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Abstract

Stress is a major contributor to anxiety and mood disorders. The recent discovery of epigenetic
changes in the brain resulting from stress has enhanced our understanding of the mechanism by
which stress is able to promote these disorders. Although epigenetics encompasses chemical
modifications that occur at both DNA and histones, much attention has been focused on stress-
induced DNA methylation changes on behavior. Here, we review the effect of stress-induced DNA
methylation changes on physiological mechanisms that govern behavior and cognition,
dysregulation of which can be harmful to mental health. A literature review was performed in the
areas of DNA methylation, stress, and their impact on the brain and psychiatric illness. Key
findings center on genes involved in the hypothalamic-pituitary-adrenal axis, neurotransmission
and neuroplasticity. Using animal models of different stress paradigms and clinical studies, we
detail how DNA methylation changes to these genes can alter physiological mechanisms that
influence behavior. Appropriate levels of gene expression in the brain play an important role in
mental health. This dynamic control can be disrupted by stress-induced changes to DNA
methylation patterns. Advancement in other areas of epigenetics, such as histone modifications
and the discovery of the novel DNA epigenetic mark, 5-hydroxymethylcytosine, could provide
additional avenues to consider when determining the epigenetic effects of stress on the brain.
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INTRODUCTION

Environmental stressors are challenging events that result in a cascade of physiological
changes. They have been observed to influence behavior and cognition in a variety of ways.
While the focus of this review is on the negative outcomes that can result from maladaptive
responses to stressors, there are some stressors that have been shown to have positive
outcomes. For example, in one study, monkeys exposed to intermittent periods of moderate
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stress during early development—removal from their social group and exposure to unfamiliar
adult monkeys—demonstrated diminished anxiety in later life in two experimental paradigms
compared with controls (Parker et al., 2004). Another example from rodent studies includes
one on adult rats exposed to predictable mild stressors. These animals had significantly
better spatial memory performance as determined by Morris water maze and improved novel
object ability as compared to control rats (Parihar et al., 2011). In addition to cognitive
improvements, these stressed rats also displayed reduced depression-like behavior on the
forced swim test and reduced anxiety behavior assessed by elevated plus maze. These
changes were accompanied by cellular changes in their brains, such as increased
neurogenesis and enhanced dendritic growth of newly born neurons. In humans, there are
also examples of stressors inducing positive outcomes. For example, in a clinical study
where healthy male subjects were transiently exposed to an acute stressor in the form of a
cold pressure test procedure (i.e., exposure of their dominant hand to ice), stressed subjects
showed a higher rate of acquisition of pavlovian conditioning in the form of trace eye
blinking conditioning. In addition, these subjects also displayed improved spatial memory as
determined by a virtual navigation Morris water task (Duncko et al., 2007).

In contrast to the positive outcomes that result from milder stressors, maladaptive changes
result from others—often more severe and/or chronic—increase the risk of mood disorders
such as major depressive disorder (MDD)(Kessler and Magee, 1994; Kendler et al., 1999;
Rojo-Moreno et al., 2002). Supporting this idea, a twin study revealed that stressful life
events substantially contribute to the onset of major depressive episodes over a 12-month
period (Kendler et al., 1999). This was similarly observed in independent studies where
chronic stressors and severity were significantly associated with the onset of major
depressive episodes (Rojo-Moreno et al., 2002; Hammen et al., 2009). Likewise, early life
stressors have been observed to increase the risk of MDD and its recurrence when stressors
are present in later life (Kessler and Magee, 1994; Hazel et al., 2008). The effects of these
stressors may be mediated by epigenetic modifications such as DNA methylation, which can
dysregulate physiological processes important to behavior and cognition, including the
hypothalamic-pituitary-adrenal axis, neurotransmission, and neuroplasticity. In this review,
we will focus on the effects of stressors on DNA methylation change in the brain and how
such changes can in some instances dysregulate physiological processes involved in
behavior and cognition. To this end, we will first provide an overview of DNA methylation
and its role in regulating gene expression. We will then proceed to discuss how DNA
methylation changes influenced by stressors can affect these physiological mechanisms, and
lead to behavioral changes.

Gene Expression Must be Appropriately Regulated for Mental Health and Cognition

Mounting evidence indicates that appropriate gene expression is required for mental health.
An example that highlights this idea is the effect of altered brain derived neurotrophic factor
(BDNF) expression levels on mental health. BDNF is a neurotrophin whose expression
regulates behavior and cognition. In animal studies, over and under expression of BDNF in
the hippocampus and prefrontal cortex results in depression-like behavior and cognitive
impairment (Cunha et al., 2009; Sakata et al., 2010; Taliaz et al., 2010). Similarly,
postmortem and clinical studies have revealed reduced BDNF expression in the brain and

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2016 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hing et al. Page 3

peripheral blood of suicide completers and patients with mood disorders, suggesting that
reduction in BDNF expression may contribute to these phenotypes (Dwivedi et al., 2003;
Cunha et al., 2006; Kim et al., 2007; Thompson Ray et al., 2011). Altered expression of
other genes expressed in the brain, which include -y-aminobutyric acid and serotonin
transporter, have also been observed to affect behavior (Lee et al., 2007; Luscher et al.,
2011). Together, these studies underscore that altered levels of gene expression in the brain
can have a negative impact on behavior. A major avenue by which stress can induce changes
to gene expression levels is by altering DNA methylation patterns.

