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Abstract

Epigenetics, the study of the processes that control gene expression without a change in DNA
sequence, highlights the importance of environmental factors in gene regulation. This paper maps
the terrain of epigenetics and identifies four main research subfields: gene expression; molecular
epigenetics; clinical epigenetics and epigenetic epidemiology. Within and across these fields, we
analyse of what is conceptualised as environment and demonstrate the variable ways authors
understand epigenetics environments. Then, following an analysis of the discursive strategies
employed by epigenetics researchers, we demonstrate how authors portray the interactions
between genes, epigenetics, and environment as relationships linking the outside (where the
environment is located) with the inside (where the genes are located). We argue that authors assign
specific roles to each actor: the environment as the active player initiating the relationship, the
genes as recipients, and epigenetics as mediators between environment and genes. Framed as
mediators, epigenetic markers can be understood as enablers of communication between
environment and genome, capable of processing and organising signals so as to regulate the
interactions between the actors of epigenetic relationships. This finding complicates the
observation by social science scholars that the interactions between environment and genes can be
understood through the concept of signal.
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Introduction

Epigenetics is a rapidly expanding field in the world of bioscience. This growth is visible in
the exponential rise of publications (Haig, 2012), as well as in the increasing number of
research centres, national and international consortial and journals2 specifically dedicated to
epigenetics research.
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One frequently used definition of epigenetics is “the study of changes in gene function that
are mitotically and/or meiotically heritable and that do not entail a change in the sequence of
DNA” (Armstrong, 2014: 2), that is, the study of heritable signals that allow a cell to
‘remember’ past events and which are not part of DNA. According to this definition,
epigenetics is the study of processes that regulate gene expression and do not entail a change
in DNA sequence. This molecular understanding of epigenetics contrasts with the first
historical definition of the term established by developmental biologist Conrad Waddington
in 1940. He described epigenetics as “the interactions of genes with their environment,
which bring the phenotype into being” (Waddington, 2012: 11). Waddington defined
epigenetics in a broad, non-molecular sense and was particularly interested in the processes
by which environmental stimuli may interact with genotypes in both individual development
and natural selection, through what he called the ‘epigenetic landscape’. Throughout the 20t
and early 215t centuries, the meaning of the word epigenetics has become more elaborated,
changing in light of new discoveries and developments (Dolinoy et al., 2007).

However diverse the multiple definitions of epigenetics, all suggest that the point of focus in
epigenetics is not genes per se, but what surrounds the genes - the ‘epi’ to the genes. This
comes as a challenge to the gene-centric approach in biology which dominated 20t century
genomics. It was built on the assumption that life is detached from its environment, with
genes at the centre of biological explanation (Nicolosi and Ruivenkamp, 2012). In this
approach, everything outside of the gene was by definition ‘environment’. Research in the
20" century, termed the ‘century of the gene’, viewed the gene as the core explanatory
concept of biological structure and function (Keller, 2000). The century of the gene reached
its climax and conclusion with the Human Genome Project (HGP) — an international
research effort that aimed to sequence and map a full human genome. The HGP was hoped
to bring substantial improvements in health through the detection and modification of genes.
While the HGP was completed in 2003, it showed that the deterministic view of the gene as
an autonomous agent controlling traits and developmental processes did not hold true.
Instead, the completion of the HGP led to the conception of a “vast reactive genome”
(Keller, 2011) embedded in a complex regulatory network. As some argue, the completion
of the HGP marked the beginning of the ‘postgenomic age’ and the new ‘postgenomic view’
of the gene, which underlines the reactivity of the genome to environmental signals (Meloni,
2014, Meloni, 2015); other authors have highlighted the important role of systemic and
multi-omics approaches as constitutive of the field of postgenomics - if there is such a field
(Stevens, 2015, Schnittker, 2016).

The renewed attention to epigenetics in the 215 century in particular is linked to the hope
that epigenetics will provide an opportunity “to anchor the environment to the genome”
(Meloni and Testa, 2014: 436), challenging the gene-centric view of biology. Epigenetics is
postgenomic by definition for its focus on genes in relation to their ‘epi’, that is, their
environment. With epigenetics, the gene turns into an embedded and plastic entity
responsive to its environment. Research in epigenetics deflates the role of genes as the
privileged cause of phenotypes, by highlighting that environmental factors can impact gene

2Clinical epigenetics, Epigenetics, etc.
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regulation by leaving marks on the epigenome (Jablonka and Lamb, 2015). Therefore, the
field of epigenetics challenges the gene-centric approach to biology by placing the
environment at the centre of its attention (Nicolosi and Ruivenkamp, 2012, Pickersgill et al.,
2013).

Anthropologists and sociologists have paid particular attention to the field of environmental
epigenetics, which studies the molecular mechanisms linking environmental factors such as
nutrition or stress to changes in gene regulation. Authors have explored how researchers in
environmental epigenetics articulate environmental factors outside the body to epigenetic
changes occurring molecularly inside the body (Landecker and Panofsky, 2013, Lock, 2015,
Lock and Palsson, 2016, Niewdhner, 2011, Niewohner, 2015). For example, Landecker’s
(2011) study of nutritional epigenetics (an area of environmental epigenetics) showed how,
in such studies, food is treated as a set of molecules capable of entering the body and alter
bodily functions through epigenetics mechanisms. She argues that the conceptualisation of
nutrition as an environmental factor in epigenetics has changed the way we think about food:
food is understood and analysed as molecules “which exist in a cloud around us, and over
which we often have limited individual control” (Landecker, 2011: 190). Niew&hner
(Niewdhner, 2011) discussed the ‘molecularization of biography and milieu’ to describe how
traumatic events in people’s biographies, such as child abuse, are operationalized by
epigenetics researchers as ‘social environment’ and turned into standardised representations
of forms of social change that can be molecularised and correlated to changes in the material
body. Also other authors have drawn attention to how personal and social practice is
operationalised as “‘environment’ in such specific ways, diagnosing reductionism: because
epigenetics researchers seek to make the environment measurable, they tend to look for
proxies that can stand in for the complexity of the social and material environment (Kenney
and Maller, 2017, Lock and Palsson, 2016). This comes at the cost of those aspects of social
and personal practices that have no evident material substrate. Other authors have
highlighted social and political issues related to this problem: Kenney and Muller (Kenney
and Muller, 2017), for example, in their study of the epigenetics of ‘maternal care’,
discussed the underlying and unexamined assumptions about sex, gender and sexuality that
shape this area of epigenetics research. Mansfield (Mansfield, 2012) analysed the way
mothers and the pregnant body are conceptualized as environments for developing fetal
genomes. These authors have argued that research on maternal effects in epigenetics
resonate with current narratives of individualization, which tend to shift responsibility from
collective to individuals, and especially rendering mothers responsible for the health of their
children (Kenney and Muller, 2017, Mansfield, 2012, Pickersgill et al., 2013).

