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The revellers depicted in the painting by the Dutch
artist Judith Leyster (1609-60) (Figure 1) will not
have given epigenetics a passing thought. Little were
they to know that indulgences, such as drinking alco-
hol and smoking, would be contributing to their
‘exposome’’ and marking their epigenome to poten-
tially compromise their future health. The skeleton
proffering an hourglass is perhaps a portent of the
perils of such indulgence. Epigenetic alterations have
been linked—sometimes tentatively—to a wide array
of exposures and health outcomes, from smoking”
and alcohol’* to lung cancer’ and psychoses,® and
the field will surely witness a glut of further literature
in the near future.

Epigenetics has undoubtedly recently taken the
world of medical research by storm,” offering the
promise of prediction, prevention and treatment of a
wide spectrum of common complex diseases.® The
current special issue brings together a collection of
reviews and articles with epigenetics as a common
theme to consider the contribution that epidemiology
can make in defining the role of epigenetics in
common complex disease, or conversely, to ask the
question—is epidemiology ready for epigenetics?

The emergence of epigenetics

The emergence of the modern usage of epigenetics is
attributed to the landmark article by Conrad
Waddington, reprinted in this issue of the IJE.” In
this article, Waddington asserts that

We certainly need to remember that between
genotype and phenotype, and connecting them to
each other, there lies a whole complex of develop-
mental processes.

Waddington termed this complex the epigenotype.’
In this article, Waddington recognizes that genes are
the fundamental regulators of the developmental
process, dictating every organism’s developmental

trajectory. As Gilbert notes, this was a paradigm-
changing idea.' Perturbation of this ‘genetic regula-
tion” thus alters development, with critical periods
when even minor events can have disproportion-
ate importance and ‘far-reaching consequences—a
concept that resonates with the contemporary
Developmental Origins of Health and Disease hypoth-
esis. As highlighted by Jablonka and Lamm'' in their
commentary on Waddington'’s article, he had already,
prior to this publication, articulated the concept of not
only the interaction of genotype and epigenotype to
shape development, but also the reaction of these
elements with the external environment. This still
forms the basis of much of the scientific enquiry in
the field of epigenetics today in our attempts to
establish the role of epigenetic mechanisms in
health and development. These interactions so in-
sightfully recognized by Waddington are now, in
modern parlance, articulated as ‘network-oriented’
approaches and invoke ‘systems biology’ methods in
an attemzpt to understand these complex dynamic
systems. "

The epigenome as an integrator of
environmental and germ-line
genetic perturbation

The notion of the epigenome as an ‘integrator’ of
multiple signals—environmental exposures, germ-line
genetic variation, stochastic events and possibly in-
herited non-germ-line phenomena—is presented in
Figure 2. This schema is wholly consistent with
Waddington’s concept of the epigenotype being the
product of many contributory factors and can be
used to highlight some of the complexities facing epi-
demiological investigation of this subject area.
Delineating the relative influences of the multiple
factors shown in Figure 2a poses many challenges.
The concept of gene—environment equivalence'’?
could be extended to incorporate stochastic and epi-
genetic inheritance systems in this framework—each
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Figure 1 ‘The Last Drop’. Judith Leyster, ¢.1630-1631.
Philadelphia Museum of Art, reproduced by kind permission
of Philadelphia Museum of Art

factor potentially able to elicit an epigenetic ‘pheno-
copy’. It is unclear at this stage whether different fac-
tors have wunique or generic influences on the
epigenome; there are simply insufficient data to con-
fidently distinguish exposure-specific ‘epigenetic fin-
gerprints’. A wide range of environmental factors
have been associated with epigenetic alterations,*'*
but far fewer studies have described the relationship
between germ-line genetic variation and epigenetic
patterns.'”> The contribution of stochastic events in
determining epigenetic patterns is recognized'® 2"
and may be one mechanism through which chance
events influence disease risk;** however, it is difficult
to quantify in population-based studies. The fourth
component in this framework that might plausibly
impact upon the epigenome is entitled ‘epigenetic in-
heritance systems’?' and represents the possibility
that environmentally induced epigenetic perturbations
persist across generations. Often, the seamless transi-
tion (or profound leap) is made from the discussion
of within-generation epigenetic factors that might
impact upon the regulation of gene expression and
phenotype to the evolutionary impact of epigenetic
variation via the transduction of environmental ex-
posures into molecular events capable of multi-
generational transmission. The evidence base for the
latter is largely based upon animal models and plant
biology, with some emerging but difficult to interpret
human literature.*