DNA Methylation Occurs in CpG and Non-CpG Contexts

DNA methylation is an epigenetic process whereby a methyl group is added to nucleotides
of DNA without any alterations to DNA sequence. In mammalian cells, this process
predominantly occurs on cytosine in a cytosine-guanine dinucleotide (CpG) context.
Methylation of cytosine in a non-CpG context such as CH, where H can be adenosine,
thymine or cytosine, has also been reported and is observed in significant proportions (~15%
of methylated cytosines) in embryonic stem cells (Ramsahoye et al., 2000; Lister et al.,
2011; Ziller et al., 2011) and frontal cortex of mice (~30% of methylated cytosines) (Xie et
al., 2012). In contrast, a smaller proportion of methylated cytosine in the non-CpG context
(~<5% of methylated cytosines) has been reported in other mammalian somatic tissues, such
as fibroblasts, kidney, liver, spleen and lung (Ramsahoye et al., 2000; Ziller et al., 2011).
Although the significance of methylation in the non-CpG context is yet to be fully
understood, DNA methylation in the CpG context has been extensively studied and is well
documented in a variety of biological paradigms.

DNA Methylation at CpG Dinucleotides Regulates Gene Expression

While much early study of CpG methylation focused on CpG islands, more recent studies
have highlighted other regions with fanciful nomenclature. CpG islands are genomic regions
with a high frequency of CpG dinucleotides (Gardiner-Garden and Frommer, 1987; Takai
and Jones, 2002). These regions are typically present in genic regions and are commonly
associated with promoters (loshikhes and Zhang, 2000). Indeed, CpG islands have been
successfully used as a landmark to identify previously uncharacterized promoters
(Ilingworth and Bird, 2009). The other CpG regions have a lower CG content and have been
identified by their distance from CpG islands. CpG shores are regions within 2 kb of CpG
islands (Irizarry et al., 2009), while CpG shelves are regions within 2—4 kb (Rechache et al.,
2012) from CpG islands. CpG open seas are regions beyond 4 kb of CpG islands (Sandoval
etal., 2011). Although CpG islands are commonly targeted in DNA methylation studies,
recent genome-wide DNA methylation investigations have reported a significant proportion
of DNA methylation changes occurring in the non-CpG islands underscoring their functional
importance (Irizarry et al., 2009; Lee et al., 2011). For example, in a genome-wide DNA
methylation study by Irizarry et al. [2009] differentially methylated regions between
different normal tissues and cancer tissues were observed to occur predominantly in CpG
shores compared to CpG islands (Irizarry et al., 2009). This is similarly observed in other
studies where differentially methylated regions in CpG shores, shelves and open-sea can
occupy up to about 75% of differentially methylated regions cumulatively when compared
between normal tissue and cancer tissue (Sandoval et al., 2011; Rechache et al., 2012).
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These studies suggest that DNA methylation in the CpG context may play an important role
in establishing different cellular phenotypes. This is due to the ability of DNA methylation
to regulate gene expression by regulating accessibility of transcription factors to their
binding sites and influencing chromatin structure (Watt and Molloy, 1988; Iguchi-Ariga and
Schaffner, 1989; Cedar and Bergman, 2009). Indeed, genome-wide DNA methylation
studies using normal tissues and cancer tissues have negatively correlated DNA methylation
at promoters with gene expression level (Irizarry et al., 2009; Bell et al., 2011; Dudziec et
al., 2012). Methylation at CpG shores has however been observed to promote alternative
transcription. For example, ~70% of differentially methylated regions, identified from
different tissue types and between colon cancer and normal mucosa tissue, are present within
500 bp of alternative promoters coinciding with their alternative mRNA transcripts (Irizarry
et al., 2009). This suggests that differential methylation of alternative promoters can regulate
alternative transcription. These studies highlight the effect of DNA methylation pattern on
gene expression.

For DNA methylation patterns to be induced and sustained, they require the function of a
group of catalytic proteins called DNA methyltransferases (DNMTs). DNMTSs are catalytic
enzymes that transfer a methyl group from S-adenosyl methionine to DNA. Presently,
DNMT1 and DNMT 3A, DNMT 3B and DNMT 3L are known to play a key role in
maintaining and promoting de novo methylation of CpG dinucleotides (Okano et al., 1999;
Li, 2002). In addition to DNA methylation, DNA demethylation also plays an equally
important role in regulating phenotypes. DNA demethylation is a process whereby the
methyl group on cytosine nucleotides is lost or removed. This process can be mediated by
either a passive loss of DNA methylation signal through cell division or active DNA
demethylation by enzymatic mediators (Bhutani et al., 2011; Branco et al., 2012).
Importantly, reduction in DNA methylation can have an impact on phenotype by increasing
gene expression level. For example, maternal separation stress of mice neonates reduced
DNA methylation at the regulatory region of the arginine vasopressin (AVP) gene increasing
its expression in the paraventricular nucleus. This resulted in hyperactivity of the
hypothalamic-pituitary-adrenal (HPA) axis resulting in mice with a memory deficit in an
inhibitory avoidance task and increased immobility in the forced swim test, which is thought
to be a measurement of depression-like behavior (Murgatroyd et al., 2009). These studies
demonstrate that changes to DNA methylation patterns can affect the phenotype of
organisms through changes in gene expression levels.

