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Although epidemiological data provides evidence that there
is an interaction between genetics (nature) and the social and
physical environments (nurture) in human development; the
main open question remains the mechanism. The pattern of
distribution of methyl groups in DNA is different from cell-
type to cell type and is conferring cell specific identity on DNA
during cellular differentiation and organogenesis. This is an
innate and highly programmed process. However, recent data
suggests that DNA methylation is not only involved in cellular
differentiation but that it is also involved in modulation of
genome function in response to signals from the physical,
biological and social environments. We propose that
modulation of DNA methylation in response to environmental
cues early in life serves as a mechanism of life-long genome
“adaptation” that molecularly embeds the early experiences
of a child (“nurture”) in the genome (“nature”). There is an
emerging line of data supporting this hypothesis in rodents,
non-human primates and humans that will be reviewed here.
However, several critical questions remain including the
identification of mechanisms that transmit the signals from the
social environment to the DNA methylation/demethylation
enzymes.

Introduction

DNA methylation is a covalent modification of DNA by addition
of methyl groups to cytosines at specific positions in the genome.!
The pattern of distribution of methyl groups in cytosines in
the genome differs from cell type to cell type creating cell-type
identity to DNA in addition to the genetic or ancestral identity,
which is encoded in the sequence of nucleotides in DNA. DNA
methylation patterns are generated during development and it
was believed that they were involved in terminal cell differentia-
tion.? The main enigma in cellular differentiation in multicellu-
lar organisms has been: how could one genome encode multitude
of phenotypes? DNA methylation by providing cell-type identity
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within the chemical entity of DNA provides an attractive mech-
anism for genomes to acquire differential identities within the
same organism. The last three decades of research in DNA meth-
ylation focused on the role of DNA methylation in cellular differ-
entiation. Data supporting the role of DNA methylation emerged
almost three decades ago® and was recently confirmed by whole
genome methods of mapping DNA methylation including next
generation sequencing.’

The delineation of the role of DNA methylation in cellular
differentiation illustrates that DNA methylation functions as
a mechanism that expands the functionality of the genome by
enabling similar genomes to encode diversely stable phenotypes.
One attractive hypothesis is that DNA methylation is not lim-
ited to cellular differentiation as dictated by endogenous innate
programs but could also function as a genome adaptation mech-
anism to external signals from the environment. Responses to
external environments would not necessarily override cell type
specific DNA methylation patterns but could modulate these
patterns.

Similar to cellular differentiation, DNA methylation variations
in response to the environment could explain how certain envi-
ronments stably alter the phenotype without affecting the geno-
type. DNA methylation variation in response to environmental
exposures might emerge sporadically and then maintained by the
DNA methylation maintenance machinery. However, recent data
suggests that DNA methylation variations might be driven by
organized responses not unlike the processes that drive cellular
differentiation. It is proposed here that DNA methylation could
play a role in genome adaptation at multiple time scales and in
response to multiple signals and be involved in several roles that
require expanding the functionality of the genome.

DNA Methylation is a Mechanism for Expanding
the Scope of Phenotypes Encoded by a Single
Genotype: The Example of Cellular Differentiation

Every multicellular organism is a system whereby one genotype
expresses multiple phenotypes. Although all the cells in the
body contain the same genetic sequence, the DNA methyla-
tion pattern is not identical in different tissues.”* Thus a DNA
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Figure 1. Adaptive response of the genome in early life. Signals triggered by early life environments turn on signaling pathways in brain as well as
peripheral tissues that target chromatin and DNA methylation/demethylation enzymes to specific loci in the genome resulting in system-wide
differential DNA methylation patterns. These adapt the life long phenotype to the anticipated environments.