This literature provides valuable insights, by drawing attention to the political,
phenomenological and epistemological assumptions that underpin epigenetics research.
However, this body of work has mostly been focused on the specific field of environmental
epigenetics, and to date, little research has looked in detail at how the environment is
understood conceptually in the context of epigenetics more broadly. This paper starts to fill
this gap by taking a closer look at the ‘epi’ in epigenetics, by first providing an analysis of
what is conceptualised as the environment in the broad field of epigenetics, and then
examining how the interactions between the genes and environment are conceptualised and
articulated in the literature.
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We carried out a broad review and synthesis of the epigenetics literature. This work
complements scholarship in the social sciences that has so far focused on rather narrow areas
of epigenetics research — often that of ‘environmental epigenetics’ or ‘transgenerational
epigenetics’, which focus on the passing on of epigenetic changes from one generation to the
next. This means that other areas of epigenetics research have been neglected, particularly
the epigenetic approach that views epigenetics as a pathological process. This review and
synthesis is the first to examine epigenetics acknowledging the diversity of research being
carried out under the umbrella term “epigenetics’. Our aim is not to propose an exact and
definitive definition of epigenetics, but to characterise the research being done and discussed
under the label of epigenetics, by first analysing how authors define the notion of
environment in relation to their research, and then exploring how the authors discuss the
interactions between environment and genes.

Literature review and synthesis methods

Inclusion criteria and search strategy

In this paper, we discuss and analyse the diversity of research being done in the field by
reviewing and synthesising the literature published under the umbrella term epigenetics. The
literature on epigenetics is vast. The database Web of Science, for the year 2016 alone,
counts more than 2,300 papers with epigenetic(s) in their title. We adopted some of the
methods of a systematic review to locate and delineate relevant literature.

Specific inclusion criteria were applied to restrict the results to papers most relevant to our
focus on how the environment is operationalised in epigenetic research. Using the electronic
database Medline, we searched for reviews in the field of epigenetics research, which
included the term “‘environment’ (or a synonym) in their title or abstract and focused on
cancer. Because there is already a large number of review papers available in the field of
epigenetics, in our Medline search, we only included these. We also restricted this
systematic search to cancer, because it is the most commonly studied disease in epigenetics
(approximatively 70% of publications in the field) (Martin, 2015a).

In addition to the systematic search and to gain an insight on epigenetics more broadly (not
only focusing on cancer and reviews), we conducted manual searches of key journals
publishing in the field (e.g. Clinical Epigenetics; Epigenomics) and identified key authors in
the literature. Most cited papers using Scopus were also included. Finally, we consulted
reading lists for courses in epigenetics.

Initially, article titles and abstracts were screened, followed by full text screening. We
stopped including further papers when content analysis no longer yielded new insights. 147
papers in total were analysed at this step of the review. Details of the paper selection are
documented in a flowchart (Figure 1).

Data extraction

Data extraction sheets were completed for each paper included in the review. We examined
each paper according to four key ordering principles that were used to extract data:
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1) The research questions — what are the research questions explored in this paper?
2) The disciplines — what are the authors’ disciplines?

3) The technology — what technologies were used to carry out epigenetics
research?

4) The notion of ‘environment’ — how did the authors of this paper make use of the
notion of environment in the epigenetics research they carried out?

Primary synthesis

As part of our primary synthesis, using the literature selected, we characterised the research
being done and discussed under the umbrella term epigenetics, to then find ways to
meaningfully organise the field in different categories. Using the data extraction sheets for a
first subset of papers (67 papers), we grouped together papers that used similar conceptual
and methodological approaches. Within this first exercise, we identified four main groups
(‘categories’) of epigenetic research, each group representing a subfield in epigenetics. The
categories we identified correspond to existing classifications of epigenetics subfields that
were sometimes used in papers. We then reviewed the second subset of papers (80 papers)
and coded each of them along the four categories identified.

To assess the validity of our analysis, we used a mapping exercise with three researchers
carrying out research in epigenetic epidemiology in the UK. In this exercise, we asked
researchers to draw a map of the epigenetics field as they understand it, specifically asking
them to draw lines between areas of research. The discussions that followed helped establish
links between the categories.

Secondary synthesis

As a secondary synthesis, we explored relationships in the data and identified overarching
themes that are present throughout the epigenetics literature. We analysed the discursive
strategies authors use to discuss how environment and genome(s) interact, drawing on
Myers’ approach to discourse analysis and his concept of narrative (Myers, 1990b).

Primary synthesis: Literature review and synthesis results

Our review and synthesis identified four main subfields of epigenetics research: gene
expression; molecular epigenetics; clinical epigenetics and epigenetic epidemiology. Each
epigenetic subfield is defined by its own set of research questions and disciplinary
approaches. We now describe the four subfields in order to portray the epigenetic landscape.
Each subfield is discussed along four ordering principles: (1) the research questions — what
are the main research questions explored in this subfield?; (2) the disciplines — what are the
dominant disciplinary approaches in this area of research?; (3) the technology — what
technologies were discussed in this epigenetics subfield?; (4) the notion of ‘environment’ —
how is the notion of environment defined in this epigenetics subfield?
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1 Gene expression

Disciplines

Gene expression research considers factors that influence gene expression during cellular
programming and shape the epigenome. The subfield of gene expression can also be referred
to as research exploring the mechanisms of gene regulation. This subfield has a long history:
molecular geneticists traditionally engaged with research in gene expression to explore the
mechanisms by which genes are regulated. The increased availability of next-generation
sequencing technologies has brought new insights onto the molecular mechanisms of gene
expression and has led researchers to focus their attention on the structure of the epigenome
and its influence on gene expression. Some argue that epigenetics research is one aspect of
research on gene expression (Niewodhner, 2011).