Environmental Pressures Induce DNA Methylation

Environmental signals play a significant role in regulating phenotypes of organisms
mediated through changes in DNA methylation pattern. This was first observed in an elegant
experiment where ectopic expression of the agouti gene, placed under the control of the
murine retro-transposon intracisternal A particle (IAP) cryptic promoter, could be repressed
by maternal diet of methyl supplements which increased DNA methylation at the IAP
promoter. This resulted in mice offspring with a black fur coat and a non-obese phenotype as
opposed to mice with yellow coat color and an obese phenotype (Wolff et al., 1998). Since
this study, many other studies have also observed the effect of environmentally induced
DNA methylation on animal phenotypes (Meaney and Szyf, 2005). Interestingly,
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environmentally induced DNA methylation patterns can persist over a prolonged period of
time and can at least in some cases be transmitted to the next generation. Humans exposed to
famine at the time of their conception showed decreased DNA methylation at the promoter
of candidate imprinted genes for cardiovascular and metabolic disease, such as /GFZ2, GNAS
and MEG3, six decades after the event (Heijmans et al., 2008; Tobi et al., 2009). Similarly,
in a separate study, F1 and F2 mice whose paternal FO ancestors had been exposed to odor
potentiated startle using acetophenone, displayed enhanced behavioral sensitivity to
acetophenone compared to F1 and F2 mice whose paternal FO ancestors were not exposed to
this treatment. Importantly, a reduced DNA methylation level at the M71 odorant receptor
gene (OIfr151), which is a receptor activated by acetophenone, was observed from the sperm
of FO exposed to acetophenone and the sperm of its F1 progeny compared to that of FO and
F1 mice unexposed to acetophenone. This appears to be a striking transgenerational effect of
the environment on DNA methylation (Dias and Ressler, 2014). There are also several
examples in mice of transgenerational inheritance of these patterns. In the agouti mouse
model, when the mother has the agouti phenotype, her offspring are more likely to have it
(Morgan et al., 1999). Similarly, in another mouse model, axin fused mice, a kinked tail is
seen when there is less methylation at a retrotransposon. Epigenetic inheritance has been
reported both through maternal and paternal transmission (Rakyan et al., 2003). These
studies highlight that environmental pressures might have a long-term effect on health
through persistence of DNA methylation patterns.

Stress Mediates Changes to DNA Methylation Pattern of Genes Involved in the HPA Axis

Stress is a consequence of physical or psychological insults that activate physiological
mechanisms to cope with the challenging event. A key mechanism involved in this process is
the activation of the HPA axis. The HPA axis is a neuroendocrine system that mediates stress
adaptation through metabolic and behavioral changes. In the presence of stress, the
parvocellular neurons of the paraventricular nucleus (PVN) in the hypothalamus are
activated, secreting hormones, such as corticotrophin releasing factor (CRF), arginine
vasopressin (AVP) and oxytocin, which target the anterior pituitary. The activated anterior
pituitary gland subsequently secretes adrenocorticotrophin hormone (ACTH), which targets
the adrenal cortex resulting in secretion of a number of stress hormones including
epinephrine, norepinephrine and glucocorticoid (cortisol in humans and corticosterone in
rodents). These hormones mediate a host of physiological changes including increased heart
rate, blood pressure and gluconeogenesis to prepare the body to engage in the “fight or
flight” response to immediate threats. To maintain homeostatic control of the HPA axis,
elevated blood levels of glucocorticoids activate the glucocorticoid receptor, which
downregulates HPA axis activity by suppressing the expression of genes involved in HPA
axis activation. This negative feedback mechanism is important in maintaining mental health
as prolonged elevated HPA activation can increase the likelihood of psychiatric disorders
such as mood disorders. Indeed, sustained HPA activation by chronic stress paradigms or
chronic exposure to exogenous glucocorticoid results in anxiety and depression-like
behavior in rodents (Ardayfio and Kim, 2006; Keeney et al., 2006; Murray et al., 2008).
Similarly, in humans, an overactive HPA axis has also been observed in subjects with mood
disorders like MDD (Watson et al., 2004, 2009). One way in which this negative feedback
mechanism can be disrupted is by exposure to severe stressors.
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Stressful events can negatively affect behavior and promote increased risk for psychiatric
disorders. These stressors—often early-life, severe and/or chronic—have been associated
with increased risk for the onset of major depression and bipolar mood symptoms in clinical
studies (Ellicott et al., 1990; Daley et al., 2000; Levitan et al., 2003; Dienes et al., 2006;
Johnson et al., 2008; Hammen et al., 2009). In vivo rodent models of stressors have also
displayed anxiety and depression-like symptoms (Murgatroyd et al., 2009; Elliott et al.,
2010). Stressors can affect behavior by altering the expression level of genes involved in the
HPA axis through changes in their DNA methylation pattern. For example, mice exposed to
maternal separation during their first 10 days of life had sustained reductions in DNA
methylation levels in the distal promoter region of the pro-opiomelanocortin gene, which
encodes the precursor of the adrenocorticotropic hormone (Wu et al., 2014). This resulted in
sustained elevation of the adrenocorticotropic hormone mRNA and protein expression
observed in the pituitary and plasma respectively (Wu et al., 2014). Furthermore, other
studies where rodents were exposed to early life stressors in the form of maternal
deprivation or chronic social defeat stress they displayed memory deficits in inhibitory
avoidance, anxiety and depression-like symptoms (Murgatroyd et al., 2009; Elliott et al.,
2010). These animals had reduced DNA methylation at the transcription enhancer region of
the AVP gene and the promoter region of the CRF gene resulting in increased expression of
AVPand CRFin the hypothalamus (Murgatroyd et al., 2009; Elliott et al., 2010; Chen et al.,
2012). This resulted in elevated corticosterone levels reflecting hyperactivity of the HPA axis
(Murgatroyd et al., 2009; Chen et al., 2012). In addition to heightening HPA axis activity,
excessive stress can also prolong elevated HPA activity by dysregulating the expression of
genes involved in the negative feedback mechanism. One such gene is FKBP5, which
encodes FK506-Binding Protein-5.