molecule contains two layers of identity. The ancestral informa-
tion encoded in the sequence and the cell type-specific identity
contained in the pattern of distribution of methyl moieties and
possibly 5-hydroxymethylcytosine moieties. 5-hydroxymethylcy-
tosine is a downstream enzymatic modification of 5-methylcy-
tosine.’ Different enzymatic processes replicate these two layers
of information. While the DNA polymerase enzymes replicate
the ancestral genetic information, DNA methylation is copied
and maintained by DNA methyltransferases (DNMT).¢ These
enzymes catalyze the transfer of methyl groups from the methyl
donor S-adenosyl methionine to the 5" position in cytosine in
DNA.” Since cellular differentiation is maintained for a life-time,
there must be mechanisms that accurately maintain the DNA
methylation pattern as well as mechanisms that prevent a drift in
the DNA methylation pattern during the life course. It has been
generally accepted that the following particular biochemical ele-
ments ensured the accurate maintenance of DNA methylation
pattern in differentiated tissues. First, a large fraction of cytosines
in DNA are found in the palindrome sequence CG;® following
DNA replication unmethylated CGs in the nascent strand are
positioned across methylated CGs in the parental strand that
could serve as a template for copying the DNA methylation pat-
tern. Second, DNMTT1 preferentially recognizes a newly synthe-
sized CG dinucleotide when the CG on the template sequence is
methylated.” Third, it was believed that there were no enzymatic
processes that could add (de novo methylation) or remove methyl
groups (demethylation) from DNA in a mature differentiated
cell. These processes in combination were believed to be respon-
sible for faithfully maintaining the DNA methylation pattern in
differentiated cells and tissues.

This rigid picture of the state of the DNA methylation pattern
in differentiated tissues is in accordance with the role that it is
hypothesized to play in maintaining the terminally differentiated
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state of cells and tissues. Indeed, loss of methylation driven by
either knock down of DNMT1 with antisense depletion' or
with drugs that inhibit DNA methylation such as 5-azacytidine"
changes the state of differentiation of cells. However, there are
reasons to believe that in spite of the perceived consistency of
tissue specific differential DNA methylation patterns throughout
the life course, there is a measure of plasticity in the DNA meth-
ylation pattern that could expand the scope of its roles in defining
a more dynamic relationship between environments the genome

and the phenotype.

The Possibility of Adaptive Dynamic DNA
Methylation Responses after Birth and in Postmitotic
Tissues: De Novo DNMTs and Demethylases

The social and physical environment influences human devel-
opment after birth and during different life cycle stations. For
example, social adversity early in life has a profound impact on
life-long physical health and behavior.'' Thus, differentiation
of the phenotype occurs in response to external signals from the
social environment. Similar to cellular differentiation it involves
diversification of the phenotype without altering the genotype.
An attractive hypothesis is that DNA methylation might play
a role in diversification of the phenotypic potential of a single
genome in response to external signals during post partum devel-
opment as much as it plays a role in diversification of genome
function in response to innate signals of differentiation (Fig. 1).

The first evidence that early environmental exposures could
alter the phenotype through altering DNA methylation patterns
came from the Jirtle lab that demonstrated an effect of mater-
nal diet on the agouti color phenotype in agouti mice which
was mediated through methylation of a transposable element.”
The impact of methyl-rich diets during gestation or the impact
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of other chemicals during gestation could be explained just as a
stochastic chemical interference in the enzymatic DNA meth-
ylation reactions that are actively laying down the DNA meth-
ylation pattern during embryogenesis. However, the responsivity
of the DNA methylation pattern to social-adversity signals after
birth and completion of embryogenesis as discussed below could
not be explained just as a stochastic change in DNA methylation
reaction kinetics.

If DNA methylation acts as a responsive biological signal even
in postmitotic tissues such as neurons, the DNA methylation
reaction has to be reversible;'® both demethylation and de novo
methylation should be possible in nondividing tissues. It was
long understood that during gestation changes in DNA methyla-
tion that sculpt the DNA methylation pattern in a tissue specific
manner do occur and that these changes must be catalyzed by
enzymatic processes that add and remove DNA methylation.!
For decades, DNA methylation enzymology focused on DNA
methyl transferases. Several DNA methyl transferases (DNMTs)
were characterized. DNMTT1 is a hemimethylated DNA meth-
yltransferase that is believed to be responsible for replicating the
DNA methylation pattern during cell division and to maintain
the fidelity of DNA methylation during cell division.” DNMT3a
and DNMT3b were shown to act as de novo methyltransferases.””
De novo methylation was originally believed to be limited to the
early stages of development. This is essential if the DNA meth-
ylation pattern is to remain rigid after completion of DNA rep-
lication. De novo methylation in a differentiated cell would alter
the DNA methylation pattern. It is clear however that DNMT3A
is present in adult neurons'® supporting the possibility of change
in DNA methylation in postmitotic neurons.

