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Abstract

Depression is a prevalent and complex psychiatric syndrome. Epigenetic mechanisms
bridge the genetic and environmental factors that contribute to the pathophysiology
of depression. A surge of research over the last decade has identified changes in DNA
methylation, histone modifications, histone organization, and noncoding RNAs asso-
ciated with depression and stress-induced depression-like behavior in animal models.
We focus here on associations of epigenetic factors concurrent with depression and
depression-like behavior, although risk for depression and some of the associated
epigenetic changes are known to have developmental origins. Finally, emerging
technology may enable breakthroughs in the ability to rescue depression-associated

Progress in Molecular Biology and Translational Science,
ISSN 1877-1173 © 2018 Elsevier Inc.
http://dx.doi.org/10.1016/bs.pmbts.2017.12.011 All rights reserved. 1


http://dx.doi.org/10.1016/bs.pmbts.2017.12.011

2 Catherine J. Pefa and Eric J. Nestler

epigenetic modifications at specific genes, greatly enhancing specificity of future
potential therapeutic treatments.

1. INTRODUCTION

Major depressive disorder is characterized by persistence of sadness,
loss of interest or pleasure, feelings of guilt or low self-worth, and other
symptoms, including sleep and circadian changes, changes in weight or
appetite, and diminished concentration. More than 300 million people
worldwide are living with depression, making it the leading global cause
of disability." Depression can affect people at any age, and can persist or
reoccur throughout the lifespan. Previous experience of depression increases
the likelihood of future episodes. Women are approximately 50% more likely
than men to experience depression, with increased risk associated with
puberty, peripartum periods, and menopause.

As with other psychiatric disorders, depression is a complex, heteroge-
neous syndrome. The causes of depression cannot be pinned down to any
one biological or external factor, and instead result from the interplay of
genetic, neurobiological, environmental, and cultural factors. The genetic
heritability of depression is estimated to be from 35%—40%.”” While heri-
table genetic factors clearly play a role, a significant proportion of depression
risk is attributed to life experience and environment, particularly previous
and/or recent stress experience. In the last decade, there has been a consid-
erable focus on the role of epigenetics as a possible bridge between genes and
experience in the pathophysiology of depression.

The epigenetic landscape, originally envisioned by Waddington more
than 60 years ago, sits beautifully at the intersection of genetics, develop-
ment, environmental influence, and inheritance.” The word “epigenetic”
means “above the genome” and epigenetic mechanisms refer to structural
and molecular factors that alter expression of genes without altering the
sequence of DNA. These include many types of chemical modifications to
histone proteins, DNA, and RINA, as well as alterations in other regulatory
proteins and noncoding RNAs.”” While epigenetic mechanisms were
previously defined as stable through cell division, the dynamic nature of
epigenetic modifications is now understood. As primary regulators of gene
expression, epigenetic mechanisms are ideal molecular candidates to flexibly
encode and translate environmental factors that increase risk for depression
and other highly complex psychiatric syndromes.
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This chapter discusses major advances in the study of epigenetics and
depression, with a focus on recent findings. While early life events are known
to increase lifelong risk for depression, the epigenetic consequences of early
life stress in mediating depression and other psychiatric disease is discussed in
other chapters of this text.” We focus here on associations of epigenetic
factors concurrent with depression and depression-like behavior. Work to
date implicating epigenetic regulation in the context of depression and
depression-like behavior has come from studies of both postmortem human
brain and animal models.

Research discussed in this chapter focuses on a few key regions of the
brain (Fig. 1). Impaired motivation and anhedonia are core symptoms of
depression, which implicate the brain’s limbic circuitry, including
ventral tegmental area (VTA) and nucleus accumbens (NAc).” Cognitive
dysfunction and impaired attention, also common symptoms of depression,
implicate the prefrontal cortex (PFC), hippocampus, and amygdala, among
other regions. The hippocampus and amygdala are also known to be highly
sensitive to the effects of stress and to control the hypothalamic-pituitary-
adrenal axis and the secretion of glucocorticoids. The NAc is of particular
interest as it is a site of integration for glutamatergic signals from the PFC,
hipocampus, and amygdala, as well as dopaminergic projections from VTA.”
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Fig. 1 (A) Brain regions implicated in major depressive disorder and response to stress,
shown on sagittal view of mouse brain. (B) H3K14Ac levels in mouse brain after chronic
social defeat stress. Chronic fluoxetine treatment normalizes hippocampal H3K14Ac at
20 days (not shown). Amyg, Amygdala; Hipp, hippocampus; NAc, nucleus accumbens;
PFC, prefrontal cortex; VTA, ventral tegmental area. Adapted from Covington HE, Maze |,
LaPlant QC, Vialou VF, Ohnishi YN, Berton O, et al. Antidepressant actions of histone
deacetylase inhibitors. J Neurosci. 2009;29(37):11451-60.>> Covington HE, Vialou VF,
Laplant Q, Ohnishi YN, Nestler EJ. Hippocampal-dependent antidepressant-like activity
of histone deacetylase inhibition. Neurosci Lett. 2011,493(3):122-126.* Covington HE Ill,
Maze |, Vialou V, Nestler EJ. Antidepressant action of HDAC inhibition in the prefrontal
cortex. Neuroscience. 2015;298:329-335.%°
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g 2. OVERVIEW OF EPIGENETIC MECHANISMS

The human genome contains approximately 6 billion nucleotides of
DNA neatly packaged into 23 pairs of chromosomes.'’ The fundamental
unit of chromatin is the nucleosome, which allows the extraordinary orga-
nization and compaction of DNA into a microscopic cell nucleus. The
nucleosome consists of ~146 bp of DNA wrapped around a core histone
octamer (~1.65 turns). Each octamer contains two copies each of the his-
tones H2A, H2B, H3, and H4. Epigenetic mechanisms control the spacing
of nucleosomes and the degree to which they are tightly condensed or
loosely wound. In simplified terms, chromatin exists across a continuum
between an inactivated, condensed state (heterochromatin), which represses
gene transcription, and an activated, open state (euchromatin), which is
permissive for gene transcription. The three-dimensional (3D) structure
and packaging of DNA thus regulates gene expression, and is controlled
by complex biochemical processes.