FKBPS5 is a co-chaperone protein that regulates the activity of the glucocorticoid receptor
(GR). It forms a complex with inactive GR to lower GR affinity for glucocorticoids and also
reduce overall GR signaling by reducing GR presence in the cytoplasm through nuclear
translocation (Binder, 2009). As such, altering FKBP5 expression can have physiological
and behavioral consequences. A previous study has shown that single nucleotide
polymorphisms in the FKBP5 locus, known to alter FKBP5 expression level and impair
HPA axis negative feedback, can predict increased dorsal amygdala activity in teenagers
who experienced childhood emotional neglect (White et al., 2012). Similarly, depressed
subjects who express higher FKBP5 experience twice as many depressive episodes as their
depressed counterparts who have lower FKBP5 expression (Binder et al., 2004).
Furthermore, post-traumatic stress disorder (PTSD) subjects who possessed the risk “T”
allele of rs1360780, which elevates FKBP5 expression, were at greater risk of developing
lifetime PTSD than their counterparts who had the protective “C” allele, when exposed to
childhood adversity (Klengel et al., 2013). Similar to the effect of genotype, glucocorticoid
hormone and stress can elevate FKBP5 expression by altering DNA methylation patterns at
the FKBP5 locus (Fig. 1) (Lee et al., 2010). Childhood adversity has been observed to
decrease DNA methylation at a regulatory element in intron 7 of FKBP5, increasing FKBP5
expression in response to GR signaling, thus dampening the negative feedback mechanism
of the HPA axis (Fig. 1)(Klengel et al., 2013).
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In addition to FKBPS, stress can also disrupt suppression of HPA axis activity by altering
DNA methylation at the promoter of the GR gene, NR3CJ1. Previous studies have shown that
altered gene expression levels of GR can affect behavior. Rodents with artificially reduced
expression levels of GR in the cortico-limbic system displayed depression-like behavior due
to impaired inhibition of the HPA axis determined by the dexamethasone suppression test
(Boyle et al., 2005; Ridder et al., 2005). This test uses the synthetic glucocorticoid
dexamethasone to evaluate the negative feedback response of the HPA axis to suppress
endogenous glucocorticoid levels. Impairment in hippocampal repression may play a role in
this phenomenon since the hippocampus is known to be involved in the negative feedback
regulation of the HPA axis (Brown et al., 1999; Jankord and Herman, 2008). Indeed, acute
exposure of the dentate gyrus of the hippocampus to glucocorticoid repressed HPA axis
activity, while chronic exposure to glucocorticoid reduced GR expression in the
hippocampus and increased HPA activity (Zhu et al., 2014). In contrast to studies that
artificially reduced GR expression, overexpression of GR enhanced the HPA axis negative
feedback system, reducing a depression-like phenotype (Ridder et al., 2005). Along the lines
of these animal studies, excessive stress has been suggested to disrupt HPA axis suppression
by increasing DNA methylation at the NR3CI promoter to reduce GR expression. In support
of this, post-mortem brain tissues from suicide subjects and blood samples from mood
disorder patients showed that childhood abuse increased DNA methylation at the NR3C1
promoter corresponding with reduced GR expression (McGowan et al., 2009; Perroud et al.,
2011). Together, these studies underscore how excessive stressors can dysregulate the HPA
axis through changes in DNA methylation patterns. Although the HPA axis plays an
important role in moderating the stress response, disruption of other physiological processes
such as neurotransmission can equally be disruptive to behavior.

DNA Methylation of the Serotonin Transporter Gene Affects Behavior

Severe stressors can negatively affect behavior by altering the expression of genes involved
in neurotransmission through changes to DNA methylation patterns. This is exemplified in
the heavily studied serotonin transporter gene, SL C6A4. This gene is known to regulate the
availability of serotonin in the synaptic cleft enabling it to moderate aspects of emotional
behavior. Changes in its expression by alteration of its DNA methylation pattern have been
shown to be disruptive to normal behavior. For example, childhood abuse has been shown to
increase DNA methylation at the SLC6A4 promoter resulting in lowered SLC6A4 mRNA
expression (Philibert et al., 2008; Beach et al., 2010; Kang et al., 2013a). The degree of
DNA methylation at this promoter in depressed patients who suffered childhood abuse
predicted lower quality of life, lower social and occupational functioning and a higher level
of disability (Kang et al., 2013a). Likewise in animal studies, monkeys exposed to early life
stress in the form of variable foraging demand, which strains the mother-infant relationship,
showed enhanced reactivity to high intensity stressors with increased DNA methylation at
the SLC6A4 locus (Kinnally et al., 2011). Apart from severe early life stressors, chronic
stressors can also affect behavior through changes in SL.C6A4 promoter DNA methylation.
An investigation into the effect of chronic work stressors on a nurse cohort showed that
increased DNA methylation at the promoter region of SLC6A4 was associated with a higher
level of burnout (Alasaari et al., 2012). These studies are in line with clinical studies that
have linked reduced expression of SLC6A4, by its promoter length polymorphism, with
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elevated stress reactivity (Miller et al., 2013) and with depression (Caspi et al., 2003; Karg et
al., 2011; Nietzer et al., 2011; Kenna et al., 2012), though the latter point remains unsettled
(Risch et al., 2009; Culverhouse et al., 2013).