CG is a palindrome sequence and therefore a methylated CG
in the parental strand lends itself to template dependent copying
during cell division. The discovery of a large number of non-CG
methylation in the genome* raises questions on the mechanisms
involved in maintaining these patterns of methylation."” Although
these non-CG methylation sites were discovered mainly in stem
cells,? it is still possible that non-CG methylation is present to
a certain extent in mature cells as well.? Methylation of non-
palindromic sequences cannot be guided by the state of meth-
ylation of the template and each round of methylation following
DNA replication is essentially de novo methylation. Is there a
mechanism that guides the de novo enzymes to specific sites? If
there are such mechanisms and indeed there is evidence for tar-
geting of DNMTs to specific sites, then it implies that replication
of the DNA methylation pattern is not exclusively an automatic
copying process. This is more consistent with a dynamic DNA
methylation state.

DNA demethylation is critical for a dynamic DNA methyla-
tion pattern. DNA demethylation could occur as a passive process
during cell division when DNA methyltransferases are blocked
by specific factors.! Since cell division is obviously abundant dur-
ing embryogenesis, passive demethylation could theoretically
explain DNA demethylation during gestation and cellular and
tissue differentiation. This could explain why DNA demethyl-
ases didn’t attract much attention in the past. The absence of a
DNA demethylase is consistent with a rigid DNA methylation
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pattern post cellular differentiation. A situation where mainte-
nance DNA methyltransferases exclusively maintain the fidel-
ity of DNA methylation in mitotic differentiating cells in the
absence of de novo methyltransferases and demethylases would
prevent a drift in the DNA methylation pattern and is critical for
a rigid “terminal” DNA methylation pattern that guards “termi-
nal” differentiation. However, data that has consistently pointed
to replication-independent DNA demethylation has forced us
to revisit this issue and a wealth of enzymatic processes that
could remove DNA demethylation in the absence of cell division
have been defined.?> It has been shown that brain extracts are
capable of demethylating “naked” DNA substrate in vitro.2>**%
The strongest evidence for dynamic methylation-demethylation
comes from several studies showing active demethylation in
postmitotic neurons.'®*3° Conditional knock out of DNMT]1
in postmitotic neurons results in DNA demethylation suggesting
the presence of demethylation activity in nondividing neurons
which is critical for a dynamic methylation pattern in the brain.*'

The main issue in the field remains however whether DNA
methylation is truly a reversible reaction that involves removal of
the methyl moiety and its release’®* or whether DNA demeth-
ylation requires excision of the methylated base and its replace-
ment by an unmethylated cytosine through a process of DNA
repair. The vast majority of the data to date points to a repair-
based demethylation process. First, the methylated cytosine
could be removed by a glycosylase activity and the abasic site that
was created is then repaired and replaced with an unmethylated
cytosine.”** Second, DNMTs were proposed to deaminate the
methyl cytosine to thymidine creating a C/T mismatch, which
is then corrected by a mismatch-repair mechanism.”> DNMTs
were previously shown to deaminate 5-methylcytosines®®?
under conditions of low SAM. Third, growth arrest and DNA-
damage-inducible, @ (GADD45A), a DNA repair protein was
proposed to participate in catalysis of active DNA demethylation
by an unknown DNA repair based mechanism.*® However, this
was disputed.”” Other studies have suggested involvement of
GADD45B in demethylation in the brain.** Fourth, a complex
sequence of coupled enzymatic reactions of deamination and
mismatch repair were shown to be involved in demethylation in
zebrafish: activation-induced cytidine deaminase (AID, which
converts 5-meC to thymine), a G:T mismatch-specific thymine
glycosylase methyl-CpG binding domain protein 4 (MBD4)
and repair promoted by GADD45A.%" AID has been implicated
in the global demethylation in mouse primordial germ cells as
well.* An open question is the role of the newly discovered modi-
fication 5-hydroxymethylcytosine as a potential intermediate in
the DNA demethylation reaction.’ 5-hydroxymethylcytosine
was proposed to serve as a modification of 5-methylcytosine that
marks it for base excision repair and demethylation. Recent data
suggest that TET1 the enzyme that catalyzes the hydroxylation
of 5-methylcytosine is present and required for stem cell main-
tenance of inner cell mass specification®® and for activity driven
demethylation in neurons. 5-hydroxymethylation catalyzed by
TET1 is followed by deamination of the 5-hydroxymethylated
base by AID (activation-induced deaminase)/APOBEC (apoli-
poprotein B mRNA-editing enzyme complex) family of cytidine
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deaminases and base excision repair enzymes replace the deami-
nated base with an unmethylated cytosine (BER).*

