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Abstract
Understanding the origins of normal and pathological behavior is one of the most exciting
opportunities in contemporary biomedical research. There is increasing evidence that, in addition
to DNA sequence and the environment, epigenetic modifications of DNA and histone proteins
may contribute to complex phenotypes. Inherited and/or acquired epigenetic factors are partially
stable and have regulatory roles in numerous genomic activities, thus making epigenetics a
promising research path in etiological studies of psychiatric disease. In this article, we review
recent epigenetic studies examining the brain and other tissues, including those from individuals
affected with schizophrenia and bipolar disorder. We also highlight heuristic aspects of the
epigenetic theory of psychiatric disease and discuss the future directions of psychiatric
epigenetics.
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Psychiatry meets epigenetics
Psychiatric disorders are characterized by severely debilitating behavioral abnormalities that
often persist over a life time and are resistant to medical or psychotherapeutic interventions.
Here we focus on two major psychiatric diseases – schizophrenia (SCZ) and bipolar disorder
(BPD) - that have received the greatest attention in molecular biological studies. SCZ and
BPD are severe forms of mental illness each causing 1% of global disability [1]. SCZ is
characterized by delusions, disturbances in reasoning, hallucinations and withdrawal from
social activity. The disease usually affects people in late adolescence or early twenties. BPD
is characterized by recurrent mania or hypomania and depressive episodes that impair
overall function and quality of life. Patients with SCZ and BPD, diseases collectively called
major psychosis, have a suicide risk that is significantly higher than those with any other
illness [1]. The net result of major psychosis is significant distress, disability and societal
burden.
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Both SCZ and BPD are complex diseases that, like cancer or diabetes, aggregate in families
but do not segregate in a mendelian manner. It has generally been assumed that psychiatric
diseases are caused by combinations of genetic (DNA) risk polymorphisms or mutations that
interact with hazardous environmental factors [2]. Over the past three decades, numerous
genetic association and linkage studies have been performed to understand major psychosis,
but they have resulted in poor replication and risk alleles with small effect sizes. Difficulties
in identifying candidate genes implicated in psychiatric disease have traditionally been
explained by locus- and allelic- heterogeneity, imprecisely defined clinical phenotypes,
epistasis and the interaction of genes with non-genetic factors [3]. Though often stated, the
contributions of these potential confounding factors have not yet been proven. The history of
epidemiological studies is even longer than the molecular genetic one. In general,
epidemiological studies are confounded by complex cause and effect relationships, the
unclear mechanism by which non-shared environmental factors mediate disease risk and an
inability to reconcile the “heritable” component embedded within what appears to be an
environmental domain [4]. Althoguh pre-/peri-natal complications, socioeconomic status,
urban living and negative life events have sometimes demonstrated correlation with major
psychosis, none have led to the identification of specific causal risk factors [5]. Thus, despite
significant effort, limited progress has been made in understanding the genetic and
environmental basis of SCZ and BPD. In this article, we propose that epigenetic
mechanisms may operate in the etiopathogenesis of major psychosis, with a contribution that
may extend and potentially exceed that of the DNA sequence and environmental factors.

Epigenetic mechanisms are a heritable and dynamic means of regulating various genomic
functions, including gene expression, through covalent modifications of DNA and histones.
Although DNA and histone modifications are often investigated separately, crosstalk exists
between the different types of marks, thus allowing epigenetic modifications to act in
concert [6]. In contrast to the DNA sequence, the epigenome shows considerable
heterogeneity within the tissues of an organism, differing even between brain regions [7],
and acquires changes in response to environmental cues [8]. Research on the temporal and
spatial dynamics of epigenetic regulation has recently gained momentum (Box 1).