Although these findings may seem at odds with the observation that reducing serotonin
transporter activity with antidepressants ameliorates anxiety and depression symptoms, this
contradiction could be resolved by the suggestion that reduction in serotonin transporter
expression resulting from stress may result in heightened activation of the amygdala. This
activation could contribute to the anxiety phenotype. Indeed, anxiety prone subjects have
higher amygdala activation compared to healthy controls in emotional processing (Stein et
al., 2007). Importantly, the level of serotonin transporter expression can influence amygdala
activity and amygdaloid neuron morphology. Individuals who express low levels of
serotonin transporter have been observed to exhibit higher amygdala activity than those who
express higher levels (Hariri et al., 2002; Heinz et al., 2005). Similarly, artificially reducing
serotonin transporter expression by knocking out the SLC6A4 gene in mice resulted in
increased amygdaloid neuronal spine density which is presumed to be a morphological
manifestation of enhanced synaptic connectivity and activity of the amygdala (Nietzer et al.,
2011). These mice also display an anxiety-like phenotype (Line et al., 2011). These studies
therefore suggest that stress may promote anxiety behavior by increasing amygdala activity
through increased DNA methylation of the SL.C6A4 gene. Further studies are required to
validate this hypothesis. Besides neurotransmission, stress can also affect cognition and
behavior by altering DNA methylation patterns of genes involved in neuroplasticity.

Neuroplasticity can be Impaired by Stress-Induced DNA Methylation Changes to the BDNF

Locus

Neuroplasticity is a process that provides cellular adaptation to environmental signals. A
gene recognized as a major player in neuroplasticity is the brain derived neurotrophic factor
(BDNF). BDNF is a neurotrophin that is highly expressed in the central nervous system and
mediates a number of cellular changes to facilitate brain adaptation to environmental signals.
These cellular changes include synaptic plasticity (Cunha et al., 2010), arborization of
neurites (Cunha et al., 2010), neurogenesis (Taliaz et al., 2010) and GABAergic neuron
development and maturation (Kohara, 2003; Kohara et al., 2007; Sakata et al., 2009). The
disruption of these processes have been observed to impair cognition and precipitate anxiety
and depression-like behavior in rodents (Nutan and Meti, 2000; Dupret et al., 2008; Revest
et al., 2009; Madrofial et al., 2010; Sakata et al., 2010).

Since BDNF regulates these neuroplasticity processes, changes to its expression by stress-
induced DNA methylation patterns can have an impact on behavior. In a study where rat
infants were exposed to early life stress in the form of maternal maltreatment, stressed rats
exhibited anxiety behavior and showed reduced BanfmRNA expression in the prefrontal
cortex corresponding to increased DNA methylation at promoter IV and XI compared to
control rats (Roth et al., 2009). Similarly in a separate study, rats exposed to chronic stress in
the form of chronic inescapable cat exposure showed reduced levels of Banfexon IV
transcript in the dorsal dentate gyrus and dorsal CA1 corresponding to increased DNA
methylation at BONF promoter IV at these brain regions. DNA methylation changes were
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however absent in ventral dentate gyrus and ventral CA1 (Roth et al., 2011) (Fig. 2). This
study highlights the tissue specificity of stress-induced DNA methylation changes,
suggesting that tissue heterogeneity may potentially mask changes, making them difficult to
detect. In line with this idea, a separate study that investigated the effect of chronic social
defeat stress in whole hippocampus of mice did not observe any DNA methylation
differences in Badnfbetween stressed and control mice (Tsankova et al., 2006).

In addition to animal studies, clinical studies have also linked the effect of BONFDNA
methylation patterns to psychiatric phenotypes. For example, increased DNA methylation in
BDNF promoter IV was observed in post-mortem brain and in peripheral blood of suicidal
subjects compared to non-suicidal controls (Keller et al., 2010; Kang et al., 2013b). This was
also observed to be a predictor of suicidal ideation and history of previous suicide attempts
(Kang et al., 2013b). Similarly, in a separate study, patients with MDD and bipolar Il
disorder had increased DNA methylation in BONF promoter | in peripheral blood
(Fuchikami et al., 2011; D’ Addario et al., 2012). These clinical studies suggest that changes
to the DNA methylation pattern at the BONF locus may influence mood and suicidality
phenotypes. Taken together, studies in rodents and patients highlight the possibility that
altered BDNFDNA methylation patterns might negatively impact behavior.

Genome-Wide Approaches may Uncover Unexpected Mechanisms Through Which
Epigenetic Changes can Mediate the Influence of Stress on Anxiety and Depression

Although the above-mentioned studies have successfully used locus-specific assays to
identify regions where DNA methylation changes occur, this approach limits the scope of
genes that can be investigated. A genome-wide approach is required to determine the extent
to which stress affects DNA methylation patterns more broadly. The success of such an
approach has been reported in recent studies that have not only uncovered novel genes
affected by stress but have also unveiled gene networks altered by stress which may
contribute to mood disorders (Fig. 3)(Labonte et al., 2012; Mehta et al., 2013; Provencal et
al., 2012; Sabunciyan et al., 2012).