The main challenge in accepting such a complex multienzyme
repair-based mechanisms that involves a sequence of modifica-
tions to 5-methylcytosine as a life-long physiological process is
that it invokes constant mutagenic stress and damage to the integ-
rity of DNA; constant modification by deamination, breaking
and fixing of the DNA seems to be an extremely dangerous way
to maintain the DNA methylation equilibrium in both develop-
ing embryo and postmitotic neurons. Nevertheless, there is evi-
dence for BER activity during reprogramming of mouse germ
cells, a time-point in development that involves extensive DNA
demethylation.® It is unclear however why is there a need for
modification of the 5-methylcytosine base first by hydroxylation
and then by deamination to target it for base excision especially
since glycosylases that could recognize methylated cytosines such
as MBD4 and 5-methylcytosine DNA glycosylase do exist.*

In contrast to these complicated repair based mechanisms we
have previously proposed that demethylation is truly a revers-
ible reaction that involves removal of the methyl moiety rather
than modifying and breaking the DNA and then fixing it with
an unmethylated cytosine.'® We proposed that the methylated
DNA binding protein MBD2 was a bona fide demethylase that
removed methyl groups from DNA and truly reversed the DNA
methylation reaction. This is to date the only proposed bona fide
demethylase. MBD2 has been implicated in the activation of
both methylated and unmethylated genes.*®* Several groups®**!
have contested the demethylase and transcriptional activating
properties of MBD2. Studies by Detich et al. have demonstrated
however MBD2 demethylase activity in vitro.> Hamm et al.
have proposed an oxidative mechanism of 5-methylcytosine
DNA demethylation by MBD2.%® According to this mechanism,
oxidation of the methyl moiety generates 5-hydroxymethyl-
cytosine, which is followed by release of the methyl residue as
formaldehyde. Although this mechanism implicates 5-hydroxy-
methylcytosine in demethylation it suggests however that it is
an intermediary in the demethylation enzymatic reaction rather
than a modification that targets 5-hydroxymethylcytosine for
excision repair.

There is no evidence that the recently described complex
enzymatic reactions could catalyze demethylation of methyl-
ated DNA in vitro. Most of the evidence is based on depletion
of the different predicted components of the complex in cells.
However, there is evidence from several groups for enzymatic
demethylation activity that doesn’t require DNA repair in brain
cell extracts.”®* In a very interesting study Fuso et al. showed
DNA demethylase activity in brain extracts and that depletion
of MBD2 by an antibody blocks this activity supporting a role
for MBD?2 as a demethylase in the brain.?” Moreover the authors
elegantly show that this activity is modulated in vivo by modulat-
ing one carbon metabolism. These data suggest that it is possible
that DNA demethylation is a true enzymatic reaction that reveres
the DNA methylation state rather than a complex of repair and
modification activities. Future studies are critical for resolving
this central question in DNA methylation.
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DNA Methylation Pattern as a Genome Adaptation
Mechanism to the External Environment

The possibility that replication of the DNA methylation pattern
is not exclusively determined by the template allows for some
degrees of freedom in the DNA methylation pattern. This degree
of freedom could potentially be utilized to modify the DNA
methylation pattern in response to external signals even after the
completion of cellular differentiation. The main question that
must be addressed is whether these additional changes in DNA
methylation are stochastic and result from random interference
in enzymes that replicate DNA methylation during cell division
or whether these are organized “adaptive” responses similar to
the innate processes that delineate tissue specific DNA methyla-
tion patterns during gestation. For example, there are signaling
pathways that could respond to external signals and the response
of neurons to neurotransmitter release is a good example. These
pathways converge on trans-activating factors that could deliver
DNA and chromatin modifying enzymes to specific targets in
the genome and modulate the DNA methylation pattern in a
responsive organized manner.