The enthusiasm focused upon establishing the med-
iating role of epigenetic variation on the pathway
from environmentally modifiable exposures to disease
must be tempered in the knowledge that epigenetic
aberrations can arise as a consequence of disease” or,
indeed, as a consequence of exposure to intermediate
phenotypes such as elevated blood glucose.”* These
feedback loops are depicted in Figure 2b, with red
arrows highlighting the potential routes of reverse
causation and blue dashed arrows representing the
more speculative links between components of the
exposure—disease pathway that might feed back to
influence epigenetic inheritance systems.
Considerations from the classic studies of ‘pure
lines” — i.e. essentially genetically identical organisms
selected by phenotypic extreme — suggest that in most
circumstances such effects cannot be quantitatively
large, and certainly are minor compared to the influ-
ence of germ-line genetic variation on intergenera-
tional similarity in phenotype.?

The complexity of the interplay of the factors illu-
strated in Figure 2 is not uncommon to scenarios en-
countered in conventional observational epidemiology,
where confounding and reverse causation are rou-
tinely considered as components of any association.
In conventional genetic epidemiology such problems
are largely circumvented, because of the lack of con-
founding of germ-line genetic variants with other ex-
posures”® and the absence of potential reverse
causation in such studies. Epigenetic epidemiology is
susceptible to all the problems of conventional obser-
vational epidemiology, and the suspension of epi-
demiological principles in the design of some
successful genetic epidemiology studies cannot be
maintained in the context of epigenetic epidemiology.

With the plethora of potential bidirectional influ-
ences on the epigenome, it will be challenging to de-
cipher real signals among the variations that exist in
any population. This concept is wonderfully depicted
in the representation of Waddington’s ‘Epigenetic
Space’ (Figure 3),”” with the random arrows influen-
cing the genetically determined trajectory from geno-
type to phenotype in what would appear to be a
disordered, perhaps unpredictable, way. In this
space, environmental and stochastic influences may
be exerting their effect. Given this level of disorder,
it is likely that characterization of individuals will
make little epidemiological sense, but group-level
comparisons will yield robust and replicable findings.
Since epidemiology is essentially a group-level discip-
line,?° it provides the appropriate methodologies for
identifying the major determinants of epigenetic vari-
ation and their putative contribution to health and
disease.

What can epidemiology offer?

A fundamental aspect of the field of epigenetic
epidemiology centres on understanding exactly what
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Figure 2 The epigenome as a biosensor of exposure and/or outcome. (A) Multiple factors have been proposed to influence
epigenetic patterns including epigenetic inheritance systems, stochastic events, germ-line genetic variation and the envir-
onment. The epigenome is commonly postulated to mediate the influence of these factors upon intermediate phenotypes
and subsequently disease. This linear unidirectional relationship is simplistic and does not account for the complexities
of various feedback loops, as shown in (B). The red arrows highlight how intermediate phenotypes and/or disease states
might impact directly upon the epigenome (reverse causation). Additionally, disease might alter the environmental
exposure and thus its observed association with the epigenome. The blue dashed arrows highlight the potential for
feedback from all stages of the pathway to influence epigenetic inheritance systems. The question marks indicate that these

links have, as yet, no robust evidence base in humans

it is that we are measuring when we refer to ‘epigen-
etic variation’. This is illustrated by the numerous
articles in the current special issue that include
empirical epigenetic data that not only focus upon
DNA methylation but also report the measurement
of multiple different indices of methylation from
global to genome-wide to the level of the single
gene. As highlighted by Heijmans and Mill*® in their
commentary, we are still grappling with the issue of
where to look and what to look for when considering
epigenetic variation. Approaches that help in defining
where to look are emerging.””*° Furthermore, with
respect to genetic and environmental influences on
the epigenome, effect sizes, where known, are rela-
tively small and much more information is needed
in this area to define the biological impact of such
modest shifts in epigenetic patterns on health

outcomes. Epidemiological approaches can clearly
assist in addressing this.