Currently, a few different approaches are available to study genome-wide DNA methylation.
These approaches rely on either protein-affinity enrichment of DNA methylated regions,
bisulfite conversion or methylated cytosine-sensitive restriction enzymes. They are typically
used in conjunction with microarray or next-generation sequencing platforms. Although
widely used, these methods suffer from several limitations. For example, protein affinity-
based enrichment of methylated cytosine has been reported to enrich for low CpG density
regions and does not provide base-pair resolution of methylated cytosines (Harris et al.,
2010; Nair et al., 2011). In contrast, methods using methylated cytosine-sensitive restriction
enzymes can provide base-pair resolution, but enrich for CpG dense regions (Harris et al.,
2010). Although these two approaches can be used complementarily, limited starting
material and increased cost of sequencing and microarray may be prohibitive. An alternative
unbiased method to detect methylated CpG at a base-pair resolution is whole-genome
bisulfite sequencing. However, this approach requires increased sequencing costs to provide
adequate sequencing depth. Due to these limitations, a method that provides cost-effective
detection of CpG methylation at base-pair resolution without bias of CpG dense and poor

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2016 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hing et al. Page 10

regions would be advantageous to the study of the genome-wide DNA methylation pattern.
This can be satisfied using genome-wide targeted capture technology.

The genome-wide targeted capture approach relies on DNA or RNA sequence baits to enrich
for candidate regions which can be interrogated by next-generation sequencing. This
approach has been widely used in exome sequencing studies (Girotto et al., 2013; Madhavan
et al., 2013) and has more recently been adapted to investigate DNA methylation at base-pair
resolution through the use of bisulfite conversion (Wang et al., 2011; Ivanov et al., 2013). As
baits can be designed against regions of interest, this eliminates any bias for CpG dense and
poor regions while enabling sequencing reactions to be focused on candidate regions of
interest improving yield per sequencing cost. Due to these benefits, we are currently using
this approach in an ongoing study to investigate the effects of stress on DNA methylation in
mice that have been exposed to chronic social defeat stress.

Some Mood Disorder Medications can Mediate DNA Methylation Changes in the Brain

As we have discussed in preceding section, some forms of stressors, such as childhood
abuse, can induce maladaptive epigenetic changes. In this section, we explore whether it is
possible that therapeutic treatments which are able to reverse these changes might alleviate
symptoms of mood disorders. Supporting this possibility, a recent study where rats were
treated with the DNMT inhibitor 5-aza-2"-deoxycytidine showed reduced depression-like
behavior determined by reduced immobility in the forced swim test (Sales et al., 2011). This
corresponded to reduced global DNA methylation level and increased BDONF expression in
the hippocampus (Sales et al., 2011). Psychiatric medications such as valproate, used to treat
mood disorders, as well as the antidepressants, such as escitalopram and imipramine, have
also been shown to induce DNA methylation changes in rodent brain (Dong et al., 2010;
Elliott et al., 2010; Melas et al., 2012). Furthermore, the most effective treatment for
depression, electroconvulsive treatment, was shown to cause demethylation of DNA in the
dentate gyrus of the hippocampus in growth factors that have been implicated in regulating
adult neurogenesis (Ma et al., 2009). It remains a possibility that the epigenetic changes
observed in these treatment studies are epiphenomena. However, these studies do raise the
question of whether novel therapeutics might be developed that would be aimed at reversing
stress-induced epigenetic changes associated with anxiety and mood disorders. Such
interventions have recently been suggested in epilepsy (Williams-Karnesky et al., 2013).
Currently, four medications are FDA-approved that target epigenetic changes to treat cancer
(Ho et al., 2013).

DISCUSSION

In this review, we have highlighted how changes to DNA methylation patterns induced by
stress can affect behavior by disrupting key physiological mechanisms that govern brain
function. Although these mechanisms have been discussed separately, they do not function
independently, but rather interact to influence each other’s function. For instance, elevated
CRF and corticosterone levels in mice, which reflect heightened HPA axis activity, have
been observed to reduce BDNF expression in the hippocampus, which can impair cellular
adaptation by neuroplasticity (Table I) (Murakami et al., 2005; Flandreau et al., 2012).
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Conversely, stress-mediated increase of BDNF in the PVN may promote elevated HPA axis
activity (Givalois et al., 2004; Flandreau et al., 2012). In addition to the cross-talk between
BDNF and the HPA axis, studies have reported that BDNF and serotonin can regulate each
other’s expression and function. For example, brain exposure to BDNF has been shown to
increase sprouting of serotonergic axons (Mamounas et al., 1995), increase rate of 5SHT
synthesis by increasing expression of tryptophan hydroxylase (Mamounas et al., 1995), and
increase activity-mediated release of SHT (Goggi et al., 2002). Similarly, inhibiting 5SHT
transporter function by the use of selective serotonin reuptake inhibitors has been observed
to increase BDNF expression (De Foubert et al., 2004; Wolkowitz et al., 2011).