2.1 DNA Methylation

DNA methylation is one way in which the structure of DNA can be altered
by covalent attachment of a methyl group to the C5 position of cytosine
(5mC) predominantly at cytosine-guanine dyads (CpG sites) to affect tran-
scription without altering the overall sequence.'’ CpG dinucleotides cluster
within or around gene promoters, referred to as “CpG islands,” and tend to be
hypomethylated in normal somatic cells.'' Gene promoter hypermethylation
generally represses gene expression. It can either prevent access of transcrip-
tional activators and RINA polymerase II to the transcription start site, or bind
to methyl-CpG-binding proteins to recruit transcriptional corepressors to
modify the surrounding chromatin into a silenced state.'' "> The process of
methylation is dependent on the presence of methyl donors (provided by
nutrients, such as folic acid, methionine, and choline) and DNA methyltrans-
ferases, which catalyze either de novo DNA methylation (i.e., DNMT3) or
maintenance of methylation across cell division and DNA repair (i.e.,
DNMT1). More recent findings have indicated that a significant portion of
DNA methylation occurs at non-CpG sites and that DNA methylation can
either induce or suppress gene expression depending on other factors.'”
DNA methylation is considered to be a relatively stable epigenetic mod-
ification, making it an attractive target in the study of long-lasting epigenetic
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signatures of psychiatric disease. Until recently, DNA methylation was
thought to be a permanent modification that could only be reduced in tissue
by passive mechanisms, such as failure to maintain methylation in daughter
cells. This view was supported by evidence of an overall accumulation of
DNA methylation across the lifespan of an organism. However, DNA meth-
ylation is now known to be a reversible process with the discovery of active
DNA demethylase enzymes, namely the ten—eleven translocation (TET)
family proteins. TET proteins oxidize 5mC into 5-hydroxymethylcytosine
(5hmC), and subsequently into 5-formylcytosine and 5-carboxyleytosine. '
Through deamination, glycosylation, or base excision repair, these newly
discovered forms of cytosine modification can then be converted back into
an unmethylated state. In contrast to the generally repressive eftect of 5mC
on gene expression, 5hmC is more correlated with transactivation.'®
Interestingly, 5SmC oxidation derivatives are expressed at highest levels in
neurons. Most studies of DNA methylation in psychiatric disorders to date
have not distinguished between 5mC and 5hmC, which is clearly a major

need in the field.

2.2 Chromatin Modifications

Posttranslational modifications to histone proteins, most commonly on
amino acid residues within the N-terminal tails that protrude from the
nucleosome core, represent a more dynamic process of gene regulation.
Such modifications include acetylation, ubiquitination, or SUMOylation
at lysine (K) residues, methylation at lysine or arginine residues, and phos-
phorylation at serine or threonine residues, among many others. Histone
acetylation is generally associated with chromatin decondensation and
increased transcriptional activity, by negating the positive charge of K resi-
dues in histone tails and increases spacing between nucleosomes. The acet-
ylation state of these histones is controlled by histone acetyltransferases
(HATS) and histone deacetylases (HDACs). There is a considerable interest
in the therapeutic potential of HDAC inhibitors, which effectively increase
gene expression by shifting histones to an acetylated state.'” Histone tails can
be methylated by histone methyltransferases (HMTs), and demethylated by
histone demethylases (HDMs). The exactlocation and valence of histone tail
methylation (mono-, di- or trimethylation) either promotes euchromatin or
heterochromatin, and are thus associated with either activation or repression
of gene transcription, respectively.'” The specificity of numerous HATs and
HDACs for specific K residues remains incompletely understood. In
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contrast, distinct HMTs and HDMs control the methylation of specific K
and arginine residues and even the valence of methylation. The complexity
of the “histone code” is illustrated by the number of possible posttranslational
modifications to H3 lysines alone. Human H3 has 13 lysine residues that can
potentially be methylated with one, two, or three methyl groups. This results
in huge potential combinatorial power over the level of gene transcription,
with more than 67 million (4*3) different H3K-methylation patterns, in
one nucleosome.

The functional consequences of histone modifications are mediated in
part through “readers”—proteins that bind to specific modified residues and
effect transcriptional change.”® For example, different families of chromatin
remodeling proteins, which use ATP-derived energy to alter nucleosome
spacing and condensation, recognize specific forms of modified histones
and enhance or repress the activity of nearby genes. The involvement of this
diverse family of proteins is just now being studied in the nervous system. '’
Ultimately, hundreds of proteins are thought to be recruited to a gene in
concert with its activation or repression, again emphasizing the extraordi-
nary complexity of epigenetic mechanisms. Despite this complexity, strong
evidence links chromatin modifications with stress and depression.