Box 1

Temporal and spatial dimensions of the dynamic epigenome

To coordinate changes in transcriptional regimes through the life cycle of an organism,
epigenetic changes must be temporally dynamic. Organismal age is one axis where
epigenomic dynamics are most evident. In population studies of human disease, cases
and controls must be matched for age. From the epigenetic point of view, “age” is a
complex characteristic that, for the lack of more specific information, serves as a proxy
for effects of developmental programs, changes in hormonal milieu, environmental
events, cellular senescence and stochasticity, among other factors. The overall density of
modified cytosines decreases with age, an effect observed at the level of the epigenome
in white blood cells in adults [79]. However, the relationship of DNA methylation with
age is not strictly linear, as children exhibit a threefold to fourfold higher rate of
methylation change compared with adults [80]. Similarly, in the prefrontal cortex of the
brain, the methylome is most dynamic during embryogenesis, with gradual stabilization
after birth and during aging [81]. Some [82], but not all [83], twin studies have found an
age-dependent divergence in twin epigenomes; older monozygotic twins exhibited
greater differences in overall density and in genomic distribution of DNA methylation
and histone acetylation compared with younger twins. There is also evidence for an age-
dependent increase in variability at individual loci (or age-specific heteroscedasticity)
(Oh and Petronis, unpublished).
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Bidirectional or cyclical epigenetic changes regulating transcriptional regimes have also
been detected. Strand-specific cycling in methylation/demethylation paralleled the
transcriptional cycling of the pS2/TFF1 gene promoter upon activation by estrogens [84].
Addition and removal of methyl groups from DNA also affected the sequential
recruitment of chromatin-remodeling proteins involved in cycles of transcriptional
activation [84]. Epigenetic machinery also modulates transcriptional programs in
response to circadian cues [85].

The spatial organization of the epigenome is another area of recent interest. The genome
contains specific regions with dense DNA methylation, which impact the three-
dimensional nuclear organization of the genome as well as nucleosomal structure [86,
87]. Separately, the epigenome is likely itself organized into multi-locus functional
“modules”, similar to the transcriptional networks it regulates. A recent study found
fragmentation in the network architecture of the methylome from brains of patients
diagnosed with psychosis, relative to that from control brains [88]. Although the precise
implications of these changes are unclear, one can speculate that changes in modular
network structures may be related to disturbances in distinct areas of high epigenetic
activity in the nucleus.

The rationale for epigenetic and epigenomic explorations into psychiatric diseases is based
on two sets of findings. First, rapidly growing evidence from basic research indicates that
epigenetic regulation underlies normal cognition, and that cognitive dysfunction occurs upon
epigenetic misregulation. Second, epigenetics research is providing new insights into
heritable and non-heritable components of complex psychiatric disease. Putative epigenetic
misregulation is consistent with the various clinical and epidemiological features of
psychiatric diseases, such as discordance of identical twins, sex- and parent-of-origin
effects, coincidence between disease onset and the time of major hormonal changes in the
organism and major fluctuations in clinical course. Below, we discuss how epigenetics
influences brain function and describe the general features of epigenetics relevant to
psychiatric disease.

Epigenetics is a new frontier in neurobiology
Epigenetic factors can influence genomic activities in the brain to produce long-term
changes in synaptic signaling, organization and morphology, which in turn underlie
cognitive function [9]. For example, the phosphorylated form of MeCP2, an MBD protein
that binds to methylated DNA and regulates transcription, binds broadly throughout the
genome, affecting chromatin state, dendritic and synaptic development and hippocampus-
dependent memory [10, 11]. In mice, hippocampal neuronal activity induces active DNA
demethylation or de novo methylation [12], and targeted knockouts of DNA de novo
methyltransferases cause learning and memory impairments [13]. DNA methylation has also
been implicated in the maintenance of long-term memories, as pharmacological inhibition of
DNA methylation abolishes remote memories [9, 14]. Finally, the recent rediscovery of
DNA hydroxymethylation may uncover epigenetic mechanisms unique to brain function
(Box 2). These findings indicate the importance of covalent DNA modifications in
mediating synaptic plasticity and cognitive functions, both of which are disturbed in
psychiatric illness.