It is becoming clear now that DNMTs are targeted to spe-
cific sequences in the genome and that the targeting factors are
required not only for generating the patterns of methylation
but also for maintaining the pattern of DNA methylation. For
example, UHRF1 (ubiquitin-like, containing PHD and RING
finger domains 1), also known as NP95 in mouse and ICBP90
in human is required for targeting DNMT1 to newly replicat-
ing hemimethylated DNA.>* DNMTs are found in complexes
with other proteins that include other chromatin modifying
proteins such as HDAC1 and HDAC2.5%° DNMT3A is allo-
sterically activated by histone H3 tails lacking lysine 4 (K4)
methylation.”” The discovery that DNMT1 and other DNMTs
are targeted to specific sites by chromatin modifying enzymes
or even by the state of chromatin suggests that DNA methyla-
tion is not exclusively automatic and provides a mechanism for a
targeted change in DNA methylation in response to activation of
signaling pathways. Similarly, demethylation can be targeted to
specific sites in the genome in response to activation of signaling
pathways. For example, it was suggested that the transcription
factor nerve growth factor-induced protein A (NGFIA) is acti-
vated by a signaling pathway that is triggered by the serotonin
receptor resulting in increase in cAMP. NGFIA recruits the his-
tone acetyltransferase CBP, and the methylated DNA binding
protein MBD2 ** to the GR promoter. Our hypothesis is that
increased histone acetylation triggered by CREB binding protein
(CBP) or by other recruited histone acetyltransferases (HATS)
facilitates the demethylation of the gene by MBD2 or other DNA
demethylases (Weaver IC, et al. unpublished data). Transcription
factors that target DNA and chromatin modifying enzymes to
genes might play an important role in experience-triggered DNA
methylation changes.

Mechanisms that directly link neuronal activation signaling
and gene-specific demethylation were proposed. Neuronal acti-
vation leads to CAMKII activation phosphorylation of MeCP2
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and site specific demethylation of the BDNF promoter.”” This
mechanism was suggested to explain how early life stress results
in persistent life-long hypomethylation of the arginine vasopres-
sin (AVP) gene. The AVP promoter is methylated and bound
by the methyl CpG binding protein MECP2. Depolarization
of hypothalamic neurons triggers phosphorylation of MeCp2 at
Ser438 by calcium dependent CamKII (calmodulin kinase IT).%°
This facilitates demethylation of the AVP gene. The change in
MeCp2 affinity to the methylated DNA by phosphorylation in
response to neuronal activation was shown before to facilitate
demethylation of the BDNF promoter.®® This signaling path-
way delineates a direct link between neuronal activation and
the phosphorylation state of a protein interacting with methyl-
ated genes in the brain. This could serve as a prototype for how
external signal can modulate DNA methylation in a responsive
organized manner.

Experience Driven Modulation
of DNA Methylation and Behavior

Perhaps one of the most remarkable examples of how environ-
ments affect development after birth is the impact of the early
life social environment on health trajectories later in life."*"* If
the social environment affeccs DNA methylation, its impact
cannot result from stochastic inhibition of DNA methylation/
demethylation enzymes; that could be an explanation for the
impact of toxins or food ingredients but not social exposures.
Social environments must evoke signaling pathways in the brain
and the body that are associated with organized responses. There
are several models that measure the impact of early life social
environment on behavior and other health phenotypes later in
life. Animal models could be used to test whether the impact of
early life social environment on the phenotype is mediated by
“genetic” or “epigenetic” mechanisms. Maternal behavior plays a
cardinal role in the behavioral development of mammals. Models
of maternal deprivation in primates and rodents and natural vari-
ation in maternal care in rodents were used to demonstrate the
profound impact of maternal care and “nurture” on a panel of
phenotypes in the offspring that last into adulthood.®*¢

Hippocampal glucocorticoid receptor (GR) controls the nega-
tive feedback of the HPA axis by glucocorticoids. In the rat, the
adult offspring of mothers that exhibit increased levels of pup
licking/grooming (i.e., high LG mothers) over the first week
of life show increased hippocampal (GR) expression, enhanced
glucocorticoid feedback sensitivity, decreased hypothalamic cor-
ticotrophin releasing factor (CRF) expression and more modest
HPA stress responses compared to animals reared by Low LG
mothers.*® The GR/NR3CI gene encoding the glucocorticoid
receptor (GR exon 1, promoter) exhibits differences in DNA
methylation and histone acetylation in the hippocampus of the
offspring of high and low LG mothers. Differences in epigenetic
programming in response to differences in maternal LG emerged
early in life and remained stable into adulthood illustrating how
epigenetic programming early in life could set up life-long behav-
ioral trajectories.”®
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The basic concepts of this study were repeated more recently
in several other models of early life social adversity. Exposure of
infant rats to stressed caretakers that displayed abusive behaviour
produced persisting changes in methylation of BDNF gene pro-
moter in the adult prefrontal cortex.®® Early-life stress (ELS) in
mice caused sustained DNA hypomethylation of an important
regulatory region of the arginine vasopressin (AVP) gene.®

