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Synthesis

How important is it?

Behavioural or social epigenetics is a new science poised to revolutionize our understanding of
how we develop. Genetics is the study of how characteristics are inherited from one generation to
the next through DNA. Epi comes from the Greek word meaning upon or over. Epigenetic
processes place marks on or nearby DNA; some of these marks can change the amount of gene

product (RNA, protein) a gene makes.

Epigenetics is thought to regulate how the brain develops and how it works. Both are critical for

our learning, behaviour and health.

One of the central purposes of behavioural epigenetics is to understand how epigenetic marks can
change gene expression, and, in turn, the path (trajectory) of development—physical, social and
emotional, approaches to learning, thinking, and communication and language. Changes to how
we develop can range from being adaptive (positive and functional) to maladaptive (negative and

dysfunctional).

Epigenetic changes triggered by adverse childhood experiences (ACEs) are typically maladaptive.
These changes can happen from the earliest stages of life, throughout childhood and into
adulthood. They occur in our cells and can have a profound effect on lifelong mental and physical
health.

Recent studies link child abuse, neglect and ongoing stress to antisocial behaviour, depression
and the risk of suicide. Other evidence has found ACEs can increase the risk of mental illness,
poorer educational achievements and chronic disease. More research is needed to determine if

some epigenetic changes can be passed to future offspring.

By uncovering how our genes (DNA sequence) and our environment (experiences) affect each
other, behavioural epigenetics promises to reveal their effect on an individual’'s development,
behaviour and well-being. Researchers also want to determine if it is possible to identify children
at risk and if negative outcomes can be prevented or reversed through positive interventions or

drug therapies.
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What do we know?
Environment and experiences affect our genes and development.

In children, caring, stable and nurturing environments help build a strong foundation for brain
development, lifelong health, learning and normal social and emotional development. At the heart
of these environments are caring, stable and nurturing relationships with adults: parents,

grandparents, childcare providers, teachers and more.

Similarly, adverse environments and relationships with adults that include poverty, abuse,
neglect, stress, and trauma can also change the expression of genes involved in developing and
regulating the nervous system. In turn, this can negatively affect a child’s brain development,
stress responses and the risk of developing illnesses and other challenges. The risks and effects of

adverse childhood experiences are highest among those living near, at or below the poverty line.

While many molecular mechanisms control gene expression, epigenetic processes offer a

groundbreaking look at how and under what social conditions genes and environment intersect.

Evidence from a variety of studies suggests that epigenetic modifications drive many changes in
brain circuitry. For example, stress-related psychiatric conditions, such as suicidal ideation and
attempts, depression, post-traumatic stress disorder, schizophrenia and brain changes due to

psychoactive and antipsychotic drugs, have induced epigenetic changes.

A growing body of evidence indicates that the number of genetic marks on DNA sequences

increases with number of adverse childhood experiences (ACEs) a child has.

Research is also shedding light on how differences in epigenetic susceptibility affect children
exposed to harmful stress. Such understanding may offer insight into stress-related disorders,

resilience, vulnerability and why health issues affect people differently.

Behavioural epigenetic research is gaining a greater understanding of the periods of development.
Critical periods are those in which the presence or absence of important experiences or exposures
can change the development of brain circuitry. Sensitive periods are developmental intervals
when the brain is especially responsive to experiences and thought to gradually open and
gradually close. Both depend on experiences for brain plasticity during defined windows of early

life.
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The brain is fragile as it develops. Molecular ‘triggers’ and ‘brakes’ can open and close
opportunities for brain plasticity over time. These and other findings have fundamentally shifted
thinking about brain plasticity.

A newer understanding indicates that the brain is naturally plastic and during normal development
plasticity is suppressed except when critical periods are open. These periods can be thought of as
‘windows’ of opportunity during which the brain is sculpted by experience. Critical and sensitive

periods open and close as the brain’s circuitry is established.

Epigenetic processes may also transmit risk and disorder from one generation to the next,
although more research is needed in this area. Risks and protective factors can be passed from
parents to children through behavioural and social factors, or possibly by inherited epigenetic

marks.
What can be done?

More research into epigenetics is needed, but it is clear that adverse childhood experiences can
affect the genes that are involved with stress responses, immunity and mental and physical
health. It’s important for each and every child to live in a caring, stable and nurturing environment

and to have similar relationships with adults.
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Biology of the Epigenome
Marla B. Sokolowski, PhD, F.R.S.C., W. Thomas Boyce, MD

Co directors of the Child and Brain Development Program, Canadian Institute for Advanced

Research (CIFAR), Canada
November 2017

Introduction

The new scientific field of behavioural or social epigenetics is poised to revolutionize our
understanding of human development. We describe the biology of the epigenome and recent
findings on epigenetic processes that affect gene expression as early as the embryonic stage of

human development.
Subject

DNA lies deep within the nuclei of cells, like books on a library shelf waiting to be opened, read
and transcribed to reveal the instructions used to make the substances of life our bodies require.!
The word ‘epigenetics’ consists of the word ‘genetics’ and the Greek root epi, which means upon
or over. There are a number of different types of epigenetic mechanisms. These include DNA
methylation, histone modification and the regulation of gene expression by small RNA molecules
that do not code for proteins (ncRNA). The science of epigenetics looks at processes that mark
DNA and can change gene expression without modifying the underlying genetic sequence of the
DNA.? Epigenetics has a long history in development research. Its contributions to gene regulation
are known to play a role in the differentiation of cells into distinctive cell types during embryonic

development.?
Problem

One of the goals of research in the field is to understand how changes in the epigenome can
contribute to the developmental path (trajectory) that a child is on. These developmental
trajectories can range from being adaptive to maladaptive. Epigenetic modifications can have
consequences for child well-being including cognition and social emotional development as well as

mental and physical health.
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Context