Box 2

The many flavors of DNA modification

Covalent modifications of DNA occur at cytosine residues, typically in the context of CG
dinucleotides, although a recent study has shown an abundance of non-CG modifications
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in the adult mouse brain [89]. In addition to the well-known form of mammalian DNA
modification, methylated cytosine (5-mC), a second modification, hydroxymethylation
(5-hmC) of the CpG dinucleotide, was recently rediscovered [90, 91]. 5-hmC was first
detected in the rat brain 40 years ago [92], but did not attract any interest for decades. 5-
hmC studies have been accompanied by the recognition that this modification has a
different genomic distribution than that of 5-mC [93]. The role of 5-hmC in brain
function is a topic of active research. This base accounts for about 40% of modified
cytosines in neurons, increases in the brain with postnatal age and is produced in
response to neuronal activity [94]. 5-hmC is an intermediate in active DNA
demethylation, a phenomenon that, while long suspected, is only recently being
mechanistically understood [94]. Active demethylation occurs in a number of contexts,
including learning and memory [13]. Further studies will determine if there are additional
regulatory functions of 5-hmC that are independent from that of 5-mC. The rediscovery
of 5-hmC has created an opportunity to further resolve the epigenomic landscape in
various cellular contexts, and identify the respective contributions of each modification to
neuronal function and cognitive processes [9]. In addition to 5-mC and 5-hmC, the Tet
(ten eleven translocation) proteins can catalyze 5-formylcytosine (5-fC) and 5-
carboxylcytosine (5-caC) from 5-mC; however, the density of these modifications is
much smaller than those of 5-mC and 5-hmC [95].

Changes in histone modifications can also influence long-term memory formation by
altering chromatin accessibility and the transcription of genes relevant to learning and
memory. Memory formation and the associated enhancements in synaptic transmission are
accompanied by increases in histone acetylation, which promote an active chromatin state
[15]. Some types of histone methylation are also required for normal cognitive function [16].
Conversely, a neuronal increase in histone deacetylase activity, which promotes chromatin
compaction, results in reduced synaptic plasticity and impairs memory [17].
Pharmacological inhibition of histone deacetylases augments memory formation [17, 18],
further suggesting that histone (de)acetylation regulates this process. Mutations in CBP, a
transcriptional regulator with histone acetyltransferase activity, produce cognitive
disturbances related to Rubinstein-Taybi syndrome, a disease characterized by short stature,
mental retardation and distinct physical anomalies [19]. Overall, these studies demonstrate
that misregulation of epigenetic modifications and of their regulatory enzymes is capable of
orchestrating prominent deficits in neuronal plasticity and cognitive function, abnormalities
relevant to many psychiatric disorders.

Epigenetic perspective on the “missing” heritability, ephemeral environment and non-
mendelian features of major psychosis

The second group of arguments supporting epigenetic applications in psychiatric research –
and in other complex diseases – is a potential reinterpretation of the “DNA + environment”
paradigm of disease causation. Twin and family studies have demonstrated a genetic
influence in all psychiatric diseases, with heritability reaching 80% in SCZ and BPD [20].
Despite high heritability estimates, common genetic risk factors mapped in genome-wide
association studies (GWAS) [21] and rare DNA mutations, including copy-number variants
(CNVs) [22, 23], have explained only a small fraction of the total inherited risk of major
psychosis. The term ‘missing heritability’ refers to the discrepancy between epidemiological
heritability estimates and the proportion of phenotypic variation explained by DNA
sequence differences [24].

The concept of missing heritability has been discussed in over a hundred articles, and
several theories have been used to explain the small risk effects detected in GWAS. It has
been suggested that the missing heritability is related to large numbers of rare variants, or
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that the heritability is not missing, but is “hidden” across linkage disequilibrium blocks, each
containing numerous weakly-contributing genetic risk factors [25]. Another possibility is
that some additive heritability estimates may be inflated by epistasis and gene-environment
interactions, detection of which in GWAS is not trivial, resulting in “phantom” heritability
[26]. Such models, though scientifically sound, would require studies with hundreds of
thousands of samples, and the translational benefit of this knowledge is not obvious. In
major psychosis, the unaccounted heritability is so large that one is tempted to believe that
other models and mechanisms of disease heritability may be involved. In this regard,
epigenetic heritability offers an interesting opportunity.