An extremely important question is whether the results in
rodents could be translated to humans? The state of methylation
of rRNA gene promoters and GR were examined a cohort of sui-
cide victims in Quebec who were abused as children and their
control group. Ribosomal RNA (rRNA) forms the skeleton of the
ribosome, the protein synthesis machinery. Protein synthesis is
essential for building new memories and creating new synapses in
the brain. Our genome contains around 400 copies of the genes
encoding rRNA. One possible way to control the protein synthe-
sis capacity of a cell is through changing the fraction of active
rRNA alleles in a cell.” We have previously shown that the frac-
tion of rRNA genes that is active and is associated with the RNA
Poll transcription machinery is unmethylated while the fraction
that is inactive is methylated.”” Our results showed that the sui-
cide victims who experienced childhood abuse had higher overall
methylation in their rRNA genes and expressed less IRNA. This
difference in methylation was region specific: it was present in the
hippocampus and was not observed in the cerebellum. Moreover,
although significant methylation differences were observed
between the controls and the suicide victims, no sequence differ-
ences were observed. The fact that the difference in methylation
was brain-region specific and that no sequence differences were
observed further strengthens the conclusion that this difference
in methylation was driven by environmental rather than genetic
variation.®® These data point to the possibility that the effects of
early life adversity might not be limited to the usual suspects of
highly brain specific genes but that ubiquitously expressed genes
could be involved as well. Modulation of expression of ubiquitous
genes might be important in modulating brain function.

Individuals with treatmentresistant forms of major depres-
sion show decreased GR expression and increased HPA activity.
Site-specific differences in DNA methylation in the GR exon 1f
promoter and its expression were detected between suicide com-
pleters who had reported social adversity eatly in life and sui-
cide completers who did not experience social adversity early in
life.®” Differences in DNA methylation of the GR promoter were
observed also in peripheral blood cells; the GR promoter was
more methylated in lymphocytes in newborns exposed prena-
tally to maternal depression than control newborns.” This lends
support to the hypothesis that DNA methylation differences in
response to social adversity are system wide and are not limited
to brain specific regions.

Epigenetic modulation of other candidate genes was impli-
cated in suicide; the Gamma-aminobutyric acid A receptor alpha
1 subunit (GABRAI) promoter’" within the frontopolar cortex”
and Tropomyosin-related kinase B (TRKB) in the frontal cortex of
suicide completers.”® It is unknown yet whether these changes in
DNA are also associated with early life adversity.

975



Genome and System Wide Impact
of Early Life Adversity

The first studies summarized above focused on a candidate gene
approach. However, the large number of phenotypes that are asso-
ciated with early life adversity both in animals and humans sug-
gest that the impact of early adversity on the DNA methylation
pattern will be broad. Moreover, it is clear that genes don’t act
independently but through functional gene circuitries. We there-
fore reasoned that adaptation of the DNA methylation pattern
to early life adversity will be broad and that it will involve several
systems in the body (Fig. 1). We tested this hypothesis in several
studies.

First, we examined the state of DNA methylation, histone
acetylation and gene expression in a 7 million base pair region of
chromosome 18 containing the glucocorticoid receptor gene in the
hippocampus of adult rats and showed that natural variations in
maternal care in the rat are associated with coordinate changes
in DNA methylation, chromatin and gene expression spanning
over a hundred kilobase pairs. Interestingly, a chromosomal
region containing a cluster of the PROTOCADHERIN a, -3 and
-y (Pcdh) gene families implicated in synaptogenesis show the
highest differential response to maternal care. The entire clus-
ter reveals epigenetic and transcriptional changes in response to
maternal care. These studies suggest that the DNA methylation
response to early life maternal care is coordinated in clusters that
cover broad areas in the genome and that the epigenetic response
to early life maternal care involves not only single candidate gene
promoters but includes transcriptional and intragenic sequences,
as well as those residing distantly from transcription start sites
and regions containing non-coding RNAs.”