The term ‘epigenetics’ was used in 1869 by the French biologist-anthropologist Armand de
Quatrefages who wrote: “Nowadays | admit, with everybody, the doctrine of epigenesis. Every
normal egg which gives birth to an abnormal individual is influenced by external agents whatever
they are; this is what | call action of the milieu.”* Epigenetics was then used in a developmental
context by Conrad Waddington where he suggested that the development of the embryo unfolded
through what he termed an “epigenetic landscape”.® His model illustrated the developmental
pathways that an undifferentiated cell might take toward its differentiation (becoming for example
a brain or liver cell). In his metaphor there are number of balls (cells) rolling down a hill. Individual
balls slow down in the grooves on the slope, and come to rest at the lowest points. These lowest
points are the tissue types-each cell eventual becomes, its cell fate. The shape of the landscape
(the contours of the hill) is a consequence of the interactions between the embryo’s genes and the
environment. The metaphor revealed how gene regulation modulates development. Although
knowledge of molecular biology and gene-environment interplay was lacking in Waddington’'s
time, his insights are still relevant today. Recent epigenetic research has identified the molecular

processes involved in development and cellular differentiation.

After cell differentiation, many more changes occur in pre and postnatal development that involve
the interplay between genes and the environment. A new field of epigenetic of Behavioural or

Social Epigenetics focuses on how our experiences get embedded into our biology.*
Recent Research Results
Epigenetic processes

Three epigenetic processes are described here that alter gene expression. The first, DNA
methylation, is most highly studied in mammals. DNA methylation operates as a structural overlay
on the DNA. It adds a mark to the DNA and depending on where it is situated on the DNA
sequence it can change gene expression, the amount of messenger RNA (mRNA) that the gene
makes. Gene regulation is also important for determining which genes are expressed at which
times and locations in the developing organism. Scientists have recently discovered that DNA

methylation is reversible.”

The second process is histone modification. Histones are proteins that serve to wind DNA strands

into bundled units like beads on a necklace. Reversible chemical tags can modify specific sections
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of histone proteins, causing the DNA packaging to relax, allowing genes to be more readily
transcribed and expressed, or to constrict, making gene transcription and expression more
difficult. Scientists have recently proposed a working theory about a ‘histone language,” where
different combinations of histone modifications may be responsible for driving certain processes
associated with the storage and retrieval of memories, and behaviours associated with cognitive
impairment, schizophrenia and depression.?? Of interest, some recent research has demonstrated
that it is possible to reverse brain changes due to histone modification of a specific gene known to

be related to chronic stress with an antidepressant medication.*®

MRNA molecules are responsible for conveying DNA instructions for the manufacture of proteins.
A third, newly discovered epigenetic process involves small, non-coding RNAs (ncRNAs) that
interfere with the expression of specific genes by encouraging the compaction of DNA or by
causing transcribed messenger RNA to degrade.” These ncRNA molecules have been discovered
in plentiful numbers in the brain. Epigenetic marking processes by ncRNAs have been linked to

several disorders of cognition and behaviour, for example, Fragile X syndrome.

These three epigenetic processes — DNA methylation, histone modification and ncRNAs — do not
operate entirely independently. Recent research has found that DNA methylation encourages
other substances to come to the site that decrease histone modification, and the two processes
then work together to impede gene transcription. Histone modification can also suppress nearby
DNA methylation. Further, small ncRNAs and DNA methylation can also influence each other’s

presence and effects.*
Epigenetic differentiation of cells in embryogenesis

Early embryonic development depends on critical epigenetic programming that occurs within the
earliest stages of cell differentiation and development.** Before fertilization occurs, an egg and a
sperm cell both undergo extensive and complex epigenetic remodeling processes.* Epigenetic
modifications that mark the genes of a sperm or egg cell can result in only one parental gene copy
being expressed and this impact has been observed across nearly 400 human genes. After
conception, a further, highly regulated epigenetic calibration process takes place, affecting the

expression of about 20,000-25,000 genes responsible for coding proteins.?
Research Gaps

Neurodevelopment, dynamic variation and an epigenetics
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Brain development in mammals requires a precisely coordinated sequence of gene regulation
events, some of which are epigenetic, in order to produce and spatially locate neurons and glial
cells.? Epigenetic regulation in the brain can also influence a variety of complex neural functions,
such as memory formation, learning and the calibration of stress response circuitry.® The causal
mechanisms involved in the relationships between epigenetic marks, how the brain develops and

functions remain to be elucidated.

Widespread and regionalized shifts in DNA methylation and histone modifications have been
shown to take place with key phases of normal brain development**'’ and with specific disorders
of development and mental health.?®**?* DNA methylation, histone modifications and ncRNAs may
explain differences in susceptibility to various forms of psychopathology between males and
females.?* Scientists have also found a correlation between distinctive epigenetic marks within
hundreds of gene loci among patients with autism spectrum disorder and other
neurodevelopmental syndromes.*?* Epigenetic processes may also explain why Down syndrome
children do not show an expected 50 per cent greater expression of the triplication of
chromosome,? indicating that co-occurring cognitive deficits might be due to epigenetic processes

and therefore, be potentially modifiable with targeted drug interventions.
Research challenges

There are significant challenges for scientists studying the human epigenome. Epigenetic marks
are most often not associated with changes in gene expression. Changes in gene expression can
arise from many mechanisms only some of which involve epigenetic modifications. The
epigenome can activate or deactivate genes in response to environmental signals and conditions.
Different tissue types have different epigenetic profiles, so conclusions cannot be drawn reliably
from one type to another. For example, epigenetic states in brain cells are not the same as those
found in epithelial cheek cells. Some tissue types like brain tissue are only available on a post-
mortem basis, so large-scale studies must rely on surrogate tissue. Most animal and human
studies of the relationship between the epigenome and experience show correlation rather than
causation; new research must aim to take these correlations to the level of causations. Since it
has been easier to focus on studying DNA methylation to date, there is still much to discover

about the functions of other epigenetic marking processes.