In addition to DNA methylation, other epigenetic modifications are equally important in
regulating expression of genes involved in brain function. Indeed, a chronic inescapable
stress study showed that changes to BDNF exon IV expression in the ventral CAl of the
hippocampus was not accompanied by increased DNA methylation at BDNF promoter 1V,
highlighting the involvement of additional epigenetic mechanisms involved in regulating this
promoter in chronic stress (Roth et al., 2011). One such mechanism known to be regulated
by stress is histone modification. This mechanism mediates transfer of chemical groups,
such as acetyl and methyl groups, onto amino acid residues on histones to regulate the
permisssiveness of chromatin structure to transcription. Stress has been observed to induce
histone modifications that influence behavior. In a chronic social defeat stress study,
increased methylation of lysine residue 27 of histone 3, a transcription repressive histone
mark, at the Banfpromoter reduced Badnfexpression in mouse hippocampus resulting in
anxiety behavior. No changes to DNA methylation patterns were observed in this study
(Tsankova et al., 2006).

There are several new directions that might prove fruitful for the field going forward. First,
very recently, stress has been found to induce changes to a novel epigenetic mark, 5-
hydroxymethylcytosine (5hmC), that affect behavior. 5hmC is thought to be an intermediate
metabolic product of oxidized methylated cytosine and has been observed to alleviate
transcriptional repression mediated by 5-methylcytosines (Branco et al., 2012). 5hmC is
currently known to be involved in regulating mammalian brain development and
physiological mechanisms such as neurogenesis (Hahn et al., 2013; Lister et al., 2013).
Alteration to 5hmC patterns has been suggested to contribute to diseases such as cancer
(Pfeifer et al., 2013). Although the involvement of 5hmC in stress in currently unknown, this
epigenetic mark is known to regulate gene expression (Lister et al., 2013). Future studies
should incorporate methods to distinguish 5mC from 5hmC, such as Tet-assisted bisulfite
sequencing (TAB-seq) or oxidative bisulfite-sequencing (oxo-seq)(Yu et al., 2012; Booth et
al., 2013). Description of these techniques has been extensively discussed elsewhere (Nestor
etal., 2014).

A second future direction involves the study of non-CpG methylation in the stressed brain.
Previous studies have provided correlative evidence to suggest that non-CpG methylation
may regulate gene expression. For example, depletion of non-CpG methylation was
previously observed in the embryonic stem cell line H1, but not in the fibroblast cell line
IMR90 at enhancers specific for H1 (Lister et al., 2009). Non-CpG methylation at promoters
of imprinted genes have also been negatively correlated with gene expression in mouse
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prefrontal cortex (Xie et al., 2012). This was similarly observed in a separate study where
mouse and human brain showed depleted non-CpG methylation in expressed genes with
genic non-CpG methylation inversely proportional to the abundance of the associated
transcripts (Lister et al., 2013). In line with these studies, a recent investigation by Gou et al.
provided direct molecular evidence to show that non-CpG methylation affects gene
expression. Using a reporter gene assay, cells transfected with plasmids containing non-CpG
methylation were less likely to express the reporter gene (Guo et al., 2014). Furthermore,
knockdown of DNMT3A significantly reduced non-CpG methylation, but left CpG
methylation unaffected at particular loci resulting in increased mRNA expression of those
non-CpG methylated genes (Guo et al., 2014). Importantly, non-CpG methylation in adult
mouse neurons was observed to be conserved in the adult human brain (Guo et al., 2014).
Given that these studies collectively show that non-CpG methylation is able to regulate gene
expression, future studies of mouse models of stress could shed light on whether stress may
mediate its effect by altering non-CpG methylation in the brain.

A third future direction involves a shift in focus from the promoter regions to a broader array
of regulatory regions. Complementing epigenetic modifications, the location where these
modifications occur is equally important for influencing appropriate gene expression.
Presently, numerous studies have been promoter-centric in reports on efforts to understand
the epigenetics of stress. Although epigenetic changes at promoters are easily associated
with genes they regulate, genome-wide DNA methylation studies have shown that
differentially methylated regions are also commonly observed in regions outside of
promoters (Lee et al., 2011). In addition, these non-promoter regions can contain regulatory
elements, such as enhancers and suppressors, which are critical regulators of appropriate
gene expression. In support of this, the ENCODE project has identified numerous regulatory
elements flanking promoter regions (Consortium, 2012). Reporter gene studies have also
shown that regulatory elements can direct tissue and cell type activity of promoters and
regulate promoter response to environmental signals (Davidson et al., 2011; Hing et al.,
2012; Klengel et al., 2013). In addition, early life stress studies have shown that stress can
induce DNA methylation changes in non-promoter regions and thereby affect behavior
(Murgatroyd et al., 2009; Klengel et al., 2013). Promoter-centric efforts may prevent stress-
induced epigenetic changes at important regulatory elements from being noticed. Although
challenges exist for identifying and studying the function of regulatory elements,
experimental techniques have been described to overcome this problem (Mackenzie et al.,
2013). As the cost of DNA sequencing continues to drop, it will soon be possible to cover all
positions in the genome with bisulfite sequencing.

A fourth direction for the future involves accounting for variation in cell types in DNA
methylation studies of the stressed brain. Although important epigenetic variation might
exist in disease-relevant genes, they may be confined to one cell type. For example, a CpG
island in CACNAIC, a gene strongly implicated in bipolar disorder, was found to display
less methylation in neurons than in glial cells (Nishioka et al., 2013). To account for this
variation, different approaches have been developed to study DNA methylation signatures
for a specific cell type such as neurons or glial cells in general, or for particular subsets of
these. One such approach is the use of fluorescence-activated cell sorting. This approach
takes advantage of fluorescence tagged antibodies to mark cells that express a cell type-
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specific marker. These immuno-tagged cells can subsequently be separated by flow
cytometry. Studies using this approach have successfully identified cell type-specific DNA
methylation signatures from neuronal-enriched cell populations determined by NeuN-
positive staining and non-neuronal cell populations determined by NeuN-negative staining
(lwamoto et al., 2011; Lister et al., 2013).