2.3 Noncoding RNAs

Only 20% of the human genome is associated with protein-coding genes,
with less than 1% transcribed into mRINA, while the rest is thought to
contribute to regulation of those genes. Interestingly, higher order species
have increasingly greater proportions of noncoding DNA, which includes a
range of noncoding RNAs. The diversity of noncoding RINAs and their role
in transcriptional regulation is just beginning to be understood. Small non-
coding RNAs, including microR NAs (miR NAs), are found in most eukary-
otic organisms. They are produced either from their own gene, or commonly
from introns of their target or other genes.” MicroR NAs are first transcribed
from a longer pre-miRINA, including a 5'-cap and poly-A tail, after which a
hairpin loop is formed, trimmed, and exported from the cell nucleus to
cytoplasm, and processed to a mature single-stranded ~22 nucleotide
by a series of enzymes, including DROSHA and DICER. Within
an RNA-induced silencing complex (RISC), miRNAs base-pair with
complementary mRINA sequences which typically results in silencing by
sequestration, degradation, or translational suppression of target mRNAs.
Other small noncoding RNAs include short interfering RINAs (siRINAs)
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Piwi-interacting RNAs (piRINAs), and small nucleolar RNAs (snoRNAs).
Long noncoding RNAs (IncRNAs) are longer than 200 nucleotides and also
associated with silencing of target genes. LncRNAs are largely species- and
tissue-specific, with increasing proportions of the genome occupied by
IncRNAs in higher order species.”’ LncRNAs are also highly expressed in
the brain, making them attractive as potential mechanisms of gene regulation
in complex neuropsychiatric syndromes, such as depression. Given our
relatively recent understanding of noncoding RINAs, a major frontier in
the neurobiology of psychiatric disease is to understand the role of specific
small and IncRNAs as biomarkers or in the onset and maintenance of
depression.”!

2.4 3D Chromatin Structure

Beyond modifications of DNA, histones, and chromatin remodeling, an
important new effort in neuroepigenetics research concerns the 3D organiza-
tion of the genome in neurons and glia. For example, chromosomal loop
formations—which often require CCCTC-binding factor (CTCEF), cohesins,
and other proteins assembled into scaffolds and anchors—potentially bypass
many kilobases, even megabases, of linear genome, thereby repositioning pro-
moter-distal regulatory elements next to their target promoters. Exploration of
regulatory DNA elements in the context of chromosomal loopings and higher
order chromatin is beginning to assign regulation of genes and complex behav-
ior for some of the noncoding sequences in the human genome.”

§ 3. METHODS FOR STUDYING EPIGENETICS
AND DEPRESSION

As stated earlier, depression is a heterogeneous disorder, and the diffi-
culty in defining specific subsets of depression has made clear identification of
its multiple etiologies very difficult. On top of this, to study the molecular
correlates of human depression requires access to relevant biological tissue
from human patients. Many studies utilize easily obtainable peripheral tissue,
such as blood or saliva. However, the main substrate of depression is the brain;
and few studies have provided robust evidence for consistent epigenetic mod-
ification of genes between peripheral and central tissues, the main exception
being for the gene encoding the glucocorticoid receptor (NR3C1). Studies
utilizing human brain tissue samples pose different challenges as tissue is
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necessarily collected postmortem and studies must control for age, cause of
death, variables related to sample handling and quality, and genetic background
which must be accounted for to understand the additional contribution of
epigenetic modifications. Often, information on life history is absent and at
best it is difficult to use such information to infer causality.

Stress paradigms in animals have enabled considerable progress in under-
standing the neurobiology of depression. The wide use of several standard-
ized rodent chronic stress paradigms, and the objective measurement of
depression-like behavior, has also enabled comparison of epigenetic factors
in depression across studies. While acute stress paradigms are designed to
evaluate an animal’s initial coping response, chronic stress paradigms involve
prolonged exposure to either physical or psychological stressors, such as
social subordination or variable, daily environmental stress. In the chronic
social defeat stress paradigm, an experimental mouse is subjected to
“bullying” by a new larger more aggressive mouse each day for 10 days.™
A variation of this paradigm removes the physical component by testing
whether depression-like behavior develops in animals that “witness” another
mouse being physically aggressed.”* Such chronic stress paradigms success-
fully recapitulate certain behavioral features of human depression. For exam-
ple, chronic social stress in adult male mice results in anhedonia (reduced
preference for a sucrose solution), social avoidance, circadian changes,
weight changes, and anxiety-like behaviors, such as decreased exploration
of a novel environment.”” Recently, social defeat has been adapted to female
mice, which display a similar range of behavioral and neural abnormalities.”
These depression-like behaviors are effectively reversed by chronic but not
acute treatment with existing antidepressant medications, a treatment course
comparable to that required in humans.”” Not all mice that experience
chronic social defeat stress succumb to depression-like behavior, as not all
humans who experience stress become depressed. Approximately, half to
two-thirds of socially stressed mice are “susceptible” and exhibit depression-
like behavior, whereas remaining mice are “resilient.”””> This enables
researchers to explore molecular and environmental factors that increase
or decrease susceptibility and resilience.

4. DNA METHYLATION IN DEPRESSION

Human and animal studies converge to support a role for DNA meth-
ylation in mediating part of the impact of stress on the brain. At a broad level,
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the de novo methyltransferase DNMT3a is increased in NAc among humans
suffering from major depression.”® These findings are replicated in mouse
models of chronic social defeat stress and subchronic variable stress.””’
Dnmt3a mRINA is higher in female mouse NAc than male, although there
are no sex differences in human DNMT3a expression in NAc, and depres-
sion—or stress exposure—increases DNMT3a in both male and female
humans and mice, respectively. Artificially, increasing Dnmt3a mRNA
expression in mouse NAc increases depression-like behavior in male and
female mice.”®”” Knockout of Dumt3a mRNA in NAc selectively reduces
depression-like behavior in female mice after subchronic variable stress,™
although depression-like behavior was rescued in male mice exposed to
chronic defeat stress by infusion of the general DNA methylation inhibitor,
RG108, into Nac.”™ Interestingly, NAc DNMT3alevels are partially rescued
(reduced) with antidepressant treatment in both men and women,”
although it remains to be seen whether peripheral DNMT3a may be used
as a predictive biomarker.