More specifically, gene expression is the process by which genetic instructions are used to
synthesize gene products. The regulation of gene expression is the critical link between the
genome and cellular morphology. Researchers carrying out gene expression analysis
examine the molecular mechanisms by which transcription factors can influence chromatin
structure, programme the epigenome and play an important role on gene expression (Drouin,
2014, Zaret and Carroll, 2011). In cancer research, gene expression analysis aims to explore
genes that are activated or repressed during tumour development, and ultimately identify the
molecular events at the basis of the generation and maintenance of the cancer cell (Bashyam,
2002, Bertucci et al., 2003).

Similar to research in the subfield of molecular epigenetics (see next section), research in the
subfield of gene expression operates at a molecular level and explores the molecular basis
for gene regulation. However, these two subfields are distinct in their approach to epigenetic
changes: whereas molecular epigenetics examines the impact of epigenetic changes on gene
expression and ultimately the development of pathology, gene expression research takes a
wider approach and considers other molecular elements at the source of pathology.

Researchers in this subfield originate from several closely related disciplines, such as
molecular genetics, molecular biology and developmental biology (Drouin, 2014, Zaret and
Carroll, 2011). Molecular genetics explores the chemical structure, functions, replication and
mutations of the DNA and RNA which are involved in the transmission of genetic
information (Mosby's Medical Dictionary, 2009). Molecular genetics explores the role of
chemical interactions in the replication of DNA, its transcription into RNA and translation
into proteins (Farlex Partner Medical Dictionary, 2012). Finally, developmental biology
examines the life processes occurring during the stages of prenatal life, between growth and
maturation (Mosby's Dental Dictionary, 2008).

Technologies used in this subfield

Scientific papers in gene expression recurrently mention the crucial role of technological
advances in the development of the field. In particular, authors emphasise the multiple
benefits of next-generation sequencing technologies, which have made techniques such as
genome-wide analysis, and high-density microarray analysis possible (Bashyam, 2002,
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Bertucci et al., 2003, Wei et al., 2004, Zaret and Carroll, 2011). Those techniques have
brought molecular details to the genome structure.

Notion of environment

Overall, little explicit reference to the notion of environment is made in the subfield of gene
expression. In a few instances, authors mention the importance of understanding the micro-
level environment to gene expression, encompassing the environment inside the cell and
surrounding the cell. Some authors discuss the chromatin environment to cell programming
(Drouin, 2014), others investigate the intra and intercellular signals which influence
interactions among organs (Alberghina et al., 2004). In other cases, authors are interested in
the influence of macro-level environmental factors on gene expression. For example, Wei et
al. (2004) investigate the biological consequences of metals such as chromium on gene
expression.

2 Molecular epigenetics

Disciplines

The subfield of molecular epigenetics is concerned with understanding the molecular
mechanisms underlying the actions of epigenetic changes. It mostly focuses on the study of
three different epigenetic changes: DNA methylation, histone modifications, and non-coding
RNAs (Portela and Esteller, 2010). Researchers sometimes refer to this subfield as “basic
research’ in epigenetics (Bohacek and Mansuy, 2013) or pre-clinical epigenetics research
(Claes et al., 2010).

DNA methylation is the most commonly studied epigenetic change, with studies
investigating the general principles and mechanisms in its functioning, or exploring the roles
of this epigenetic change in gene regulation (Jaenisch and Bird, 2003, Jones, 2012, Smith
and Meissner, 2013). Studies have also been conducted to explore the molecular
mechanisms and functions of other epigenetic changes, such as histone modifications
(Cohen et al., 2011, Kouzarides, 2007), while increasingly, research has focused on the study
of non-coding RNA as important regulators of gene expression that could help improve the
understanding of the molecular underpinnings of cancer (Nana-Sinkam and Croce, 2011,
Tang et al., 2014).

Cancer is the most commonly studied pathology in molecular epigenetics (and other
epigenetic subfields) (Martin, 2015a). Molecular epigenetics research concerned with cancer
considers epigenetic changes as common drivers of cancer initiation and progression (Jones
and Baylin, 2007, Timp and Feinberg, 2013). Extensive research is carried out to identify the
DNA methylation patterns involved in various types of cancer, including lung cancer
(Herceg and Vaissiere, 2011), ovarian cancer (Barton et al., 2008), bladder cancer
(Besaratinia et al., 2013, Enokida and Nakagawa, 2008), breast cancer (Reynolds et al.,
2006) and prostate cancer (Damaschke et al., 2013).

A large part of the research carried out in molecular epigenetics is based on the disciplines
of molecular genetics and molecular biology (Bhattacharjee et al., 2013, Poirier and
Vlasova, 2002). With an important part of molecular epigenetics focusing on cancer, the
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more specialised disciplines of cancer biology or tumour biology also appear to be
particularly influential in this subfield (Caren et al., 2013, Timp and Feinberg, 2013).
Epigenetic research inspired by these disciplines aims to identify epigenetic changes which
are responsible for the development of tumours.

The molecular epigenetics literature reviewed highlights the value of novel technologies.
Studies report the benefits of genome-wide microarray based technologies and next-
generation sequencing platforms coupled with cutting-edge bioinformatics for molecular
epigenetics (Boehm and Hahn, 2011, Butcher and Beck, 2008, Smith and Meissner, 2013,
Yamane et al., 2007, Zaret and Carroll, 2011). Next generation sequencing technologies
allow the survey of genome-wide epigenetic variation at high resolution. The review shows
that one of the common approaches used to detect DNA methylation is methylated DNA
immunoprecipitation sequencing (MeDIP-seq), while chromatin immunoprecipitation
followed by sequencing (ChlP-seq) has now become the standard approach to detect
histone-tail modifications (Bell and Spector, 2011, Kouzarides, 2007, Weaver et al., 2004a).

Notion of environment

References to the notion of environment are made throughout the molecular epigenetics
literature. There are a few instances where the notion of environment is discussed at a micro
level. For example, some authors discuss the role of the extracellular environment in tumour
development (Ahmed, 2007, Pistollato et al., 2015). However, in most cases, authors discuss
environmental factors at a macro-level and aim to examine molecularly the mechanistic links
between environmental cues (external to the body) and epigenetic alterations (Feil and
Fraga, 2012). The review suggests that research in molecular epigenetics focuses on three
types of environmental factors: the social environment, lifestyle factors and metals/
chemicals. These three categories, traditionally used in public health, are used in the
epigenetic literature to represent environmental factors. In this review, we combine these
categories to describe the breath of environmental factors discussed in the literature.