In addition to experimental approaches, bioinformatic approaches have been developed to
distinguish between celltype-specific DNA methylation patterns. For instance, in a study by
Guintivano et al., the investigators used a stringent selection of neuronal and non-neuronal
DNA methylation signatures across different loci to generate a model that could accurately
quantify the proportion of neuronal and glial cell populations from genome-wide DNA
methylation data (Guintivano et al., 2013). Using this approach, they analyzed a data set to
investigate DNA methylation signatures from post-mortem frontal cortex of major
depressive disorder patients (Sabunciyan et al., 2012). Although no regions were observed to
be significantly differentially methylated in the initial analysis, adjustment for cell
heterogeneity using their model revealed three differentially methylated regions that retained
nominal significance after correction for multiple testing (Guintivano et al., 2013). Together,
these experimental and bioinformatic approaches provide an opportunity to investigate how
stress might alter DNA methylation patterns in different cell types in the brain.

A fifth future direction that may hold promise is the use of induced pluripotent stem (iPS)
cells from patients with mood and anxiety disorders. Such an approach has been reported in
schizophrenia research where neurons created from fibroblasts derived from schizophrenic
patients displayed a cellular and molecular phenotype that may reflect the disease trait
(Brennand et al., 2011). For example, these neurons showed reduced neural connectivity
determined by reduced expression of the neural cell adhesion molecule, reduced dendritic
arborization, increased expression of neuregulin 1, and reduced expression of genes involved
in activity dependent refinement of synaptic connections and long term potentiation
(Brennand et al., 2011). Since iPS cells carry the genetic vulnerability of the patients from
whom they are derived and produce a cellular phenotype that may reflect the disease trait,
they can be used to compare with neurons created from control iPS cells to look for
differential methylation in response to glucocorticoids or other HPA axis factors. Similarly,
one could assess whether differential methylation predicts differential rescue by
antidepressants of glucocorticoid-induced changes in the cells.

In conclusion, the brain relies on the appropriate level of gene expression to regulate
behavior and cognition. Disruption to this control by stress-induced DNA methylation
changes may lead to anxiety and mood disorders. Advancement in other areas of epigenetics
such as the study of histone modifications, and of the novel DNA epigenetic marks 5-
hydroxymethylcytosine and non-CpG methylation, could provide additional avenues to
consider when studying the epigenetic effects of stress on the brain. It is hoped that by
combining the study of various epigenetic marks, investigators can provide a global view of
the effects of stress on the epigenome, which may aid in the development of new therapies.
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FIG. 1.
DNA methylation of the stress-associated gene FKBP5. (A) and (B) Fkbp5 expression and

DNA methylation levels following glucocorticoid exposure (Lee et al., 2010). Expression
and methylation levels for Fkbp5 in the mouse hippocampal neuronal cell line HT-22. Cells
were treated with corticosterone for seven days and cultured in the absence of the hormone
for an additional seven days. Cells were harvested for mRNA and genomic DNA to
determine the expression levels of Fkbp5 (A) and methylation differences (B).
Corticosterone treated samples are depicted by black triangles with dashed lines, while
vehicle-treated samples have white circles with solid lines. Asterisks indicate differences
that are statistically significant (< 0.05). (C) and (D). Correlation between DNA
methylation at FKBP5 and childhood trauma questionnaire scores by FKBP5 risk genotype
in two cohorts (Grady and Conte) are shown (Klengel et al., 2013). (C) Grady cohort. Risk
allele carriers exhibited a strong negative correlation between DNA methylation and trauma
score compared with carriers of the protective genotype. (D) The Conte cohort shows a
similar correlation. Elevated corticosterone levels and increased trauma were associated with
decreased DNA methylation.
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Site-specific DNA methylation of the Banfgene in the hippocampus of rats exposed to
psychosocial stress. Rats were stressed by acute exposure to a cat followed by unstable
housing. DNA methylation was increased in (A) the dorsal dentate gyrus and (B) dorsal
CAL1, but not in (C) the ventral dentate gyrus and (D) ventral CA1 (Roth et al., 2011).
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FIG. 3.
Differences in gene networks between post-traumatic stressed patients with childhood abuse

versus no childhood abuse. (A) Cellular processes overrepresented in PTSD patients (A)
with or (B) without history of child abuse (Mehta at al., 2013).
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TABLE |

Primary Macro and Micro Effects of Chronic Stress on the Brain (McEwen, 2007)

Page 25

Regions affected Neur oanatomic changes produced

1. Hippocampus 1. Decreased branching of dendrites in hippocampus and
prefrontal cortex, and corresponding decreased synaptic

function.

2. Prefrontal cortex 2. Reduced survival and decreased proliferation of neurons in
hippocampus (dentate gyrus and CA3 regions in particular)
and prefrontal cortex.

3. Amygdala 3. Increased survival and proliferation of neurons in

amygdala.

Cell types affected

1. Neurons (in particular,
dentate gyrus and CA3
pyramidal cells in
hippocampus)

Genes affected

1. BDNF (Brain-derived
neurotrophic factor) -
decreased expression.

2. FKBP5 (FK506
Binding Protein 5) -
increased expression.
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