DNMT3b, which exhibits higher expression during embryonic devel-
opment, and DNMT1, which has a higher affinity for hemimethylated DNA
and is necessary for maintenance methylation, are not different in depressed
NAc. Among male and female suicide completers, however, DNMT1
mRNA is decreased in frontopolar cortex and amygdala, and DNMT3b is
increased in frontopolar cortex and decreased in brain stem regions.””’

Expression of the DNA demethylase Tét1, but not Tét2 or 1ét3, is down-
regulated in NAc of mice susceptible to chronic social defeat stress.”’
Paradoxically, knocking out Tét! from mouse NAc relieved depression-like
behaviors, suggesting a complicated relationship between target gene meth-
ylation and behavior. It remains to be seen whether TET enzymes may be
involved in broad DNA methylation changes associated with human depres-
sion, and whether similar changes are observed in other brain regions.

Increases in DNMTs and decreases in demethylases would suggest an
overall hypermethylation state in the brains of depressed individuals and
mice. However, genome-wide 5mC and 5hmC analyses instead find regions
of both hyper- and hypomethylation in postmortem PFC among depressed
compared to control subjects, indicating specificity in DNA methylation
changes.” 5mC and 5hmC genome-wide profiling indicate enrichment of
differentially methylated regions in genes related to nervous system devel-
opment, mitochondria function, and immune system regulation.”” "
Genome-wide methylation analyses have yet to be published for other brain
regions directly testing association with adult depression, although several
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important studies have examined the association with history of child abuse,
which is positively associated with depression.

DNA methylation at several candidate genes has been examined directly.
Among these candidate genes altered in stress and depression are two key
neurotrophic factors, brain-derived neurotrophic factor (BDNF) and glial
cell-derived neurotrophic factor (GDNF). At least 20 studies have now
examined the association between DNA methylation of BDNF in human
blood or saliva samples and depression in humans. A majority of these studies
have found increased methylation within BDNF promoter [ or VI, and three
studies found reversal by antidepressant treatment (reviewed by Chen et
al.?). Adult chronic social defeat stress in C57BL/6 mice does not alter
Bdnf promoter P3 methylation in NAc, although other promoters and brain
regions have not been examined.”® Chronic unpredictable stress also
increases Gdnf mRNA levels in NAc of C57BL/6 mice, although the eftects
of Gdnf methylation may be mediated by methyl-binding proteins in a
complex, strain-specific manner.”” BDNF is also highly regulated in depres-
sion by histone modifications (Box 1), and is exemplar of how individual
genes are regulated at multiples levels.

Serotonin signaling in the brain is undeniably linked to antidepressant
mechanisms and is regulated in part by the serotonin transporter encoded by
SLC6A4. Methylation of a CpG “island” in the SLC6A4 promoter in vitro
reduces gene expression, after accounting for genetic variation in the sero-
tonin transporter-linked polymorphic region.** Nearly 10 studies to date
have found a positive association between SLC6A4 methylation and depres-
sion in humans.”>*> Antidepressant treatment has also been found to reverse
SLC6A4 methylation changes.” SLC6A4 methylation is also positively
linked with frontal gray matter brain volume and resting-state connectivity
between cortical brain regions.’® These studies have used peripheral tissue
samples, suggesting that SLC6A4 methylation may be a useful
biomarker.***

Finally, DNA methylation changes are found in several genes critical
along the HPA axis response to stress in human depression and animal
models. Corticotropin releasing factor (CRF) in the paraventricular nucleus
(PVN) of the hypothalamus is increased in mice susceptible to chronic social
defeat stress, accompanied by decreased DNA methylation of the Cif pro-
moter."” Both effects are reversed by chronic imipramine treatment. ** DNA
methylation is also increased at the Crf promoter in the PVN of female rats
subjected to chronic unpredictable stress, suggesting that DNA methylation
may play a role in determining sex-specific regulation of HPA-axis
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BOX 1 A closer look at epigenetic regulation of BDNF-TRKB
signaling in depression
Many of the histone modifications in stress and depression reviewed in this chapter
are at a global rather than gene-specific level. One prominent focus of targeted
studies has been BDNF. BDNF is repeatedly found to be decreased in serum of
depressed patients and in PFC and hippocampus of depressed subjects and suicide
victims examined postmortem.*® Chronic stress in rodents similarly decreases BDNF
in hippocampus.3® In contrast, chronic social defeat stress in mice increases BDNF in
NAc, and removing NAc BDNF prevents development of depression-like behavior in
response to this form of stress.”” Indeed, the effects of manipulating BDNF levels on
depression-like behavior are sex-, brain region-, and developmental timing-spe-
cific.2® BDNF is also an attractive target as its levels are responsive to antidepressant
treatment by conventional SSRI's and by ketamine.>® Within the hippocampus,
decreased BDNF mRNA is accompanied by increased H3K27me2 at two promoters
(associated with transcriptional repression).>® However, H3K27me2 was unaffected
by chronic imipramine treatment and therefore unlikely to mediate the antidepres-
sant’s effect to normalize BDNF and behavior. Instead, chronic stress and chronic
imipramine treatment interact to increase H3 acetylation and H3K4me2 at two
BDNF promoters (an effect not seen after either stress or imipramine alone).>®
Consistent with evidence from animal models, postmortem studies in human
brains suggest that antidepressants promote open chromatin structures by
decreasing H3K27me3 levels at certain BDNF promoters in PFC of a depression
sample.*® Follow up studies in peripheral blood reveal higher peripheral BDNF
expression in treatment responders compared to nonresponders, with
H3K27me3 levels being inversely correlated with both BDNF |V expression levels
and with symptom severity.”’ Decreased expression of BDNF's receptor, tyrosine
receptor kinase B (TRKB), in the PFC of depressed cases is also associated with an
enrichment of H3K27me3 levels in the promoter of both TRKB and its astrocytic
variant, TRKB.T1.** The elevated H3K27me3 levels associate with changes in DNA
methylation in the promoter suggesting the presence of dual epigenetic control
over TRKB.TT expression, as reported for many genes in simpler systems. In addition,
mice overexpressing TRKB.T1 are more susceptible to chronic social stress than wild
type mice suggesting that epigenetic changes at the TRKB.TT promoter could
define the vulnerability to chronic social stress and the development of
depression.*®