The ‘social environment’ is the focus of humerous studies in molecular epigenetics. Authors
discuss the effect of child abuse or maternal care on the epigenome. In a study in rodents,
Weaver et al. (Weaver et al., 2004a) demonstrated that maternal behaviour produces stable
effects on the DNA methylation patterns of the offspring. Lifestyle factors are also studied
for their effect on epigenetic changes. Studies have explored the early influences of nutrition
on the establishment and maintenance of epigenetic mechanisms. Other lifestyle factors
examined include cigarette smoking or alcohol. Finally, a number of papers in molecular
epigenetics report on studies exploring the impact of metals such as cadmium, arsenic, or
chromium on the epigenome. For example, Fragou et al. (Fragou et al., 2011) discuss heavy-
metal induced DNA methylation and histone modifications.

For a detailed description of the environmental factors discussed in molecular epigenetics,
including a full list of references, please refer to Appendix 1.

Importance is also given to the timing of the environmental exposure. Authors are not only
concerned with the nature of the environment but also with the timing of the exposure to a
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particular environment. Often the emphasis is placed on measuring the impact of early-life
environmental exposure on epigenetic changes (Jimenez-Chillaron et al., 2012, Waterland
and Jirtle, 2003, Weaver et al., 2006). For example, Monk et al. study the fetal environment
which they believe is influenced by maternal prenatal stress and adversity (Monk et al.,
2012).

3 Clinical epigenetics

Clinical epigenetics seeks to translate epigenetics knowledge into clinical care and
treatment. Research in clinical epigenetics is based on the discovery of the importance of
epigenetic changes in the development of pathology. It examines how epigenetic changes
can be exploited for both diagnosis and prognosis through the development of biomarkers,
and for therapy though the development of epigenetic drugs.

Epigenetic drugs are prominently discussed in the clinical epigenetics literature. Research on
epigenetic drugs consists of identifying certain epigenetic changes as potential
pharmacological target. It is based on research highlighting the reversibility of epigenetic
changes (Baylin and Jones, 2011, Besaratinia et al., 2013, Popovic et al., 2013). Literature
discusses compounds capable of inhibiting or reversing epigenetic processes (Anestopoulos
etal., 2015, Lu et al., 2012). Authors also report that there are now FDA approved drugs for
epigenetic therapy in cancer (Besaratinia et al., 2013, Duvic et al., 2007, Falahi et al., 2014,
Popovic et al., 2013). Some authors have referred to research concerned with the
development of cancer epigenetic drugs as ‘pharmacoepigenomics’ (Anestopoulos et al.,
2015, Claes et al., 2010, Mai and Altucci, 2009). Claes et al. discuss pharmacoepigenomics
as what is capable of “bringing epigenetics to the bedside” (Claes et al., 2010: 153).

Research on epigenetic biomarkers forms another significant part of the clinical epigenetics
literature. This is linked to findings in molecular epigenetics suggesting that epigenetic
changes play a role in the development of cancer. Epigenetic changes in this subfield are
viewed as epigenetic biomarkers (Ahmed, 2007), for the information it can provide on the
human body. In cancer research, authors discuss the use of epigenetic biomarkers for
diagnosis and early detection strategies (Ahmed, 2007, Claes et al., 2010, Timp and
Feinberg, 2013, Baylin and Jones, 2011); others explore how epigenetic profiles could be
used as biomarkers for prognosis and molecular classification of cancer patients (Ahmed,
2007, Anestopoulos et al., 2015, Barton et al., 2008, Baylin and Jones, 2011, Claes et al.,
2010); finally some examine how epigenetic biomarkers could operate as predictive markers
to assess therapeutic responsiveness to cancer therapy.

The literature on epigenetic biomarkers is infused with discourses on personalised medicine.
Epigenetics research on biomarkers responds to the long-standing ambition to elaborate a
patient stratification strategy based on molecular signatures, which would lead to tailored
therapy to the needs and specific conditions of each patient (Hojfeldt et al., 2013). For
example, some existing research in clinical epigenetics aims to identify epigenetic
differences which can help explain inter-individual variation in therapy response (Claes et
al., 2010).
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Research in clinical epigenetics is highly influenced by the disciplines of molecular biology
and medicinal chemistry (Hojfeldt et al., 2013). Molecular biology contributes to defining
the disease-relevant epigenetic changes that are reversible and can serve as potential drug
target, while the discipline of medicinal chemistry is used to discover and develop improved
inhibitors active in drug therapy.

Technology used in clinical epigenetics

Similar to the other epigenetic subfields, literature in clinical epigenetics highlights the value
of novel technologies such as the next-generation sequencing. Authors emphasise how the
recent technological developments in genetics have provided the tools to understand the
molecular mechanisms of epigenetic regulation, hence contributing to the advancements in
the clinical applications of epigenetics (Berdasco and Esteller, 2010, Boultwood and
Wainscoat, 2007, Hojfeldt et al., 2013, Popovic et al., 2013).

Notion of environment

In this subfield, little explicit reference is made to the notion of environment. In cases where
authors discuss the notion of environment, a distinction is made between macro-level and
micro-level environment. Some authors discuss the environment at a micro level, such as the
extracellular microenvironment of cancer cells (Ahmed, 2007, Claes et al., 2010, Esteller,
2005) and its importance in cancer initiation and progression. Other papers highlight the role
of macro-level environmental factors, such as alcohol, tobacco or diet, in cancer
development (Feinberg, 2007, Lima et al., 2010).

4 Epigenetic epidemiology

Barrow and Michels define epigenetic epidemiology as “the study of variation in epigenetic
traits and the risk of disease in population” (Barrow and Michels, 2014: 7). This research
studies epigenetic changes at a population level in order to understand the risks of diseases
for a specific population. Traditionally, this subfield aims to gain a molecular understanding
of correlations between environmental factors and human disease phenotypes (Heijmans and
Mill, 2012). Epigenetic epidemiology is also concerned with identifying epigenetic markers
of environmental disease risk, which can help tease out gene-environment interactions and
understand the mechanisms underpinning environmentally-driven diseases (Castillo-
Fernandez et al., 2014).