Conclusions
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The epigenome can alter the expression of genes without changing the underlying DNA sequence

and is responsible for cell differentiation in early embryonic development. Experiences and

environmental exposures, especially those early in life, can result in the placement or removal of

epigenetic marks, which is thought to regulate the neurodevelopment that underlies learning,

behaviour and risks for compromised mental health.

Implications

Given recent discoveries that some epigenetic processes are reversible and demonstrate potential

mechanisms of developmental plasticity,” scientists are working on targeted drugs for the

treatment of chronic stress,® cancer, neurological and psychiatric disorders.*

References

10.

11.

12.

13.

14.

15.

. Champagne FA, Mashoodh R. Genes in Context: Gene-Environment Interplay and the Origins of Individual Differences in

Behaviour. Current Directions in Psychological Science 2009;18(3):127-131.

. Meaney MJ. Epigenetics and the biological definition of gene x environment interactions. Child Development 2010;81(1):41-

79.

. Waddington CH. Genetic assimilation. Advances in Genetics 1961;10:257-290.

. Quatrefages A. Débats du 16 juillet 1863 de la Société d’'Anthropologie de Paris. Bulletins et mémoires de la Société

d'Anthropologie de Paris 1863;4:378-383.

. Waddington CH. Canalization of development and the inheritance of acquired characters. Nature 1942;150(3811):563-565.

. Boyce WT, Robinson GE, Sokolowski MB. Toward a new biology of social adversity. Proceedings of the National Academy of

Sciences 2012;109(Suppl 2):17143-17148.

. Wu H, Zhang Y. Reversing DNA methylation: mechanisms, genomics, and biological functions. Cell 2014;156(1-2):45-68.
. Strahl BD, Allis CD. The language of covalent histone modifications. Nature 2000;403(6765):41-45.

. Bridi M, Abel T. Histone modifications in the nervous system and neuropsychiatric disorders. In: Sweatt |D, Meaney M,

Nestler EJ, Akbarian S, eds. Epigenetic regulation in the nervous system: Basic mechanisms and clinical impact. London:
Elsevier; 2013:35-67.

Shirayama Y, Chen AC, Nakagawa S, Russell DS, Duman RS. Brain-derived neurotrophic factor produces antidepressant
effects in behavioral models of depression. Journal of Neuroscience 2002;22(8):3251-3261.

Mattick JS. RNA as the substrate for epigenome- environment interactions: RNA guidance of epigenetic processes and the
expansion of RNA editing in animals underpins development, phenotypic plasticity, learning, and cognition. Bioessays
2010;32(7):548-552.

Klengel T, Pape |, Binder EB, Mehta D. The role of DNA methylation in stress-related psychiatric disorders.
Neuropharmacology 2014;80:115-132.

Smith ZD, Meissner A. DNA methylation: roles in mammalian development. Nature Reviews Genetics 2013;4(3):204-220.
Strachan T, Read A. Human molecular genetics. New York: Garland; 2011.

Lister R, Mukameld EA, Nery JR, Urich M, Puddifoot CA, et al. Global epigenomic reconfiguration during mammalian brain
development. Science 2013;341(6146):1237905.

©2017-2025 ABILIO | EPIGENETICS 11



16.

17.

18.

19.

20.

21.

22.

23.

24.

Shulha HP, Cheung I, Guo Y, Akbarian S, Weng Z. Coordinated cell type-specific epigenetic remodeling in prefrontal cortex
begins before birth and continues into early adulthood. PLoS Genetics 2013;9(4):e1003433.

Champagne FA. Early adversity and developmental outcomes: interaction between genetics, epigenetics, and social
experiences across the life span. Perspectives on Psychological Science 2010;5(5):564-574.

Toyokawa S, Uddin M, Koenen KC, Galea S. How does the social environment ‘get into the mind’? Epigenetics at the
intersection of social and psychiatric epidemiology. Social Science & Medicine 2012;74(1):67-74.

Kofink D, Boks MP, Timmers HT, Kas MJ. Epigenetic dynamics in psychiatric disorders: environmental programming of
neurodevelopmental processes. Neuroscience and Biobehavioral Reviews 2013;37:831-845.

Qureshi IA, Mehler MF. Genetic and epigenetic underpinnings of sex differences in the brain and in neurological and
psychiatric disease susceptibility. Progress in Brain Research 2010;5s186:77-95.

Hodes GE. Sex, stress, and epigenetics: regulation of behavior in animal models of mood disorders. Biology of Sex
Differences 2013;4(1):1.

Shulha HP, Cheung I, Whittle C, Wang J, Virgil D, et al. Epigenetic signatures of autism: trimethylated H3K4 landscapes in
prefrontal neurons. Archives of General Psychiatry 2012;69(3):314-324.

Berko ER, Suzuki M, Beren F, Lemetre C, Alaimo CM, et al. Mosaic epigenetic dysregulation of ectodermal cells in autism
spectrum disorder. PLoS Genetics 2014; 10(5):e1004402.

Bojang P Jr, Ramos KS. The promise and failures of epigenetic therapies for cancer treatment. Cancer Treatment Reviews
2014;40(1):153-169.