function.” Increased DNA methylation of hippocampal glucocorticoid
receptor (NR3C1) is also associated with depression and depression-like
behaviors in human and animal models, particularly with a history of early

life adversity.”"”'
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The examples summarized here are certainly not exhaustive of the work
done to uncover how aberrant DNA methylation may either contribute to
the pathophysiology of depression, or serve as a biomarker. There is a
complementary body of work on epigenetic mechanisms that mediate devel-
opmental origins of depression and other psychiatric syndromes (see other
Chapters 1, 7, 10 and 13, in this volume). As in genome-wide association
studies searching for genetic alterations that increase risk for depression, it is
clear that stress effects on DNA methylation are not restricted to a small
number of candidate genes. Additional genome-wide DNA methylation
studies in humans and animals will help to uncover how changes at dozens
or more genes act in concert to promote susceptibility or resilience to
environmental stress.

5. HISTONE MODIFICATIONS IN DEPRESSION

5.1 Histone Acetylation

The potential importance of chromatin modifications in depression was
initially suggested by observations that HDAC inhibition—alone or in com-
bination with antidepressant treatment—ameliorated depression-like behav-
ior in rodents.”>”* " Histone 3 lysine 14 (H3K14) acetylation is decreased in
NAc of depressed humans and transiently decreased in NAc of mice that
experience chronic social defeat stress.”” Blocking class | HDACs with the
inhibitor MS275, infused directly into mouse NAc, reduces depression-like
behavior after chronic stress, suggesting that histone acetylation in NAc
mediates the effects of chronic stress on behavior.” In support of this,
overexpression of a dominant-negative form of the class I Hdac2 in NAc
prevented depression-like behavior in a chronic unpredictable mouse stress
paradigm, while expression of a form of Hdac2 with increased chromatin
binding affinity was prodepressant.”’ In contrast, expression of Hdac5, a class
IIHDAC, is decreased in mice susceptible to social defeat stress and increased
by chronic imipramine treatment suggesting a proresiliency effect of this
HDAC.” Furthermore, Hdac5 knock-out mice display exaggerated depres-
sion-like behavior after chronic social defeat stress in adulthood.”” The
opposing effects of HDAC2 and HDACS5 are difficult to reconcile with a
simplistic role of histone acetylation in depression and stress adaptation.
However, it is conceivable that HDAC2 and HDACS5 may regulate distinct
populations of genes. Additionally, it is important to note that HDAC5 could
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also regulate nonhistone targets due to its cytoplasmic, as well as nuclear
localization. Genome-wide studies of NAc gene expression in defeated mice
treated systemically with fluoxetine or intra-NAc with MS275 demonstrated
that both treatments reverse a large proportion of defeat-induced difterential
gene expression. Although each treatment also regulate subsets of unique
genes, there was also significant overlap, suggesting that antidepressant eftects
of fluoxetine may in part be mediated by affecting histone acetylation.””
Stress does not regulate histone modifications uniformly across brain
regions. In contrast to the NAc, chronic social defeat stress transiently
increases H3K14Ac in the PFC, amygdala, and hippocampus, 24 h after
>+ Within the amygdala, H3K 14Ac levels normalize within 10 days
after stress ceases, while hippocampal levels are persistently decreased there-

stress.

after, and PEC levels are persistently increased.””” The long-lasting decrease
in hippocampal H3K14Ac likely contributes to depressive-like behaviors, as
chronic fluoxetine treatment rescues decreased hippocampal H3K14Ac but
has no effect on amygdala levels.”* Infusion of the HDAC inhibitor MS275
into the hippocampus rescues sucrose preference behavior (anhedonia) but
not social avoidance, while infusion into the amygdala rescues social avoid-
ance behavior but not sucrose preference.”” These results reflect how PEC,
amygdala, and hippocampus regulate different aspects of depression-like
behavior. Interestingly, intrahippocampal HDAC inhibition by MS275
restores social avoidance if paired with social housing conditions, suggesting
that H3K14Ac in the hippocampus facilitates adaptation.”

If H3K14Ac levels reflect increased permissiveness for transcriptional
changes in response to stimuli, it is possible that the increase in H3K14Ac
within NAc, PFC, hippocampus, and amygdala 24 h after stress represents a
natural window of behavioral therapeutic intervention. Fluoxetine appears
to restore this epigenetic-mediated ability to adapt to environmental expe-
rience and update behavioral response, but only within hippocampus.
Supplementing traditional serotonin reuptake inhibitor (SSRI)-based anti-
depressant treatment with HDAC inhibitors increases efficacy in mice.”®
Indeed, the possibility of using HDAC inhibitors in patients with treat-
ment-resistant depression has recently been suggested.””