Traditionally, “epi-genetic” has been perceived as DNA- and histone-modification marks
that were faithfully transferred across a limited number of mitotic divisions in differentiated
somatic cells, but that were erased and reset between generations. Transmission of parent-
specific epigenetic signatures was thought to be impossible due to reprogramming during
gametogenesis and early development. However, transgenerational inheritance of natural-
and pharmacologically-induced epimutations has been well documented in animal models
[reviewed in 27], indicating that some epigenetic marks can indeed survive the two
reprogramming events. Studies in twins have found that monozygotic twins (derived from
the same zygote) are epigenetically more similar than dizygotic twins (derived from two
different zygotes) [28, 29], which is consistent with the inheritance of epigenetic marks from
gametes. In this view, epigenetic contributions to heritability in twins would be mediated by
a partial epigenetic stability in somatic cells of a single generation, while epigenetic
contributions to transgenerational heritability would additionally require epigenetic stability
during gametogenesis. Thus, transgenerational- and twin-based epigenetic inheritance may
account for some of the missing heritability.

Separately, epigenetics may shed new light on the non-heritable (i.e. environmental) factors
contributing to SCZ and BPD. There is increasing experimental evidence that environmental
agents, including dietary factors, environmental chemicals and rearing environment, can
alter the epigenetic status of specific genes and genomes [reviewed in 8, 30]. Therefore, in
principle, epigenetic approaches can measure the effects of the environment on a molecular
level. Epigenetic marks also exhibit stochastic mitotic instability, which are epigenetic
changes that are not induced by measureable environmental stimuli [31, 32]. Stochastically-
induced epigenetic misregulation has the potential to affect disease susceptibility, an effect
that would have traditionally been misattributed to environmental contribution [5].

From the epigenetic point of view, “inherited” and “acquired” marks need not be
independent in origin, as they are in the traditional “genes + environment” paradigm.
Environmental factors may impact epigenetic regulation and thereby become heritable, an
idea that provides new ways to conceptualize and conduct molecular analyses of gene-
environment interactions [reviewed in 27].

Finally, epigenetic misregulation is also consistent with various epidemiological, clinical
and molecular puzzles in psychiatric diseases, including discordance of identical twins,
sexual dimorphism in incidence and severity, parent-of-origin effects, fluctuating clinical
course, decline of clinical symptoms in aging SCZ and BPD patients and the non-decreasing
incidence of SCZ despite the significantly-reduced reproductive fitness of the affected
individuals [33, 34].

In summary, although there is no direct evidence to date for the causal role of epigenetic
factors in psychiatric disease, numerous observations support the heuristic potential of the
epigenetic theory of major psychiatric disease as a viable alternative to the existing research
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program in complex non-mendelian genetics and biology. These arguments warrant a
dedicated search for epigenetic risk factors in psychiatric disease.