In relation to cancer, research in epigenetic epidemiology is concerned with the study of
epigenetic marks which are associated with cancer. It explores how epigenetic marks can be
used as biomarkers, and investigates whether these epigenetic marks may explain the link
between certain exposures and cancer. For example, research in epigenetics has
demonstrated that smoking and air pollution, which are the leading risk factors for lung
cancer, can influence DNA methylation patterns, hence impacting the epigenome (Barrow
and Michels, 2014).
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The discipline of epidemiology (or genetic epidemiology) has been increasingly used in
epigenetics (Bell and Saffery, 2012, Bell and Spector, 2011, Castillo-Fernandez et al., 2014).
In epigenetic epidemiology, researchers explore epigenetic traits using a population-level
approach in order to understand the risks of diseases for a specific population.

The literature in epigenetic epidemiology reports the benefits of next-generation sequencing
technologies, which have allowed researchers to perform genome-wide analysis of
epigenetic variation at a high resolution (Barrow and Michels, 2014, Bell and Saffery, 2012,
Bell and Spector, 2011, Breitling et al., 2011). Microarrays are also frequently discussed in
the epigenetic epidemiology literature (Barrow and Michels, 2014, Borghol et al., 2011).
Research in epigenetic epidemiology commonly builds on Epigenome-Wide Association
Studies (EWAS), which are based on the use of microarrays or next generation sequencing
technology. Such studies are genome-wide which means that they can analyse epigenetic
variation on a large scale.

The notion of environment

The notion of environment is heavily referred to in the epigenetic epidemiology literature.
Papers in this subfield describe correlations between environmental factors and epigenetic
changes which are linked to human disease phenotypes (Baccarelli and Bollati, 2009). The
review reveals different understandings of what constitutes the environment in epigenetic
epidemiology. Similar to the subfield of molecular epigenetics, epigenetic epidemiology has
focused on the study of three types of environmental factors: the social environment,
lifestyle factors and metals/chemicals.

Studies in epigenetic epidemiology have explored the influence of social environments on
the epigenome at a population level. The social environment is operationalised in a variety of
ways: some studies understand child abuse as a form of social environment, others examine
prenatal stress, or parental care, while some explore the effects of socio-economic positions
on the epigenome.

Our review also shows that research on lifestyle factors, including smoking, alcohol
consumption, nutrition or physical activity, is an important part of the epigenetic
epidemiology literature. Lifestyle factors are conceptualised as a form of environment to the
individual.

The third category of environmental factor most researched in epigenetic epidemiology is
environmental chemicals or metals. Research in this area is concerned with the study of
heavy metals such as lead, nickel, arsenic or cadmium or air pollution.

For a detailed description of the environmental factors discussed in epigenetic epidemiology,
including a full list of references, please refer to Appendix 2.

Authors are not only concerned with the magnitude of the exposure to environmental
factors, but also with the timing of the exposure (Barua and Junaid, 2015, Dolinoy et al.,
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2007, Thornburg et al., 2010, Bell and Spector, 2011, Burdge et al., 2009). The in-utero
impacts of environmental factors on the epigenome are an important area of study in
epigenetics epidemiology. For example, Burdge et al. discuss the extent to which the intra-
uterine environment, including nutrition, play a role in the epigenetic regulation of specific
genes (Burdge et al., 2009).

Summary of the primary synthesis

The primary synthesis shows that research published under the label of ‘epigenetics’
comprises a wide range of approaches coming from different disciplines, including
molecular biology or epidemiology, and with them come a number of different ways of
approaching pathology. A large body of research explores epigenetics as a pathway to
diseases, that is, it operates based on the understanding that epigenetics play a role in the
development of pathology. Drawing from this approach, research explores the role of
epigenetics in the development of diseases (i.e. molecular epigenetics focused on cancer), or
examines how epigenetic changes can aide the development of biomarkers for clinical
diagnosis, and the development of epigenetic drugs (i.e. clinical epigenetics). Another
approach explores epigenetics at a population level in order to understand the risks of
diseases for a population; this approach views epigenetics as adaptive mechanisms to
changes in the environment (i.e. epigenetic epidemiology).

This finding suggests the flexible nature of the concept of epigenetics, which means that it
can be used in different ways. It corroborates findings from other social science studies,
namely the flexibility of the concept of epigenetics and the versatile nature of this research
field (Meloni and Testa, 2014, Niewdhner, 2011, Pickersgill, 2016, Waggoner and Uller,
2015). Meloni and Testa have also highlighted the multiple understandings of what
constitutes epigenetics, and argued that this multiplicity is essential to understand the growth
of the epigenetics field in the life sciences. We corroborate this analysis, and we also provide
a map of the diverse approaches to epigenetics research.

Our primary synthesis then suggests a number of different ways of understanding the
environment, and various approaches to exploring its role on gene expression. We first
underline the flexible nature of the notion of environment in epigenetics. Epigenetics
environments are multiple, and authors mean different things by environment in epigenetics.
For example, some conceptualise the ‘epi’ to the genes as the “extracellular
microenvironment” which is studied for its role on cancer cell development (Ahmed, 2007:
104), while others see heavy metals such as toxins outside the body (Fragou et al., 2011) or
social practices such as maternal care (Weaver et al., 2004a) as environmental factors
influencing the epigenome. Our primary synthesis also shows that not all areas of
epigenetics study the environment in the same way. Publications in the subfields of
molecular epigenetics and epigenetic epidemiology define the notion of environment and
operationalise it in a specific way: the environment is often understood on a macro level, that
is, as external to individual bodies, exemplified by factors such as nutrition or smoking. In
contrast, in the subfields of clinical epigenetics or gene expression, little explicit reference to
environment is made. In the latter fields, the environment is mostly examined at a micro-
level, such as in studies exploring the role of a liver tumours’ environment in the
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development of liver cancer (Berasain et al., 2010). This finding complements current social
science literature around epigenetics which has mostly looked at epigenetics research that
operationalises the environment with factors external to the body (Landecker, 2011,
Niewdhner, 2011). Our primary synthesis therefore adds nuance to the social science
literature that has, so far, not looked systematically into how the environment is
operationalised in epigenetics. It underlines the versatile nature of the research carried out in
epigenetics. At the same time, as will be shown in the secondary synthesis, the various
approaches to epigenetics have in common the ways they conceptualise the interactions
between genes and the environment — as complex relationships where the environment is
framed as the active actor initiating the relationship, the genes are the invariant in the
relationship, receiving signals, while epigenetics are framed as the mediators enabling
communication between environment and genes.