©2017-2025 ABILIO | EPIGENETICS

12



Gene-Environment Interplay and Epigenetic
Processes
Marla B. Sokolowski, PhD, F.R.S.C., W. Thomas Boyce, MD

Co directors of the Child and Brain Development Program, Canadian Institute for Advanced

Research (CIFAR), Canada
November 2017

Introduction

By uncovering how genes and the environment affect each other at the molecular level,
epigenetics promises to unveil how individual susceptibility and social conditions work together to
affect individual differences in development, behaviour and child well-being. There is increasing
evidence demonstrating that interactions between genetic predispositions and early life adversity

are related to the emergence of neurodevelopmental health issues.

This report describes different domains of gene-environment interplay and reviews recent
research findings from observational and population studies in humans, and experimental studies

in monkeys.
Subject

There are at least three categories of processes where interactions between genes/gene
expression and the environment lead to differences in development trajectories that affect mental
health and well-being. First, there is a correlation between genes and the environment, where a
child has a genetic predisposition (an increased chance) of selecting, altering or generating
categories of experience, for example, a child with behavioural inhibitions has a tendency to
choose less challenging or less intensive social environments. Second, genes and the environment
can affect each other bidirectionally. For example, there are cases where genetic variations only
become apparent in the presence of specific environmental conditions, and alternatively, there
are examples where environmental influences are revealed only among individuals carrying a
particular genetic variant (genotype). The third category of interaction involves epigenetic
processes where environmental signals mark or tag DNA and in some cases this can alter gene
transcription and expression. These processes are discussed in greater detail in the first article of
this chapter.?
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The exploration of these three domains of gene-environment interplay has become a prolific and
engaging area of biomedical and social science research that promises to illuminate one of the
deepest mysteries of human experience — how individual susceptibility and social conditions work
together at the behavioural, physiologic, neural, cellular and molecular levels to initiate and
sustain individual differences in development, behaviour and health, in some cases lead to

disorders.

Problem

Many molecular mechanisms control gene expression. Groundbreaking research seeks to reveal
how epigenetics is involved in the interplay between genes/gene expression and the environment

and the consequences for brain development, behaviour and well-being.

Research Context

Though suspected for a long time, it was only about a decade ago that reports appeared showing
that epigenetic processes are associated with long-term human developmental and health
outcomes. Studies in 2002 and 2003 revealed statistical links between early environmental
conditions such as child maltreatment and stressful life events and the genetic variant one carries

to predict antisocial behaviour and depression and the risk of suicide.?**

As the body of research has grown in size and data from a number of studies have been reviewed
together in meta-analyses, researchers have found strong evidence for these interactions. For
example, a 2010 review of more than 40 studies about gene-environment interactions involving
the serotonin transporter gene revealed strong links to sensitivity towards negative and stressful
environments,® and a 2011 review of 54 studies found strong evidence that the serotonin
transporter gene 5HTTLPR is involved in moderating the association between stress and

depression.®
Recent Research Results

New evidence continues to build, demonstrating that environmental interactions with genes have

an impact on early human neurodevelopment.

Observational Research
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One group of researchers recently reported an interaction between mothers’ dopamine receptor
gene, DRD4, and reports of prenatal stress with predicting their children’s risk for developing
antisocial outcomes such as conduct disorder or oppositional defiant disorder in early
adolescence.” In another study, researchers with the Bucharest Early Intervention Project (
http://www.bucharestearlyinterventionproject.org/) identified a gene-environment interaction in
children who remained institutionalized and were carriers of gene variants responsible for
maintaining appropriate levels of two brain transmitters, dopamine and norepinephrine. Depletion
of these neurotransmitters has been implicated in the risk for major depression. In another study,
the early adversity of mothers as measured using a childhood trauma questionnaire interacted
with the genetic variant they carried in the PRKG1 gene to affect maternal sensitivity to her infant.
One variant buffered these mothers from earlier adversity while the other did not. This gene by
environment interaction was replicated in two cohorts.® Finally, researchers examined data from
twins in the Early Childhood Longitudinal Study (https://nces.ed.gov/ecls/) and found that genetic
variation contributed in cognitive ability but was dependent on reciprocal, developmentally
moderated interactions between children and their environment, and that children who were
being raised in higher socioeconomic status homes were showing significantly higher scores by

the age of 2 years.

In studies involving rhesus macaques, researchers demonstrated that early rearing conditions
with either mother or peer-related groups interacted with the serotonin transporter gene. That
interaction had an observable, predictable impact on the manufacture of stress hormones during
times of separation stress.® Further, the interaction appeared to apply even among normal
monkeys, where social dominance status during development worked together with the serotonin
transporter gene and could predict the timing of sexual maturation: subordinate female monkeys
who carried at least one copy of the altered promoter gene had significant delays in sexual

maturation.®

Epigenetic processes at the population level

One of the most intriguing recent discoveries is that epigenetic processes can influence the
development of specific populations of people. For example, the maltreatment of children has
been linked to faulty regulation of the hypothalamic-pituitary-adrenal (HPA) axis,** a complex set
of interactions between endocrine glands that produce hormones to regulate many body
processes including stress, mood, sexuality, digestion, the immune system and energy storage, to

increased inflammatory signaling®? and long-term changes in stress-responsive neural structures.*
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A study of over 200 newborns in Singapore found that there were over 1,400 genomic regions
with wide variation in the state of epigenetic tagging across individuals, and that 75% of the
measured variability in DNA methylation arose from genetic variants in interaction with
environmental factor which included for example, maternal smoking, maternal depression,
maternal BMI, infant birth weight and gestational age. Genetic variation alone accounted for 25%
of the variation in methylation. Thus, there is a complex relationship between variation in

methylation, the DNA sequence and environmental exposures.**

Finally, researchers have recently demonstrated that epigenetic profiles in human populations are
highly divergent, involving differences in frequencies of underlying genetic codes and complex
gene-environment interactions. One series of studies examined over 14,000 genes in 180 different
cell lines from European and African samples. Researchers found population-level differences in
DNA methylation in over one-third of the genes and that most of these differences were
attributable to differences in underlying numbers of gene variants.” Other researchers have found

similar epigenetic differences between populations.*®!"8
Research Gaps

To date, causal evidence about the relationship between genes and the environment is lacking in
human populations. The sheer number of genes and environmental variables and their
interactions poses a significant challenge for experimental research design in humans. Causal
relationships between candidate DNA variants and their interactions with epigenetic modifications

under adverse environmental conditions can be tested using animal models.