The regional specificity in histone acetylation response to stress may be
explained in context of work elucidating the circuit-level relationships of
these regions in mice susceptible or resilient to depression-like behavior after
chronic social defeat stress. Chronic stress increases measures of regional
activity in NAc and ventral hippocampus, but decreases activity measures

60—62

in mPFC among susceptible mice. In support of a causal role for
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pathway-specific activity in depression-like behavior, optogenetic activation
of ventral hippocampus-NAc projections is prodepressive, while activation
of mPFC-NAc or basolateral amygdala-NAc projections are antidepres-
sant.”’ Together with the regional acetylation data, a pattern emerges in
which the basolateral amygdala works in opposition to NAc during and
immediately following stress or artificial activation, and at long-term time
points engagement of the hippocampus positively regulates NAc and can
either produce prodepressive or proresilient effects if paired with stress or
enrichment, respectively.” """’

One illustration of how genetics and epigenetic processes work in con-
cert to influence response to stress and depression-like behavior comes from
rats that have been selectively bred to be high responders (HR) or low
responders (LR) based on their locomotor response in a novel environment.
Cross-fostering of pups from HR to LR litters demonstrates that stress-
response is genetic. In unstressed conditions, HR rats have high preference
for a sucrose solution (low anhedonia-like behavior) compared to LR rats,
while after repeated social defeat stress anhedonia increases among HR rats
and decreases among LR rats.”” These behavioral changes are mirrored in
global H3 and H2B acetylation levels in hippocampus, which in turn may be
mediated by similar changes in the histone acetyl transferase, CREB-binding

63

protein.”” Thus, epigenetic processes are at the intersection of genetic factors

and environmental stress experiences.

5.2 Histone Methylation

Histone methylation is implicated in genome-wide association studies of
human depression.”* Chronic social defeat stress downregulates the histone
methyltransferases G9a and G9a-like protein, which catalyze H3K9me2, a
major repressive mark, in NAc.””> Overexpression of G9 in NAc is antide-
pressant-like, and increased H3K9me?2 at specific gene promoters is impli-

cated in the antidepressant effect of fluoxetine.®”°

Indeed, chronic exposure
to fluoxetine reduces Camkii expression in NAc in association with reduced
H3Ac and increased H3K9me?2 levels at the Camkiia promoter in NAc.
Interestingly, these effects are found in the NAc of depressed humans
exposed to antidepressants suggesting that the stress-induced loss of repres-
sive methylation is maladaptive and that the reinstatement of these marks at
specific gene loci might contribute to the therapeutic effects of antidepres-
sant drugs. Another gene, which illustrates this mode of regulation, is Ras.

Reduced H3K9me?2 at this gene in the NAc of susceptible mice results in
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increased Ras expression, induction of ERK signaling, and ultimately CREB
activation which in this brain region acts to induce depression-like
behavior.””

The observed decreases in H3K9me2 in NAc would be expected to
mediate a more permissive transcriptional state similar to the effect of the
global increases in H3 acetylation described earlier. Curiously, however,
manipulations that decrease repressive methylation induce susceptibility,
whereas manipulations that increase acetylation induce resilience. To recon-
cile and integrate these findings, genome-wide approaches are required to
examine regulation of histone modifications at specific gene loci to under-
stand the precise coordinated regulation of depression-related target genes.

Additional methylation at the H3K9 locus, catalyzed by SETDB1 to
H3K9me3, is also associated with transcriptional repression. Within the
hippocampus, genome-wide profiling of H3K9me3-assocaited genes by
ChIP-seq found that restraint stress dramatically enriched this mark at repet-
°7:%% Such an effect

may influence genomic instability. Finally, whole forebrain overexpression of

itive elements, nontranscriped regions of the genome.

Setdbl reduced depression-like behavior, suggesting that the increase in
H3K9me3 after acute stress may represent an adaptive response.”” These
modifications are associated with changes in the 3D structure of chromatin as
described in a later section.

H3K27 also can be mono-, di-, or trimethylated and these states are
associated with activation, bivalency, or repression. ChIP-chip analysis
(chromatin immunoprecipitation followed by genome-wide promoter
microarrays) examined stress-induced redistribution of H3K27me2 in
NACc of mice subjected to chronic social defeat or protracted social isolation.
Significant and dynamic changes in repressive histone methylation were
observed in upstream regulatory regions in both stress models with more
genes implicating increased histone methylation. Interestingly, approxi-
mately 20% of genes are similarly regulated in both models H3K27me3
alterations have not been described in rodent stress models at a genome-
wide level to date, although this mark is associated with repression of specific

70

genes, including Racl.”” Racl influences characteristic dendritic spine mor-

phology changes in depressed human brain and socially defeated mice.”’
Aside from the few examples cited earlier, human postmortem studies
examining histone modifications in depression are sparse. Elevated levels of
H3K4me3—a mark of gene activation—were reported at the synapsin gene
family in PEC of depressed humans.”” There are also reports of altered

H3K4me3 or H3K27me3 in promoter regions of several candidate genes,
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including BDNF (Box 1) and others (e.g., OAZ, SYN2, TRKB) in postmor-
tem PEC." In general, however, there is a major need for genome-wide
profiles for prominent histone modifications in depression and in response to
antidepressant treatment, across brain regions, in order to define the genes
and molecular pathways that mediate these responses. Thus far, there are no
genome-wide analyses of histone modifications in depressed human brain.
This is a high priority for future research.