Secondary synthesis

After having explored what constitutes the environment in epigenetics, in our secondary
synthesis, we examine the common ways in which authors across all subfields discuss the
interactions between the environment and genes. We start by analysing the discursive
strategies authors use to discuss how environment and genome are seen to interact. We then
draw conclusions as to what this means for the concept of epigenetics.

To carry out this secondary synthesis, we selected 23 articles from the total number of
papers included in the review. These are most highly cited papers or articles well-known in
the field for their contribution.

We draw on Myers’ concept of narrative (Myers, 1990b, Myers, 1990a, Myers, 1991) to
examine the discursive strategies used by epigenetics authors to frame their research. Myers
argues that the production of scientific knowledge takes place when scientific writing occurs
(Myers, 1990b, Myers, 1991), with reviews as key spaces within which scientific knowledge
is organised and constructed towards building a narrative. Reviews consolidate what a field
is about, as they entail processes of selecting, interpreting, arranging and recontextualising
scientific statements into a new paper, all this with a view of the scientific field and beyond.
Myers sees review articles as narratives composed of recurrent patterns used to persuade
readers of the veracity of the authors’ claims. He identifies two main features in scientific
narratives: (1) the identification of new actors; (2) the construction of a chronological
sequence. In the first one, Myers argues that the building of a scientific narrative relies on
the identification of a new set of actors, discussed for their role in scientific work. Those
actors are not necessarily individuals involved in science, but they can also be the objects
studied, the techniques and methods or the disciplines. The second feature of scientific
narratives consists of the construction of a chronology in which scientific events are
discussed in relation to past events. According to Myers, a scientific narrative reorders the
past, situates scientific events in relation to this past, and shapes the future by suggesting
what can be done next. In our review, we specifically focus on exploring the actors of the
epigenetics narrative and their interactions, rather than historical tendencies.

Biosocieties. Author manuscript; available in PMC 2019 May 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pinel et al.

Page 14

Drawing on Myers’ approach, we explore the ways authors across all subfields discuss the
notion of environment in relation to genes and construct epigenetics knowledge. We show
how authors recurrently frame the interactions between environment and genes as a matter
of complex relationships between environment, epigenetic markers, genes and pathologies.
The environment is framed as the active player initiating the relationship, while genes are
conceptualised as the invariant receiving signals. Epigenetic markers are constructed as
mediators between environment and genes capable of regulating and organising their
complex interactions. We term this the epigenetics narrative of relationships. We now
examine the rhetorical tools that form this narrative. They include: introducing the actors of
the epigenetic relationships; assigning roles to the actors; framing epigenetic markers as
mediators of environment within the genome.

Introducing the actors of the epigenetic relationships

The notion of the environment is not discussed on its own right in the papers reviewed, but
always in relation to its other, namely the genetic. By being defined as ‘the other’ of the
genetic level, environment obtains its meaning in reference to what it is not. We use Myers’
concept of actors to discuss the various notions, such as the genes, authors bring up in the
literature to consider the environment. Who these actors are varies from study to study: for
example, some papers identify nutrition (a specific environmental factor) and epigenetic
changes as the main actors of their epigenetic ‘story’ (Pistollato et al., 2015), others define
the environment, epigenetic changes, genes and cancer (a specific phenotype) as the actors
involved in their study (Berdasco and Esteller, 2010). These actors are the subjects of most
sentences in papers reviewed, which suggests they are the centre of the epigenetic narrative.

The actors identified for their role in epigenetics phenomena may vary, but the way they are
discussed together remains the same and follows specific modes. The first mode introduces
the actors of the epigenetics narrative and suggests a relationship between them. In the
following, Borgol et al. (2011) introduce their hypothesis and study aim:

A working hypothesis is that socio-economic circumstances leave their mark on the
epigenome leading to stable changes in expression of genes critical for human
health, such as those involved in cardiovascular, immune, stress response and
behavioural pathologies. (...) Specifically, we aimed to establish whether childhood
SEP [socio-economic position] was associated with differential DNA methylation.
(Borghol et al., 2011: 63)

The authors define environment (operationalised as socio-economic circumstances),
epigenetic changes, genes and pathologies as the actors of their epigenetic story. The authors
introduce the actors and establish links between them: in a first step, they make the
assumption of an association between environment and epigenetic changes; in a second step,
they suggest that epigenetic changes lead to changes in gene expression mechanisms
involved in the development of pathologies. Finally, the authors introduce the aim of their
study, which is to explore whether environment is associated with changes in epigenetic
markers. Epigenetic studies aim to find associations between the actors, in particular
between the environment, epigenetic changes and the genes. The epigenetic narrative is
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therefore built on the assumption that actors are related — we term this the epigenetic
narrative of relationships.

Assigning roles to the actors of epigenetic relationships

Below we explore how authors in the literature construct these relations by looking at the
role given to each actor in the relationship. We start by looking at the role of environment in
epigenetic relationships. The way the environment is discussed follows specific patterns.
The first one consists in framing the environment as “environmental signals” (environment
and environmental signals are used synonymously in the literature). Di Stefano and Dyson
(2013) examine the role of histone demethylases (regulators of chromatin) in environment/
genes interactions:

studies suggest that demethylase activities are a component of the critical
connections that enable environmental signals to modulate the epigenetic landscape
of a cell. (Di Stefano and Dyson, 2013: 13)

In the above, cells, epigenetic changes (referred to as “demethylase activities”) and
environmental signals are the actors of the epigenetic ‘story’. The concept of signal is not
specific to the field of epigenetics but has become widely used in 215 century biological
research (Landecker, 2016). Landecker suggests that the environment outside of individual
bodies is increasingly seen as a set of signals. They can be understood as theoretical tools
which enable research in the life sciences to investigate the world external to an organism as
a set of factors or exposures, which are transduced into molecular form as “signal cascades”
causing changes in the organism’s biology. As Landecker points out, epigenetics research
builds on the concept of signal to partly explain the interactions between environment and
genes.