The short (half a decade) history of epigenetic studies of SCZ and BPD
Both SCZ and BPD have been examined for disease-associated changes in DNA
methylation [35]. Initial studies investigated methylation in candidate genes such as reelin
[36, 37], sex-determining region Y (SRY)-box 10 [38], forkhead box P2 [39], and serotonin
receptor 1A [40], using postmortem brains and peripheral blood samples. However, the
findings from these studies were not always replicated [41]. The first epigenome-wide study
characterizing DNA methylation in major psychosis surveyed 12,000 GC-rich regions,
including CpG islands, in the prefrontal cortex of the brain [42]. This study identified
several dozen sites with DNA methylation alterations, some of which were sex-specific.
Loci with significant epigenetic differences between affected individuals and controls
contained genes involved in brain development and neurotransmitter pathways, which had
previously been associated with major psychosis [42]. One of the identified genes, the HLA
complex group 9 gene (HCG9), maps to chromosome 6p21.33, which also exhibited an
association with psychosis in GWAS [21]. DNA methylation patterns in HCG9 were
separately analyzed in approximately 1400 DNA samples from major psychosis patients and
controls using bisulfite conversion coupled with pyrosequencing [43]. BPD patients
exhibited a lower degree of HCG9 methylation in several tissues, including in the post-
mortem prefrontal cortex and sperm cells from living individuals [43]. The DNA
methylation change in HCG9 across many tissues suggests the occurrence of an epimutation
that is inherited or acquired before tissue differentiation in embryogenesis.

One powerful experimental design in epigenetic studies is the comparison of discordant
monozygotic (MZ) twins that are naturally matched for DNA sequence and demographic
variables. To date, the most comprehensive twin study examined blood samples from 22
twin pairs discordant for SCZ or BPD and interrogated over 27,000 CpG dinucleotides using
microarrays [44]. Among all genes with disease-associated changes, those involved in
neuronal development and pathways implicated in neurological disease were statistically
overrepresented. Another study examined X-chromosome inactivation patterns in blood and/
or buccal cells from 63 female MZ twin pairs concordant or discordant for BPD or SCZ,
alongside healthy twin controls [45]. Discordant BPD twins showed greater differences in
the methylation of maternal and paternal X-alleles compared to concordant twin pairs [45].
This result suggests that differential skewing of X-chromosome inactivation may contribute
to MZ twin discordance in BPD, further supporting a role for genes on the X chromosome in
mood disorders.

Perturbations of DNA methylation in major psychosis may also result from the abnormal
activity of DNA methyltransferases (DNMT) or changes in the levels of methyl-group
donors and co-factors affecting DNA methylation. DNMT genes have been reported to be
upregulated in the prefrontal cortex of SCZ and BPD patients [46, 47]. In addition, several
studies have detected differences in the amounts of S-adenosyl methionine (SAM), a methyl
donor, and other molecules part of the one-carbon metabolism cycle (i.e. homocysteine,
folate) in patients with major psychosis [48, 49].

Differences in patterns of histone modifications have also been found in major psychosis.
While histone modifications are less frequently studied in the post-mortem human brain,
owing to postmortem autolysis of the marks, histone methylation may be less vulnerable to
this phenomenon [50]. A study measuring levels of histone 3 lysine 4 trimethylation
(H3K4me3), a mark associated with an open chromatin state and active transcription, found
reduced levels of this mark at the glutamate decarboxylase 1 (GAD1) locus in the female
SCZ prefrontal cortex [51]. The GAD1 protein synthesizes the neurotransmitter GABA;
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dysregulation of GABAergic neurotransmission has been implicated in the pathophysiology
of SCZ, and reduced expression of GAD1 has frequently been observed in the post-mortem
prefrontal cortex and hippocampus of affected individuals [52]. Accordingly, decreases in
H3K4me3 were accompanied by deficits in GAD1 mRNA expression in the prefrontal
cortex of SCZ patients [51]. A different study that measured several histone marks,
including methylation, acetylation and phosphorylation, in the prefrontal cortex of patients
with SCZ, did not find any overall significant differences, although a subset of eight
schizophrenia patients had a 30% increase in the histone methylation mark H3-
(methyl)arginine 17 (H3meR17), a sign of closed chromatin, in comparison to control
subjects [53]. Elevations in the repressive chromatin mark H3K9me2 (histone 3 lysine 9
dimethylation) have also been observed in lymphocytes of living schizophrenia patients, and
higher levels of H3K9me2 were correlated with an earlier age of disease onset [54].
Furthermore, enzymes that catalyze post-translational histone modifications may be
dysregulated in major psychosis. Overexpression of histone deacetylase 1 (HDAC1) has
been reported in the post-mortem prefrontal cortex of patients with SCZ [55]. Inverse
correlations between the expression of GAD1 and HDAC1, -3 and -4 have also been
observed in the brain of individuals with major psychosis [55, 56]. Together, these studies
suggest that disturbances in histone regulatory enzymes and histone patterns in the brain
mediate transcriptional changes that may contribute to the risk for psychotic disorders.