In the future, the use of computers to perform higher-level mathematical modeling techniques to
search for gene-environment interactions is expected to overcome this challenge and advance the
field. Risk scores associated with developmental phenotypes,* the observable characteristics and
traits in development, and mathematical models of genome-wide association studies could one-
day offer more answers than single searches can provide today.?° The way forward will examine
how many genes work together as a network to add or multiply the effects that lead to

developmental disorders.?

Conclusions
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Gene-environment interplay has emerged as a promising point of origin in studies of divergent
developmental trajectories and the emergence of maladaptive outcomes including mental
disorders. While there are many molecular mechanisms that control gene expression, research
examining epigenetic processes is providing a groundbreaking look at how and under what

conditions the intersection of genes/gene expression and the environment arise.

Implications

Early life adversity or enrichment has far reaching effects across the lifespan. Gene-environment
interactions between specific gene variants and risk-engendering early social environments may
be linked to differences in epigenetic processes, explaining variation among individuals in the
expression of genes linked to neurodevelopmental disorders. In the future, changes in epigenetic
marks in response to an intervention could also provide useful biomarkers for evaluation of the

effectiveness of the intervention.
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Introduction

There is a substantial body of evidence that adversity in early life can lead to epigenetic changes
associated with increased risk for disturbances of childhood mental health, more disordered
developmental trajectories, poorer educational achievements, and lifelong risks of chronic

disorders of health and well-being.*??

This report describes evidence that the embedding of adversity-related epigenetic marks is
associated with increased susceptibility to compromised development and mental health, and

reviews recent research findings about specific disorders in both animal and human studies.*
Subject

Genes are long stretches of DNA sequence. Epigenetics processes mark or ‘tag’ genes without
modifying the underlying genetic sequence of DNA. In some cases, these epigenetics marks affect
gene expression, the level, timing and place where a gene product is expressed during
development. Adverse environments of poverty, neglect and trauma affect the expression of
genes involved in the development and regulation of the nervous system in children, which in turn
guide brain development, calibrate stress responses and influence lifelong risk of developing
mental illnesses and other challenges. Similarly, positive early environments of nurturance, care
and stability can affect gene expression, leading to decreased risk for mental health issues and

optimized brain preparation for learning and normal social and emotional development.
Problem

Some children show immediate and long-term deficits in health and development in response to

adverse environmental conditions, while others thrive and survive without negative
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consequences.*® By understanding how genes and the environment interact, it may be possible to
identify children at risk and prevent or even reverse negative outcomes through positive

environmental interventions or novel drug therapies.
Research Context

Research is shedding light on how individual differences in epigenetic susceptibility relate to how
children are affected by harmful stress. Understanding these differences may explain stress-
related disorders, shed light on sources of personal resilience and vulnerability and help explain

why health issues do not affect all people.
Recent Research Results

Experimental animal studies and human observational studies have found reliable relationships
between conditions of early adversity and epigenetic changes to genes associated with stress

responses, immunity and the development of mental disorders.®
Experimental animal study findings

In a set of transformative studies, researchers used naturally occurring differences in mother rats
to illustrate the effect of early maternal care on genes that determine stress responses in their
pups. There are two kinds of mother rats: those that lick and groom their pups a lot; and those
that do not. In the studies, pups that received lower levels of licking and grooming showed:
decreased expression of the genes responsible for regulating stress; increased activity of the gene
that controls release of the stress hormone cortisol; and greater activation of the hypothalamic-
pituitary-adrenal (HPA) axis, a complex network of interactions between endocrine glands that
produce hormones that regulate stress, mood, sexuality, digestion, the immune system and

energy storage.”®

Other rodent studies have shown a variety of relationships between early exposures to
deprivation, maltreatment and adversity, epigenetic modifications and the development of
psychological impairment. In one study, early infant maltreatment was linked to decreased
expression of the genes responsible for regulating serotonin, the neurotransmitter that maintains
mood balance.’ In another study, chronic, variable stress during the first trimester of pregnancy in
mother rats resulted in heightened expression of stress hormones and increased “depressive”

behaviour in their babies, associations that were offset in part by sex-specific differences in
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epigenetic processes in specific genes.’ Researchers have also conducted experiments where
various epigenetic processes affected the effects of early life stress on adult neurodevelopment in

rats.!

In non-human primate studies, there is additional evidence of epigenetic modifications in
situations of early social adversity. In studies of rhesus macaques, social dominance rankings and
rearing conditions were associated with different levels of epigenetic marking in prefrontal cortical
neurons (nerve cells in the part of the brain responsible for emotions and judgment) and T
lymphocytes (a type of white blood cell involved with immunity).**** Another group of researchers
found that infant macaques raised by peers showed increased gene expression for inflammatory
processes and suppression of genes involved with antimicrobial defenses.** Finally, in a study of
bonnet macaques, youngsters that were randomly assigned to an early, stressful condition for
finding food showed greater behavioural stress and enhanced epigenetic modifications in the
serotonin transporter gene (the gene that regulates the movement of serotonin, a brain chemical
responsible for regulating many body processes, including memory, learning, appetite and mood)

and across their whole genomes.*
Observational human study findings

In an early observational example, children whose parents were exposed to famine and adversity
during the Dutch Winter Hunger of 1944-45 showed a decreased activation of IGF2, the insulin-like
growth factor Il gene, which has an important role in growth and development.*® These children

had a notably higher risk for metabolic diseases later in life."”