Another discursive strategy is the construction of environment as an active player in
epigenetic relationships, using active verbs to connect environment to other actors. In their
highly cited paper, Weaver et al. (2004) describe the relation between maternal care on the
one hand, and changes in DNA methylation and chromatin structure in the offspring on the
other hand:

our findings provide the first evidence that maternal behavior produces stable
alterations of DNA methylation and chromatin structure, providing a mechanism
for the long-term effects of maternal care on gene expression in the offspring.
(Weaver et al., 2004a: 852) (italics added)

In this quote, environment (operationalised as maternal care), DNA methylation and
chromatin structure are positioned in a relationship, where the first is considered to act on
the second two, which in turn are involved in gene expression. Authors use the verb
“produce” to link environment to the other actors and suggest cause and effect between
them. This active verb suggests agency of the environmental factor, which is seen to drive
the relationship between the actors. This situates the environmental actor at the top of
epigenetic relationships, whose role is to send signals to the other actors.
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The relationships constructed by authors resemble that of causal chains, as the quote below
suggests:

Different environmental cues /nfluence epigenetic modification of histones or DNA
and alteraccess of transcription factors (TFs) to the DNA sequence, thereby
affecting gene expression. (Claes et al., 2010: 153) (italics added)

In this account, the environment is positioned at the top of the relationship and constructed
as the stronger actor. The authors use active verbs to connect the environmental factor to the
other actors and underline how it impacts the others. The adverb “thereby” denotes the idea
of relation: authors argue that through the connection between environment and epigenetics,
environment can also affect genes. The authors suggest a causal relationship between the
actors. They imply the active role of environment that can initiate changes in the epigenome,
changes that are involved in gene regulation.

In contrast, the genes are repeatedly situated at the end of the relationship and framed as
constant. For example, Weaver et al. discuss the relationship between environment and “the
fixed genome” (Weaver et al., 2004a: 852). This echoes Lappé and Landecker (Lappé and
Landecker, 2015: 158) who observed that scientists recurrently conceptualise the epigenome
as plastic, while they see the genome as static. This observation is substantiated by our
analysis: authors portray the epigenome as a dynamic actor that can change in time
according to environmental influences, while they conceptualise the genome as invariant,
located at the end of the causal chain.

Throughout the literature, the relationship between actors has a specific direction of travel: it
moves from the outside to the inside, from the peripheral to the central, the most central
actor being the genes. In this model, the environment is framed as the starting point of the
relationship, while genes are the end point. The following quote illustrates this:

Environmental factors, including xenobiotic chemicals, behavior, and even low
dose radiation, can also directly affect methylation and chromatin remodelling
factors to alterthe fetal epigenome and subsequent gene expression patterns.
(Dolinoy et al., 2007: 302) (italics added)

As the quote demonstrates, relationships between actors transcend distinct spaces: between
the environment, located at the outside of the relationship (either outside of individual
bodies or at the periphery of the rest of the actors), and the genes located inside individual
bodies. The discursive strategies employed to discuss the environment and its interactions
with genes construct active relationships between the actors. Each actor is given a specific
role: the environment, situated at the top of the relationship, is constructed as the driving
force in the relationships who sends signals to the other actors; the genes, located at the end
of the relationship, are framed as an invariant actor who receives signals from the other
actors; finally epigenetics are situated in between the two previous actors and framed as a
link between environment and genes. In the next section, we explore in more details the role
given to epigenetics in the relationship.
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Epigenetics as mediators regulating the relationship between environment
and genome

In order to articulate the molecular interactions between genes and environment, the
epigenetics narrative builds on a series of concepts. Landecker argues that the interactions
between genes and environment in epigenetics can be understood through the concept of
signal (Landecker, 2016). A signal can be defined as anything that serves to indicate, warn
or direct. The metaphor of signal evokes communication over long distances when face-to-
face communication is impossible. One example is the smoke signal, which has been
commonly used to transmit news, alert of danger or gather people in a common area. The
key characteristic of signals is therefore that they enable communication over long distances,
between actors located in distinct spaces where a deeper form of communication is
impossible. In the case of epigenetics, the relationships between environment and genes take
place across distinct spaces. Landecker showed masterfully how, by conceptualising the
environment as signals, authors can examine the environment molecularly for its action
inside the body and in interaction with other entities, without the environment itself having
to travel inside the body. The use of the concept of signal in epigenetics relates to the
transduction model in biology. This model supposes that an entity at the surface of a cell
functions as both receptor and relay: it receives external input, and relays it down the line
inside the cell. This happens without external entities actually having to enter the cell.
Although the concept of signal is useful to understand epigenetic relationships between
actors located in distinct spaces, we argue that it oversimplifies the interactions between
environment and genes. With the concept of signal, the communication between the actors
appears linear, and epigenetics are portrayed as mere transmitters of information between the
environment and the genome. Our analysis suggests a more complex type of communication
between the actors of the epigenetics relationships, which is captured by the concept of
‘mediation’. We now discuss how researchers construct epigenetic relationships through the
concept of mediation, and we outline what the idea of mediation tells us about the nature of
epigenetics generally.

Our analysis suggested that epigenetic mechanisms are framed as mediating processes
between environment and genome. Lutz and Tureki (2014) review evidence exploring the
epigenetic mechanisms of DNA methylation involved in childhood maltreatment. In the
following quote, they introduce epigenetics, define the actors of the epigenetic relationships
and specify the actors’ role in these relationships:

Epigenetics refers to the collective chemical and physical processes that program
the genome to express its genes in a time- and cell-dependent manner. These
mechanisms are capable of conveying information through meiotic and mitotic
divisions in the absence of a change in the DNA sequence. The epigenome is
responsive to developmental, physiological and environmental cues. As such,
epigenetics explains how the environment regulates the genome, and are well suited
to mediate the effects of early environmental factors (Lutz and Turecki, 2014: 143)

These authors position environment, epigenetic changes and genome in a relationship
together and explain their role: they describe how epigenetics are processes that regulate the
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genome; they then add that epigenetics respond to environmental influences. This leads the
authors to portray epigenetics as an intermediary between environment and genome, with
the idea that epigenetics can mediate the influence of environment within the genome.
Positioned in between environment and genome, epigenetics are understood to work
simultaneously with each of the actors: epigenetics can be modified by environmental
factors, while they also regulate the genome. As such, epigenetic are framed as mediators
that enable the communication between the genome and environment, which cannot
communicate on their own.