Epigenetic misregulation has also been associated with depression and drug addiction,
which are common co-morbid conditions with SCZ and BPD [57, 58]. Changes in the
expression of the de novo DNA methyltransferase gene DNMT3a in the brain reward system
of adult mice regulated addictive behaviors and depressive-like phenotypes [59]. Histone
deacetylases and the histone methyltransferase G9a also modulated preferences for addictive
substances, stress vulnerability and depression-like behaviors in adult animals [60–62].
Chronic administration of the widely-used anti-depressant imipramine reversed many of the
histone methylation and gene expression abnormalities induced by defeat stress [63], and
increased histone acetylation at brain-derived neurotrophic factor (BDNF), a gene important
in mediating depressive responses following stress [64].

Finally, a number of psychotropic medications have been shown to produce epigenetic
changes in the brain (Box 3), although it is still unclear if the therapeutic effects are a direct
consequence of these epigenetic alterations. Together, all the above studies underscore the
widespread impact of and prominent role for epigenetic factors in a number of psychiatric
diseases.

Box 3

The tools of epigenomic profiling

Epigenomic assays involve the selective enrichment of DNA containing the epigenetic
mark(s) in question, followed by the position-specific quantification of enriched
sequences. Modifications are enriched using DNA methylation-sensitive restriction
enzymes, antibodies or chemical approaches. Two popular methods for epigenomic
screens are microarrays and direct DNA sequencing. Sequencing offers the advantage of
single base pair resolution and, unlike most arrays, is not limited to certain genomic loci
(probes). This method is being successfully used to generate “reference epigenomic
atlases” for individual cell types [96], including the full human DNA methylome [97].
However, microarrays still offer some advantages for mapping disease epimutations.
Relative to sequencing, the library preparation and computational costs of arrays are still
significantly lower, making the latter cost-effective for populational studies, which
require hundreds (if not thousands) of samples. The cost of sequencing-based approaches
is directly proportional to the fold coverage, which may differ dramatically for each
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specific type of epigenetic modification. The rule is to increase the number of unique
reads covering a particular region until saturation occurs, that is when further sequencing
fails to discover additional regions (“peaks”) above background [98]. In histone
modification studies, the general recommendation for sequencing depth is 20 million
aligned reads per replicate, at a 36 base read length
(http://www.roadmapepigenomics.org/), but lower sequencing depths may be sufficient
for more localized, rare histone modifications (e.g. H3K4me2, H3K4me3) [99]. In
bisulfite-based DNA modification studies, the peak criterion does not apply due to the
abundance of these modifications and required sequencing depth may be as high as >50
reads on average per locus [100] to account for the large degree of intra- and inter-
individual variation of DNA modification. To offset the costs of next-generation
sequencing, one strategy has been to interrogate a subset of the epigenome (i.e. reduced
representation bisulfite sequencing or enrichment by antibody). In general, microarray
and direct sequencing methods each presents a tradeoff in cost, genome coverage and
accuracy. Given the rapidly falling costs of direct sequencing, this method will likely
replace microarrays as the main assay for population-based epigenomic profiling in the
next five years.

Future directions and challenges for identification of epimutations in major psychosis
As discussed above, epigenetics and epigenetic models of disease causation have numerous
characteristics that distinguish them from genetic studies, and accordingly, the up-and-
coming wave of epigenome-wide association studies (or “EWAS”) is being accompanied by
thoughts on theoretical and experimental considerations for these studies [65]. Here we
focus on epigenomic research strategies that are directly relevant to the brain.