Multiple other studies have found heightened, adversity-related epigenetic changes in children.
Institutionalized children ages 7-10 years showed whole genome changes compared to children
raised by parents.*® Infants born to mothers with high levels of depressive symptoms during the
third trimester of pregnancy showed increased epigenetic marking of NR3C1, an important
glucocorticoid receptor (GR) gene related to development, metabolism and immune response.*
Adolescents whose mothers had been exposed to intimate partner violence during pregnancy
showed epigenetic modifications in leukocytes, the white blood cells that fight diseases.?® Early
adolescents who had been physically abused showed increased epigenetic marking of the GR
gene compared to peer controls.?* Similar evidence of epigenetic modifications has been found in
studies of brain tissue from suicide victims with a history of child abuse.?*?* Bullied monozygotic

twins showed more extensive epigenetic marking on the serotonin transporter gene compared to
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their non-bullied co-twins.* Finally, other studies have reported that parental loss, maltreatment,

and impaired parental care were associated with epigenetic marking of GR.*

Evidence from a variety of studies suggests that underlying epigenetic modifications drive many
changes in brain circuitry. Stress-related psychiatric conditions, such as suicidal ideation and
attempts,?® depression,” post-traumatic stress disorder,?® schizophrenia® and brain changes due to
psychoactive and antipsychotic drugs have been noted to induce epigenetic changes.” Genome-
wide observational research has detected long-term associations between childhood disadvantage
and genome-wide epigenetic marking in mid-life, between parental stress in infancy and increased
epigenetic marking in adolescence, and between early socioeconomic status and elevated

transcription of genes responsible for immune responses.**333
Individual variation in epigenetic susceptibility

A substantial body of recent research shows that there is a subset of fragile children, called
‘orchid children,” who are more sensitive to both negative and positive environmental factors than
their more resilient counterparts, called ‘dandelion children.?**>2¢3” Qrchid children show either the
most maladaptive or the most positive outcomes, depending on the character of their social
environments. In negative environments, orchid children have a heightened risk for
developmental disorders, but in positive, supportive environments, they can thrive impressively
and outperform less-susceptible peers. Dandelion children, on the other hand, are hardy and

thrive in any situation, but do not ‘bloom’ as beautifully as orchid children.
Research Gaps

While there are a growing number of experimental animal studies and observational human
studies showing heightened epigenetic marking when adversity is present in early developmental
stages, the findings are not uniform and often, the differences are quite modest. Some findings
seem to contradict others, and this might be due to confounding factors, such as the proportions

of different cell types measured in peripheral blood on which the epigenetic analysis is performed.

38

Adversity-related epigenetic modification may actually be highly specific and depend on the type
and timing of the adversity.* Further, an important question is whether epigenetic modifications
are acquired as a consequence of early environmental conditions or linked to underlying

susceptibilities. Furthermore, human studies are correlational and don’t reflect a causal
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relationship between adversity, epigenetic marks and behavioural and health outcomes. Future

studies that address causation in animal models and humans are required.
Conclusions

There is increasing evidence that adverse conditions in early childhood affect the number and
placement of epigenetic marks on the DNA sequence. The developmental and health effects of
early exposures to adversity and stress are socioeconomically partitioned, with children from the
lower ranks of social class sustaining greater and more severe threats to normative development.
Epigenetic processes that affect gene expression almost certainly have an impact on adversity-

related, maladaptive outcomes.
Implications

Adverse early childhood experiences can leave lasting marks on genes that are involved with
stress responses, immunity and mental health, underscoring the importance of creating an

optimal early childhood environment for each and every child.
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Introduction

The effects of experience change dynamically across the lifespan, especially in the early years, as
critical and sensitive periods open and close. The effects of experience also pass on to subsequent
generations. This report explains how changes caused by adverse physical and psychological
exposures in parents can be passed down to future generations, altering children’s risks for

mental disorders and maladaptive behaviour.?
Subject

In developmental psychology, critical periods are defined as those in which the presence or
absence of important experiences or exposures results in irreversible changes in brain circuitry.
Critical periods are thought to be sharply timed and can be thought of as a window of opportunity
open to particular experiences that opens and after a set period of time shuts. While sensitive
periods are developmental intervals when the brain is especially responsive to such experiences
and the sensitive period is thought to gradually open and gradually close.? Both involve

experience-dependent brain plasticity during defined windows of early life.?
Problem

Human adaptation to environmental conditions can take place at a variety of timescales ranging
from physiological changes that can occur over seconds or minutes to developmental plasticity
that occurs over months or years, to genetic changes that occur on evolutionary timescales. The
timing and sequencing of important neurodevelopmental processes determine the critical window
of growth and development. These processes include the movement of cells to precise locations
during embryonic development, the proliferation and pruning of connections between neurons in
the brain, changes in the number of receptors and construction of the insulating myelin sheath

around nerve cells.
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Research Context

There is evidence that the developing brain is especially vulnerable to the negative effects of
chemical and social environmental exposures during early developmental periods. For example, in
a random-assignment study of foster care placements for children in Romanian orphanages,
neurobiological and developmental outcomes were dramatically improved when children were

placed in foster care before two years of age.*

Recent Research Results

Scientists are demonstrating the openings and closings of critical periods in animal experiments.
One group of researchers has shown that molecular ‘triggers’ and ‘brakes’ can start and slow
down brain plasticity over time, and that the onset of a critical period appears to be guided and
timed by the maturation of the excitatory-inhibitory circuit balance.? These findings, together with
others,*® have led to a fundamental shift in thinking about brain plasticity — rather than arising
during sharply defined critical periods, a newer understanding indicates that the brain is
intrinsically plastic and that normal development actually requires a timed, molecular suppression

of that plasticity.