In a highly cited paper, Weaver et al. (2004) explicitly use the metaphor of the ‘mediation’ to
describe the role of epigenetics:

Epigenetic modifications of targeted regulatory sequences in response to even
reasonably subtle variations in environmental conditions might then serve as a
major source of epigenetic variation in gene expression and function, and
ultimately as a process mediating such maternal effects. We propose that effects on
chromatin structure such as those described here serve as an intermediate process
that imprints dynamic environmental experiences on the fixed genome, resulting in
stable alterations in phenotype. (Weaver et al., 2004a: 852)

Here, the authors suggest that epigenetic changes act as a mediator between a “dynamic
environment and a “fixed” genome. With these two adjectives, they imply that the
environment can change in time, while the genes are constructed as constant.
Communication between environment and genes is made possible because epigenetic
mediators are mutable actors in the relationship: on the one hand, epigenetics can be
modified by subtle changes in the environment — epigenetics mutate for the environment
inside the body; on the other hand, epigenetics bear modifications in its structure to
influence gene expression, while the genome remains fixed — epigenetics mutates in place of
the immovable genome.

Epigenetic mediators are therefore portrayed as enablers of communication between a
dynamic environment and a constant genome, thanks to their ability to mutate. But as the
quote below suggests, epigenetic mediators do more than this — they also organise the
conversation between the actors. Below, the authors summarise the role of chromatin
modifications (which are epigenetic modifications) in epigenetic relationships:

Chromatin modifications /ntegrate and process external signals and relay them in
order to influence transcriptional regulation and the utilization of the genome.
(Brookes and Shi, 2014: 249) (italics added)

The authors point out that chromatin modifications have the important role of receiving,
integrating and processing external input (from then environment) and relaying it inside the
cell. At the same time, chromatin modifications regulate the genome. The verbs ‘integrate’
and ‘process’ (in italics) suggest the smart nature of epigenetics, which can make sense of
signals and incorporate them, to then articulate the interactions between environment and
genome. As such, epigenetics are not understood as a simple relay of information between
environment and genome, but as the actors responsible for receiving information from the
environment, processing it and using it to articulate interactions.
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The transgenerational epigenetics literature provides another interesting space to explore the
role given to epigenetics mediators in epigenetic relationships. Champagne and Curley
(2008) highly cited paper examines the long-term consequences of early-environmental
experiences, such as the disruption of the mother-infant relationship. They discuss the effects
of maternal care (operationalised as licking and grooming in rodents) on the epigenome and
its consequences across generations:

Thus licking/grooming is associated with epigenetic effects in female offspring that
mediate /ong-term changes in the expression of a gene involved in maternal
behavior and as such mediates the transmission of maternal care across generations.
(Champagne and Curley, 2008: 596) (italics added)

Temporality is added to the epigenetic relationship, with temporal phrases situating in time
the interactions between the actors (italics in the text). This suggests that communication
between environment and genome not only takes place across distinct spaces but also across
different times. Authors describe epigenetics as actors which can mediate early-life
environmental experiences of an offspring into a long-term gene expression change in this
animal, but also into behavioural changes in later generations. Framed as mediators,
epigenetics can receive signals from the environment, organise and store them over time, to
then relay them at specific time points in the long-term.

Our paper challenges the view of epigenetic relationships as signals. We argue that the
interactions between genome and environment should be seen through the lens of the
concept of mediation. Conceptualised as mediators, epigenetics enable complex
communication between the environment and genome. This is made possible because
epigenetics can mutate in light of the environment and in place of the genome. Then,
epigenetics organises and processes information from the environment to distribute its
effects to the genome and across time. As a mediator in real life would do, epigenetics take
on information and demands from both sides — it receives signals from the environment, and
regulates the expression of a fixed genome — to then suggest a solution that fits both
environment and genome. Authors conceptualise epigenetics as mediators to portray them as
the key actors capable of integrating signals to regulate the epigenetics relationships.

Conclusion

In the last decade epigenetics has grown substantially and earned the reputation of ‘the next
big thing in the life sciences’ (Ebrahim, 2012). The rise of epigenetics has been
accompanied by a mix of anticipations and promises. Expectations in epigenetics are partly
linked to the hope that epigenetics will provide the opportunity to explore the influence of
the environment on the genome and more generally on the development of diseases. The
way the environment is framed in epigenetics is an important question because of its
implications for society. For example, if cigarette smoking is conceptualised as an
environmental exposure, could that mean that women of reproductive age are banned from
smoking? The notion of environment in epigenetics raises questions in relation to
individuals’ responsibility for their own health. Some epigenetics researchers are interested
in how individuals can ‘change’ their genes through epigenetic changes induced by
individual behaviours such as diet (Spector, 2012). This is particularly relevant to
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contemporary public health policies based on behaviour change programmes, which
encourage individuals to change their lifestyles.

Our review and synthesis was carried out to explore the ways in which research being
discussed under the label of epigenetics understands the environment. By examining the
ways in which authors write about epigenetics, we also consider how they produce
epigenetic knowledge by writing it. In our primary synthesis, we first explored how authors
define the notion of environment. We showed the fluid nature of environment in epigenetics.
Some conceptualise the environment at a micro level with for example the “extracellular
microenvironment” studied for its role on cancer cell development (Ahmed, 2007: 104),
while others see heavy metals such as toxins outside the body (Fragou et al., 2011) or social
practices such as maternal care (Weaver et al., 2004a) as environmental factors influencing
the epigenome.

In our secondary synthesis, we discussed the common ways in which authors portray the
interactions between environment and genes as relations. The discursive strategies discussed
all form part of the epigenetic narrative of relationships. Taken together, these strategies
construct epigenetics research as the study of complex relationships between environment
and genes, which transcend distinct spaces and time periods. When authors portray the
interactions between genes, the epigenome, and environment as relationships linking the
outside (where the environment is located) with the inside (where the genes are located),
they assign specific roles to each actor: the environment is framed as the active player
initiating the relationship, genes are constructed as recipients, while epigenetics are
constructed as mediators of the environment within the genome. As part of the epigenetic
narrative of relationships, we showed that authors rely on the concept of mediation to make
sense of the interactions between the epigenetic actors. This finding complicates the
observation by other social science scholars that the interactions between environment and
genes in epigenetics can be understood through the concept of signal. Our review is the first
to discuss the uses of the concept of mediation in epigenetics literature. We argue that the
epigenetics are predominantly framed as mediators. In other words, epigenetics are
understood as enablers of communication between environment and genes, capable of
organising, processing and redistributing signals in order to regulate the actors of the
epigenetic relationships.
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