The instability of the epigenetic code is a double-edged sword, in that the very diversity and
changeability of the mechanisms that could explain facets of disease etiology presents an
experimental challenge for their identification. Epimutations may exhibit variations in their
genomic span and distribution, the types of epigenetic modifications affected and the
number of tissues carrying the epimutation. This variability will influence the considerations
of sample size, sample type and epigenomic assays required to reliably identify disease-
associated epimutations (Figure 1). A hypothetical example of “low-hanging fruit” is an
inherited long-ranging epimutation that affects both DNA and histones; detection of such an
epimutation would require relatively few samples, lower-resolution mapping techniques and
easily-accessible human tissues, such as blood. Such broad somatic epimutations have been
detected in cancers; gene silencing of a 4-Mb band of chromosome 2q.14.2 in colorectal
cancer was related to three regions with DNA hypermethylation, the largest of which
spanned nearly 1Mb [66]. By contrast, a “point epimutation”, i.e. an epigenetic change
occurring in a limited genomic region and tissue/cell type, may not be identified without
assaying hundreds of diseased tissue samples, and still may be difficult to detect without a
priori knowledge (i.e. of the affected brain region) to help narrow the search. The sheer
complexity of the epigenome may limit the success of certain experimental designs and
techniques, particularly in the detection of small “private” epimutations (epigenetic changes
in very short regions and mapping to different genes in different patients).

A different consideration in experimental design is the resolution of causal versus
correlative epimutations. The majority of reports that associate epigenetic abnormalities with
psychiatric disease do not ascertain if the association is causal, or if it is a consequence of
disease, its treatment or other disease-related confounds (i.e. recreational drug use). Several
approaches may help differentiate causal and non-causal associations. First, an epimutation
identified in multiple tissues of affected individuals – including the brain – would favor (but
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not prove) a causal relationship. However, causality cannot be rejected if brain epimutations
are not detected in non-brain tissues. Causality may be further supported if disease-specific
epimutations are detected in the germline (sperm) of affected individuals or of their fathers.
Second, DNA- and histone-modification differences between psychiatric patients and
controls can be further analyzed prospectively in the offspring born to affected parents.
About 10% of such offspring will develop SCZ or BPD when they reach the critical age of
susceptibility [67], suggesting that they likely carry inherited disease risk factors. Third,
animals with induced epimutations can be used to monitor the dynamics of epigenetic
regulation during embryogenesis, post-natal development and aging, in parallel with
behavioral assessments. Epimutations could either be induced globally (by altering the
activity of epigenetic regulators) or in a locus-specific manner (i.e. by using hybrid DNA
methyltransferases [68] and non-coding RNA-based approaches [69]).

Some challenges posed to the epigenomic study of disease will be mitigated by
technological advancements. Technological trends for epigenetic assays have advanced from
analyzing selected loci (i.e. small-scale bisulfite mapping) to unbiased searches of the
epigenome (i.e. epigenetic modification-specific antibodies coupled with microarrays or
next-generation sequencing), using continually smaller starting populations of cells [70]
(Box 3). Ideally, sample choice would be narrowed by an understanding of the basic biology
underpinning disease symptoms (i.e. choosing tissues based on studies in animals or cell
lines [71, 72]), or by the selection of major cell populations (i.e. neurons, glia), leading to
experimental designs that are more economical and easier to interpret. This refinement is of
particular relevance in the brain, which is heterogenous in cell populations as well as in
regional epigenetic signatures [7, 73].