Epigenetic changes and critical periods

Epigenetic changes drive much of the molecular machinery that determines critical period onset
and offset.” For example, epigenetic modification of gene expression guides the differentiation of
neurons into unique neuronal subsets, axon growth and the radial organization of brain
development.® Brain circuitry responds to environmental events by epigenetic processes, DNA
methylation and histone modifications.? Epigenetic processes control closure of the critical period
for acquiring ocular dominance. Epigenetic factors also regulate the expression of a gene that
codes for an inhibitory neurotransmitter and drugs have been shown to shift the timing of critical
periods; for example, the drug valproate has been shown to reopen the critical window for the
acquisition of absolute pitch.? Excitatory-inhibitory circuitry imbalance and critical period timing

errors have been found in mouse models of autism spectrum disorder.*

Inheritance of epigenetic marks across multiple generations

There is now substantial evidence in both humans and animals that adverse physical and

psychological exposures in one generation can be replicated among or passed down to following
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generations, altering risks for mental disorders and maladaptive behaviour in offspring.’* Prenatal
exposure to stressors in both animal and human mothers has been associated with differences
seen in the autonomic nervous system and adrenal cortex responses of their offspring.*? The
autonomic nervous system influences the function of internal organs and the adrenal cortex
oversees the production of sex hormones and cortisol. Human population studies have found

elevated risks of psychiatric disorders in offspring in the absence of actual exposures.*?

In mice, scientists have demonstrated that epigenetic marks related to the appearance of these
disorders were transmitted to offspring, and the same process is presumed to occur in humans.*
One way that epigenetic marks are believed to cross generations is through behavioural and
social transfers of those marks to offspring. In the paper on epigenetic embedding of early
deprivation, adversity and developmental risk,** we described the groundbreaking rat experiments
where varying levels of maternal grooming and licking changed epigenetic marks throughout their
pups’ genome. These epigenetic changes changed the pups’ stress responses, but also
predisposed them to treat their own pups with similar maternal care when they became mothers.*®
An other way that intergenerational inheritance can occur is through in utero exposure of the
fetus to stress of the mother as occurred in some children who were in utero during the Dutch
Winter Hunger of 1944-45 (as discussed in the third paper of this chapter®). In humans, a recent
observational study demonstrated that adult offspring of Holocaust survivors have epigenetic
marks on the promoter of the glucocorticoid receptor (GR) gene, an important gene involved with
development, metabolism and immune response, and that those marks are correlated with the
PTSD status of the mother and the father.? Finally, the transmission of epigenetic marks may
occur is through changes in egg or more likely sperm cells, which is far more difficult to prove. The
epigenome is reset through a widespread DNA demethylation process during the early formation
of an embryo, as described in more detail in the first article of this chapter, The Biology of the
Epigenome,*® but some recent exceptions have been reported where some epigenetic marks

escaped this process and were passed on.**
Research Gaps

There may be other ways in which epigenetic marks pass on from parents who experience
adversity to their offspring (intergenerational transmission). Scientists are examining
modifications to stress response pathways passed to children from developing placenta,?*?* the
transmission of epigenetic marks in the sperm of a traumatized male mouse® and the transfer of

fear-conditioning from parent mice to offspring via an olfactory signal.?* Whether and how
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epigenetics plays a role in inheritance through the generations (transgenerational inheritance) is a

challenging topic for future studies.
Conclusions

Development depends on the interaction between environmental influences and critical periods in
development when neurobiological circuitry is especially responsive to experience and plasticity is
most accessible. The opening and closing of critical and sensitive periods are regulated by
epigenetic events that guide the maturation of excitatory-inhibitory neural circuitry and the

expression of molecular ‘brakes’ that reverse the brain’s inherent plasticity.

Epigenetic processes are also thought to transmit risk and disorder from one generation to the
next. This transmission can occur when behavioural risk and protective factors are passed down
from parents to offspring via behavioural or social factors, or through the possibility of germ line

transfers of epigenetic marks which is under investigation.
Implications

Research reveals that there is a complex, critical time period in development — both adaptive and
maladaptive — that is likely initiated, guided and curtailed by epigenetic events that modify genes
in the brain responsible for neurodevelopment. Evidence that epigenetic marks might be passed
on to subsequent generations suggests that DNA sequences alone may not determine inherited

traits.”
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Introduction

The four linked papers by Sokolowski and Boyce review the relationship between genes,
environment and behavioural, psychological and neurodevelopmental outcomes, summarised as
two opposing states: ‘vulnerability’ and ‘resilience’. The focus of their chapter is epigenetics,
defined as “the study of mitotically and/or meiotically heritable changes in gene function that
cannot be explained by changes in DNA sequence.”* At its core are a set of small molecules that
sit on top of (epi) our genes (genetics) and by doing so influence the molecular machinery that
regulates gene activity. Changes in the distribution of the sum total of epigenetic molecular marks
throughout the genome (the epigenome) drive early development of humans as well as all other
multicellular organisms. Such developmental changes, from the single-celled zygote, through to
the differentiation of hundreds of different cell types in humans was historically termed

‘epigenesis.’??