6. CHROMATIN REMODELING IN DEPRESSION

Chromatin remodeling, not to be confused with chromatin modifica-
tions, refers to the actual movement of nucleosomes along DNA.”’
Chromatin remodeling complexes use the energy of ATP hydrolysis to alter
the packing state of chromatin and work in concert with chromatin mod-
ifying enzymes to direct nucleosomal dynamics. Very little is known con-
cerning the role of chromatin remodeling complexes in depression or any
other psychiatric syndrome. However, our group demonstrated that chronic
social defeat stress or other forms of chronic stress induces a repressive
chromatin remodeling complex in NAc, which by ChIP-seq was shown
to mediate stress-repression of a set of genes important for mediating stress
susceptibility.”* Induction of the same complex was found in NAc of
depressed humans, providing translational validation. Induction of this
repressive complex at suppressed genes correlates with lower levels of acti-
vating histone marks (e.g., H3K4me3 and H4K16ac) and increased levels of
certain repressive histone marks (e.g., H3K9me?2), thus emphasizing the
coordinated nature of epigenetic regulation.”* These findings underscore
the importance of mapping numerous epigenetic mechanisms at a genome-
wide scale in order to define the combinatorial code of epigenetic changes
associated with depression or antidepressant responses.

Histone variant dynamics may also reflect stress experience across the
lifespan and play a role in susceptibility or resilience to depression. The four
canonical histone subunits within the nucleosome (H2A, H2B, H3, and H4)
also come in several variants. Histone variants, such as H2A.Z and H3.1-3
are incorporated into chromatin independently of DNA replication; this
process therefore requires removal of existing nucleosomes. In particular,
H3.3-containing nucleosomes at genomic enhancer and promoter regions
can undergo rapid turnover, and such turnover is further associated with
histone modifications marking active gene expression.”” It was recently
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found that H3.3 dynamics are increased in depressed human NAc and in
response to chronic social defeat stress in mice, and reversed by antidepressant
treatment.’® Moreover, H3.3 was found to accumulate across development
to near-saturation by midadolescence, and chronic stress in a postnatal sen-
sitive period of mouse development accelerates H3.3 accumulation in NAc
and increases susceptibility to later stress.””’® Preventing H3.3 dynamics
promotes resilience to chronic social defeat stress in mice.’” These findings
represent a novel frontier in understanding epigenetic mechanisms of
depression.

7. REGULATION OF THE 3D GENOME IN DEPRESSION

There is now an increasing appreciation of the degree to which the 3D
structure of chromatin is under dynamic regulation in the developing and
adult brain, and this mode of regulation is beginning to be considered in
neuropsychiatric disorders.”” One recent study found that knockout of
Setdbl (an H3K9me3 HMT) in forebrain neurons induces a dramatic reor-
ganization of ~1.2 Mb of DNA around the protocadherin gene cluster.””
This reorganization is associated with altered levels of CTCF binding, DNA
methylation, and several histone modifications (e.g., H3K27ac) and with
altered expression levels of specific protocadherin isoforms. As noted earlier,
Setdb1 knockout mice exhibit increased depression-like behavioral abnor-
malities, raising the important goal for future research to directly link changes
in neuronal function and behavior to the disordered 3D genome at the
protocadherin locus. Of note, the 3D structure of this locus as well as patterns
of CTCF binding and H3K9me3 enrichment are highly homologous
between mouse forebrain neurons and human glutamate-like neurons
induced from pluripotent stem cells, supporting the validity of using the

. . . . 79
mouse for epigenetic explorations of depression mechanisms.

8. NONCODING RNAS IN DEPRESSION

Increasing evidence implicates a role for microRNAs (miRNAs)
in depression or as potential biomarkers for diagnosing and targeting treat-
ment for this complex mood disorder.”” microR NAs are both spatially and
temporally regulated, similar to other transcripts. miRNAs are relatively
conserved evolutionarily, suggesting that they play an essential role in
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transcriptional regulation.” miRINAs have been estimated to target up to
hundreds of genes. As depression and other complex psychiatric syndromes
are now accepted to involve many subtle transcriptional changes, miRNAs
represent an attractive potential therapeutic tool to achieve broad regulatory
ability over entire gene networks.”’

Although many miRNAs are conserved across species, miR-1202
appears to be primate-specific and enriched within the brain. Depression
decreases miR -1202 in postmortem human PFC, and history of antidepres-
sant treatment partially restores its expression.”” miR-1202 can be measured
in human blood and similarly reflects depression status and response to

79,80 .
Moreover, peripheral

chronic but not acute antidepressant treatment.
baseline miR-1202 levels predict resting state connectivity between frontal
regions, and correlate with activity changes during a response inhibition task
in other relevant brain regions.” One identified target of miR-1202 is
metabotropic glutamate receptor-4 (GRM4), which is inversely correlated
with miR-1202, increased in depressed postmortem PFC, and rescued with
a history of antidepressant treatment.”” GRM4 pre- and postsynaptically
modulates glutamatergic, dopaminergic, GABAergic, and serotonergic sig-
naling throughout the brain. miR-1201 may be a useful biomarker to detect
depression and treatment response and altered neurotransmission. Other
possible biomarkers of major depression and antidepressant response that
were recently identified include miR-146b-5p, miR-425-3p, miR-24-3p,
miR-185, and miR-491-3p.”” Another study found 21 miRNAs down-
regulated in PFC of depressed suicide cases.” These miRNAs are predicted
to bind several targets, including DNMT3B and TRKB.T1. Additionally,
miR-218 is reduced in PFC of depressed humans and mice susceptible to
chronic social defeat stress.”” One ofits targets is the developmental netrin-1
guidance cue receptor DCC, and both are expressed in pyramidal neurons in
humans and mice. Dcc overexpression increases vulnerability to chronic
stress, thus demonstrating functional relevance for miR-218." Human
studies of miRNAs in depression have predominately focused on changes
within PFC, and more research is needed to understand how miRNAs in
other brain regions contribute to depression.