Second, we showed that a similar pattern of response to child-
hood abuse is associated with DNA methylation differences
throughout the genomic region spanning the six and a half mil-
lion base-pair region centered at the NR3CI gene in the hip-
pocampus of adult humans. The DNA methylation differences
associated with child abuse bear a striking resemblance to DNA
methylation differences between adult offspring of high and low
maternal care rats. This provides evidence for an analogous cross-
species epigenetic and transcriptional response to early life envi-
ronment (Suderman et al. submitted 2011).

Third, we tested whether the response to early life adversity is
system wide and includes T cells as well as the brain by examin-
ing in parallel the impact of differential maternal rearing in a
rhesus model of maternal deprivation. We examined the impact
of depriving maternal care on DNA methylation in the prefron-
tal cortex and T cells. Our results show that similar to the rat
and human the changes associated with differences in rearing
are widespread in the genome and that they are not limited to
the brain and occur in T cells as well. Although the vast major-
ity of DNA methylation changes that associate with rearing are
different in T cells and prefrontal cortex, some similarities were
detected. This data is consistent with the hypothesis that the
response to early life adversity is genome wide and system wide,
that multiple tissues respond to adversity early in life including
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immune cells found in circulating blood. Since changes in DNA
methylation associated with maternal rearing were detected in T
cells, it might be possible to perform population DNA methyla-
tion studies of behavior examining either whole blood or T cells.
We have initiated a study of the impact of socioeconomic posi-
tioning on DNA methylation that examined blood DNA from
the British birth cohort of 1958. This study detected a signature
of DNA methylation that is associated with early life adversity
(Borghol et. al. unpublished).

Two studies have recently demonstrated that epigenetic effects
associated with behavioral adversity could be detected in blood
cells. First, Pituitary adenylate cyclase-activating polypeptide
(PACAP), a protein known to be involved in stress response in
the pituitary was found to be differentially methylated in periph-
eral blood cells in humans with post traumatic stress syndrome.”
Second, telomere lengths differences were identified between
orphans in the Bucharest Early Intervention Project who were
placed under high quality foster care compared with those sub-
jected to continued care in institutions.”® This study demon-
strates that the effects of early life adversity could be molecularly
detected in blood. These studies are encouraging since they point
to the possibility that a DNA methylation response to early life
adversity could be detected in peripheral blood cells.

The fact that changes in methylation of a gene relating to
pituitary function is detected in peripheral blood cells is seem-
ingly surprising. There is no question that DNA is differentially
methylated in different tissues; therefore, responses to adversity
that involve behavior would be expected to be limited to spe-
cific brain regions. Our preliminary data suggests that indeed
this is the case; several differentially methylated regions asso-
ciated with behavior are limited to specific brain regions. For
example, changes in DNA methylation associated with early
life child adversity in humans were found in the hippocampus
but not in the cerebellum.®® However, this does not necessarily
exclude the possibility that the response of the DNA methyla-
tion pattern to social adversity is system wide and affects several
interacting physiological functions; specific genes will be differ-
entially methylated in different tissues in a manner that is con-
sistent with a system-wide response to adversity. For example,
the relationship between stress and the immune system is well
established. In this case, changes in DNA methylation that are
detected in the periphery might be more than surrogate mark-
ers of changes in DNA methylation in the brain. The DNA
methylation alterations might also teach us the intricate physio-
logical adaptations and body-wide interrelationships involved in
the response to early life social adversity. However, it is possible
that in addition to changes in DNA methylation in response
to adversity that are specific to distinct tissues, some genes will
respond similarly in brain and peripheral tissues if they encode
common functions in response to adversity in both the brain
and periphery. As discussed above, a long line of data have
established that the physiological response to early life socio-
economic adversity is not limited to the brain.'*”””8 There is no
reason therefore to believe that DNA methylation changes in
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response to adversity should not occur in the periphery as well

as the brain.

Summary

extend the potential role of DNA methylation beyond the “clas-

sic” highly programmed and innate processes of embryonal

development into a genome adaptation mechanism after birth

and throughout life.

Although our understanding of the mechanisms linking exter-

nal environmental signals and DNA methylation are rudimen-
tary, few studies suggest a potential conduit between the external
environment and a directed modulation of the DNA methylation
pattern in neurons. Such a mechanism could be at the foundation
of the manner by which experience shapes human development
early in life and modulates it throughout life. These mechanisms
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