Epigenetic marks are themselves influenced by genetics and environments, both externally to,
and within individuals. One of the main goals of epigenetics research has been to understand how
environment influences the activity of our genes and how this can predispose states of health or
disease.® As the first one thousand days of human life are especially sensitive to environment,
much of the research in the area has focused during this time period and equivalent periods in
animal models.>® These four papers discuss and expands upon the above-mentioned concepts and
cites milestone studies that have begun to assign the epigenetic state of specific genes to specific
earlier environments and late states of resilience and vulnerability (fragility). The authors explain
how the field of epigenetics is still in its infancy and point the way forward to future studies. Most
importantly, they discuss the implications for medical tests and interventions, and for policy.

Research and Conclusions

In ‘Biology of the Epigenome’, Sokolowski and Boyce introduce epigenetics, initially in lay terms,
then building in more technical terms, including specific mechanisms, namely DNA methylation,
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histone modification and non-coding RNAs. They discuss the history of the use of the word
‘epigenesis’ that was used to describe the process of human development and its current usage
as ‘epigenetics’. One minor omission is the citation of Aristotle as the originator of the term
‘epigenesis’.? The authors review studies that have shown that the one thousand days following
conception is the time when we are most vulnerable to environment-induced epigenetic change.
They rightly indicate that knowledge of disease-specific epigenetic states will lead to a better
understanding of disease mechanisms and, more important for policy, to disease-specific
biomarkers. They cite autism spectrum disorders as one example of a brain-related disorder that
has been investigated using epigenetic methods, although they don’t mention that such research
has not yet led to diagnostic biomarkers, most likely due to the methodological differences
between studies. Finally and importantly, they briefly detail the challenges of epigenetic research,
which include choosing the most appropriate and convenient tissue with which to analyse in
relation to resilience and sensitivity; how to separate cause and effect; and the importance of
analysing multiple epigenetic mechanisms to provide a more complete picture of epigenetic

state.

In ‘Gene-Environment Interplay and Epigenetic Processes’ Sokolowski and Boyce discuss, in a
clear and concise way, how genes and environment interact and focus on epigenetics as one
proven example. However, there was probably no need to discuss DNA sequence-environment
interactions, although such studies have shed light on studies of mood disorders.” In addition,
more examples of specific studies of environment-induced epigenetic change could have been
provided, although such studies are featured in the following paper by the same authors. The
authors are correct to point out that epigenetic marks can be affected by genetics as well as
environment, and by an interaction of both.? Conclusions and implications for this paper focus on
understanding the effects of early life social interaction but are not as strongly phrased as the

previous paper.

In ‘Epigenetic Embedding of Early Adversity and Developmental Risk’, Sokolowski and Boyce
discuss how epigenetic changes can mediate the effect of early life adversities such as poverty,
neglect and trauma, on risk for disorders of mental health, educational achievements and chronic
disorders in general. They focus on the question of whether, using epigenetics, we will be able to
predict which children are more likely to be resilient or vulnerable. By detecting both kinds of
children, resources and interventions can be focused on the latter. The authors review a few

animal studies that have linked early life adversities such as neglect, maltreatment and social
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dominance on neurodevelopment and on endocrine and immune systems, all of which appear to
be mediated at least in part through epigenetic change. They also review human studies linking
early life adversities such as famine, abuse, institutionalisation, and socioeconomic disadvantage
with epigenetic change in neurodevelopmental pathways. They reiterate the challenges
mentioned in their first paper. What was missing, however, was a discussion on the social
implications of epigenetic tests themselves, as studied by others.**® For example, would a positive
test result for vulnerability stigmatise both parents and offspring and raise these children’s future

insurance premiums?

In their final paper, ‘Epigenetics and the Role of Developmental Time’, Sokolowski and Boyce
discuss the issue of how developmental timing can influence epigenetic state and brain plasticity.
In particular, they focus on the emerging topic of how the pre-conceptional environments of
parents could be passed down to their children through epigenetic processes. They again provide
key examples from animal and human studies. One pertinent example is that children of
holocaust survivors who developed PTST have epigenetic alterations with a gene involved in
response to stress. The authors rightly mention that most epigenetic marks are completely reset
twice per generation, during early somatic and germ cell development, and that we don’t

currently know which genes escape this resetting.

In summary, Sokolowski and Boyce bring their readers up to speed with the history and
mechanisms of epigenetics, focusing on how epigenetic state in early life environment can be
influenced by social, biological and physical environments, to predispose individuals to
vulnerability or resilience. They argue that epigenetics research has tremendous implications for

policy at many levels.

Implications for the Development and Policy

Clearly, there is a wealth of evidence to indicate that adverse environments during pregnancy,
childhood and adolescence, can confer risk for adverse mental and physical health and that many
of these environments are mediated by epigenetic change. This has several policy implications.
The first is that children and adolescents should be provided with optimum environments by
parents and, more importantly, by society, to maximise resilience and minimise vulnerability. In
doing this, instead of pointing the finger of blame at parents and children, we should target as
many resources as possible to provide both with resources to nurture resilience. Such resources

will be specific, e.g. guidelines on raising resilient children, and general, such as government
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investments targeting families of low socioeconomic status. As studies linking epigenetic state to
future states of resilience and vulnerability are replicated across multiple cohorts and countries, it
will become feasible to test children of all ages to predict those who are likely to benefit from
targeted interventions. However, before such tests are undertaken, all stakeholders, especially
current and future parents, should be surveyed about their attitudes and concerns of such tests.
In addition, discussions need to be had about a positive test result for vulnerability, which could
result in stigmatisation and discrimination from other children, from schools, and from their future

employers and insurers.
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