Let-7a is one of the first two identified miRNAs and is found in a wide
range of species. It is thought to regulate genes involved in developmental
patterning and cell-cycle regulation. Mice exposed to acute restraint stress
have increased expression of Let-7a in PFC and amygdala, but not hippo-
campus.”®” Let-7a increases were maintained in amygdala after chronic
stress, but not in PFC. Additional miRNAs, including miR-9 and miR
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26-a/b, were increased acutely in PFC, and miR-376b and miR-208 were
increased in hippocampus following acute or chronic stress, while miR-9-1
was decreased in hippocampus.”’

Other reports implicate miR NAs in the posttranscriptional regulation of
Nr3cl (glucocorticoid receptor). Compared to Sprague-Dawley rats, F344
stress-sensitive rats have lower Nr3¢1 protein but not mRINA levels in the
hypothalamic PVN and corresponding increases in miR-18a levels.
Overexpression of miR-18a downregulates NR3C1 protein levels in cul-
tured neurons suggesting that the exaggerated HPA stress response in F344
rats may be mediated by miR-18a regulation of N3¢l translation.”
Interestingly, in amygdala, acute stress induced expression of several
miR NAs is implicated in regulation of anxiety through effects on the min-
eralocorticoid receptor and Cifil expression.” "

Assignificant downregulation of several miR NAs has been reported in the
hippocampus of rats resistant to “learned helplessness”—a subchronic stress
model—after inescapable foot shock compared to those rats that develop
learned helplessness.”’ These miR NA-mediated effects coincide with robust
changes in hippocampus gene expression and are believed to represent a
potential coping mechanism that allows the development of physiological
responses to overcome the effects of stress.””

miRNAs may also be essential components of antidepressant efficacy and
of resilience. Chronic fluoxetine treatment in mice increases miR-16 levels in
serotonergic raphe nuclei, which downregulates serotonin transporter (Slc6a4)
levels, thus altering serotonergic activity in the raphe.”” Intraraphe adminis-
tration of fluoxetine induces the release of S100B, a known inhibitor of miR -
16. Via the reciprocal connections between dorsal raphe and locus coeruleus
(LC), S100p is believed to migrate to noradrenergic neurons in the LC and
decrease expression of miR-16. By decreasing miR-16 in the LC, S1003
turned on the expression of serotonergic functions in noradrenergic neurons.
Moreover, intraraphe and -intra-LC miR-16 administration alleviated the
behavioral deficits induced by 6 weeks of chronic unpredictable stress suggest-
ing that the therapeutic effects of fluoxetine may be mediated via its actions on
miRNA expression in the brain.”” A different study identified dicer, an
miRNA-processing protein, as a major target of the transcription factor,
B-catenin, in the NAc, where both proteins contribute to a state of resilience.”
Small RNA sequencing identified numerous miRNAs whose induction in
this region associates with resilience to chronic social defeat stress.

Finally, miR NAs may help explain sex differences in the pathophysiology
of depression. Male and female mice exposed to subchronic variable stress
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each had broad changes in miRNA expression in NAc.” In this stress
paradigm, only female mice developed depression-like behavior after sub-
chronic variable stress, while male mice developed depression-like behavior
after chronic stress. miRINA alterations were also nearly completely non-
overlapping between the sexes.”” Predicted functions of stress-altered female
miRNA-mRNA networks include neurotransmitter receptor activity and
binding, gated channel activity, and cytokine activity.”> More research is
needed to understand sex differences in miRINAs in depression in human
brain and peripheral tissue.

The earlier findings suggest the involvement of miRNAs in the patho-
physiology of depressive disorders. A key challenge moving forward is to
directly test the functional relevance of miRNAs in depression by altering
specific miRINAs in animal brain and testing effects on susceptibility to stress.
In addition, while in silico tools to predict miRNA regulation of mRNA
targets have improved in recent years, more work is needed to empirically
test predictions in vitro and in vivo.

9. CONCLUSIONS

Looking toward the future, it will be important for studies to integrate
peripheral epigenetic modifications—DNA methylation and noncoding
RNAs in particular—with changes within the brain, across relevant brain
regions. An essential challenge in neuropsychiatry moving forward is to
increase the cell-type specificity of studies of epigenetic modifications within
the brain. Epigenetic changes are known to be specific to developmental
stage, tissue or region, and cell type, and studies are just now beginning to
measure and manipulate epigenetic mechanisms with this resolution.
Furthermore, in order to push the field forward constant dialogue is needed
between human and animal researchers. Model systems enable researchers to
test the functional relevance of findings from human studies to determine
whether identified epigenetic alterations are correlative or causative. Finally,
there is an urgent demand for increased specificity in animal studies testing
the causative nature of epigenetic changes. Manipulation of DNMTs or
HATS, for example, will have genome-wide impact, yet sequencing studies
are increasingly revealing specificity in epigenetic regulation. Recent devel-
opments in molecular tools, including zinc finger proteins, transcription
activator-like effectors (TALES), and CRISPR now enable researchers to
target individual genes for a single type of epigenetic modification.”® " These
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technologies enable brain-region-specific, gene-specific, and potentially,
temporal targeting of epigenetic modifiers to determine whether epigenetic
regulation at a specific locus is responsible for life-long perturbations in
psychiatric disorders. This technology also offers therapeutic promise for
the future.
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