in this group. We followed up this idea
and showed that the two groups (exposed and non-exposed adolescents)
differed in the methylation rate in the CpG island of one of the promoters of
the BDNF gene (Toledo-Rodriguez et al. 2010). Obviously, the methylation
rate was assessed here using DNA extracted from blood cells (and not the
brain); as pointed out above, however, the exposure presumably associated
with the higher methylation rate occurred, in this case, prenatally and, as
such, was likely to affect all tissues to a more similar extent than one would
expect for post-natal exposure to the same environment.

In case of germ lines, epimutations can be transmitted from parent to child. But
note that—in the case of prenatal exposure—this process can be a mix of the direct
effect of exposure and the trans-generational transmission of epigenetic marks.
Thus, a given prenatal exposure can be transmitted from the first generation
(F0 = smoking mother) to the grandchild (F2) simply by exposing the germ-line
cells of the child (F1) and not erasing completely this epigenetic modification at
the time of fertilization of the ‘‘exposed’’ (F1) gametes (i.e. oocytes) by
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non-exposed ones (i.e. sperm). The pure exposure-independent trans-generational
transmission of the epigenetic information thus takes place only in subsequent
generations (F2–F3, F3–F4, etc.). Thus, we need to be cautious when interpreting
findings that are based on three generations only (i.e. children of mothers who
were exposed prenatally to a given environment).8

In summary, we need to consider the following four elements of trans-gener-
ational transmission: (1) epimutations of somatic-cell lines of the F1 embryo/
foetus; (2) epimutations of germ lines of the F1 embryo; (3) incomplete erasure of
epigenetic marks during fertilization, giving rise to the F2 generation; and (4)
transmission of epigenetic marks from F2 to F3 (and subsequent) generations.

Finally, in case of post-natal exposures, most of such epigenetic effects are
likely to affect only tissues that either are in direct physical contact with the agent
(e.g. cigarette smoke) or represent a target tissue in a biochemical cascade initiated
by the agent (e.g. stress-induced stimulation of glucorticoid receptors of the hip-
pocampus). For the human brain, such tissue-specific epigenetic modifications can
be assessed only via surgical removals or biopsies (e.g. a repository for gliomas
[http://caintegrator.nci.nih.gov/rembrandt/]; Riddick and Fine 2011) or in post-
mortem tissue (e.g. McGowan et al. 2009).

Fig. 5.5 Design of genome-wide epigenetic studies. From Rakyan et al. (2011)

8 The often-quoted examples of a trans-generational effect of food availability on reproduction,
health and mortality, such as the Dutch Hunger Winter (Roseboom et al. 2011) and the Overkalix
cohort in Northern Sweden (Pembrey et al. 2006), involve only three generations.
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Finally, we can ask what are the possible designs of large, genome-wide epi-
genetic studies. As illustrated in Fig. 5.5, these studies fall into two different
classes. In the case of disease-based phenotypes known at the time of the study,
one can use either case-control cohorts of unrelated individuals or monozygotic
twins discordant for the presence of a given disease. The latter design has the
obvious advantage of effectively removing genetic variations as the possible
‘‘cause’’ of the disease through monozygosity. If studying quantitative traits rather
than diseases, one can resort either to a family-based design or a longitudinal
study. In both cases, one may be able to distinguish between inherited and de novo
epimutations, especially if biospecimens are available in multiple generations, and
evaluate their associations with the system-level phenotype (and genotype) of
interest.
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