Conventional epidemiological approaches have
begun to be applied in epigenetic studies with ex-
amples of twin studies, family-based studies and
cross-sectional studies all apparent in the literature.
One approach that will undoubtedly contribute to
our understanding of the role of epigenetic mechan-
isms in the evolution of complex disease is the ability
to utilize longitudinal cohort studies. Resources that
are particularly valuable in this regard are studies that
have collected and stored biological samples prospect-
ively, and thus allow for the analysis of epigenetic
profiles well before the onset of disease, which is
highly likely to confound any cross-sectional study.
The serial sampling of biological samples, at multiple
time points across the life course, will provide further
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Figure 3 Waddington’s Epigenetic Space (reproduced from Scarr and McCartney?’), where genotype, environment and

chance coalesce to produce phenotype

value, allowing insights into the temporal variation in
epigenetic signatures over time. Epigenome-wide as-
sociation studies (EWAS) are also beginning to
emerge, applying the fruitful methods of the GWAS
era.’’

However as mentioned above it must be remem-
bered that epigenetic association studies can be
expected to generate a large number of associations
due to confounding and reverse causation, with the
epigenomic profiles behaving like phenotypes in
conventional epidemiological designs rather than
genotypes.”® In this regard the special-case study
design issues which allowed genetic epidemiological
studies to utilise control groups that were not truly
representative of the source population of the cases
(e.g. the 1958 birth cohort and blood donor controls
in the Wellcome Trust Case Control Consortium) will
not apply, and utilisation of samples from such
studies in epigenetic investigations is likely to gener-
ate a plethora of associations generated by bias,
confounding and reverse causation.

Inherent in the above developments is a require-
ment for statistical modelling of epigenetic variables
that demonstrate inter-individual variation and
change over time. Statistical methods that have
been developed and applied in longitudinal epidemio-
logical studies will be invaluable in this regard.

Among the battery of epidemiological tools are those
developed to strengthen causal inference, and it is
these that find a particularly pertinent application in
the context of epigenetics. The Mendelian randomiza-
tion approach’®” that has now been used extensively to
establish causal relationships between environmen-
tally modifiable exposures and common diseases’’
has been developed to include the mediating role of
DNA methylation in causal pathways to disease.’*
This approach has begun to be applied to resolve
issues of confounding and reverse causation’® and
promises to be a useful tool in instances such as de-
ciphering the direction of causality in the observed
association of blood lipid biomarkers and DNA
methylation patterns.’®>” As epigenetic profiles are
essentially phenotypic, other methods for strengthen-
ing causal inference in observational epidemiological

investigation of
38,39

studies can be applied to the
epigenetic influences on health and disease.

Population-based studies of epigenetic variation in-
evitably face limitations,?® including a reliance on the
use of easily accessible sources of DNA, such as saliva,
buccal scrapes or peripheral blood DNA. These sources
may not accurately reflect epigenetic perturbations in
the disease-specific target tissue of interest, even
though they may be suitable sentinels of environmen-
tally induced epigenetic changes. Nonetheless, the
field of epidemiology has much to offer the field of
epigenetics by providing a framework for population-
based studies with well-established methods for cir-
cumventing fundamental issues such as confounding
and reverse causation as well as more recent develop-
ments of approaches to strengthen causal inference.
After the brief detour into studies focused solely on
germ-line genetic variation, in which epidemiological
niceties could be ignored, the rapidly advancing field
of epigenetics provides considerable opportunities for
the application (and enrichment) of epidemiological
methods.
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