Yet another strategy could combine epigenomic association maps with those from genetic
studies (GWAS+EWAS) to mine genetic-epigenetic interactions in disease. Allele-specific
DNA methylation (ASM) [reviewed in 74] is a well-documented phenomenon that likely
reflects tissue-specific cis regulatory influences of DNA polymorphisms on epigenetic
status. ASM may help identify causal genetic polymorphisms within a genetic linkage
disequilibrium (LD) block that contains multiple disease-associated SNPs, and/or uncover
the molecular mechanisms of disease. Notably, genetic-epigenetic interactions may not be
limited to the unidirectional effects of ASM, and epigenetic factors may also contribute to
DNA sequence variation. The presence of a 5′ methyl group increases mutability of a
cytosine base [75], and knockouts of DNMT1 exhibit a higher DNA mutation rate [76]. The
human brain contains 100 billion neurons and 10X more glial cells [77]; epigenetically-
induced mutations in a small population of cells, particularly during early
neurodevelopmental stages, could affect predisposition to psychiatric disorders. In addition,
epigenetic factors seem to play a role in the origin of de novo CNVs. The regions of the
sperm genome displaying the lowest (bottom 1%) density of DNA methylation had 10X
more structural rearrangements compared to the genome-wide average [78]. In addition, rare
CNVs occurring in the genomes of individuals diagnosed with SCZ and BPD were
significantly more concentrated within such hypomethylated regions. For example, BPD-
specific deletions measured in sperm were significantly enriched (> 2-fold) in regions with
the lowest methylation levels compared to the control-specific deletions [78]. Future studies
on the epigenetic regulation of gene expression and other genomic functions within CNVs
will be valuable, as this regulation may either compensate or further aggravate the effect of
changed copy number. In summary, unraveling the bi-directional DNA-epigenetic
interactions in psychiatric disease, in addition to investigating each separately, could provide
a better understanding of the nature of gene misregulation in psychiatric disorders.
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Concluding remarks
The coming decade will likely see a large assortment of epigenomic assays of disease that
have increased resolution, sample size and scope of analysis. It is possible that epigenetic
analysis in psychiatric disease will be inundated by the complexities of epigenetic maps,
yielding small and non-replicable findings. However, the optimistic outlook is that this
research will identify new molecular mechanisms to explain features of non-mendelian
biology and transform our understanding of the molecular basis of psychiatric disease.
Importantly, epigenetic studies may additionally identify novel therapeutic targets and
strategies for the treatment of psychiatric disorders (Box 4).

Box 4

Epigenetics of psychiatric treatment and epigenetic therapy

The therapeutic action of current medications for psychotic disorders may occur via
epigenetic mechanisms. Clozapine is an atypical antipsychotic that is widely used to treat
SCZ and other psychiatric illnesses. Treatment with clozapine has been associated with
an elevation in H3K4me3 at the promoter of GAD1 (which encodes the enzyme that
synthesizes the neurotransmitter GABA) in the prefrontal cortex of SCZ patients and in
the mouse cortex [51]. The mood stabilizing effect of valproate, a drug routinely used to
treat BPD, may be mediated by its ability to promote chromatin accessibility through
HDAC inhibition, and thereby increase histone acetylation [101]. Indeed, a dose-
dependent increase in histone acetylation in response to valproate was observed in
lymphocyte nuclear protein extracts from patients affected with major psychosis [102]. In
targeted DNA modification studies, clozapine and sulpiride (another atypical
antipsychotic) both caused dose-dependent increases in cortical and striatal
demethylation of the hypermethylated reelin and GAD67 promoters in the mouse brain
[103]; similar to histone acetylation, DNA demethylation at a gene promoter increases
chromatin accessibility. These studies show that antipsychotics and mood stabilizing
agents are capable of promoting epigenetic modifications associated with an active
transcriptional state at disease-relevant loci, suggesting new molecular mechanisms of
antipsychotic efficacy.

The epigenetic and epigenomic studies of psychiatric disease bring the promise of
reversing disease-causing epimutations, even in adulthood. Of particular interest are the
opportunities of targeted corrections of epigenetic misregulation. In theory, two
technologies can be used in the development of future epigenetic therapies [reviewed in
104]. The first is based on zinc-finger proteins (ZFPs), which recognize specific DNA
sequences and bind to short stretches of DNA (typically 9–18 base pairs) [68]. ZFPs can
be used to carry out a variety of cellular activities when combined with different protein
domains. An epigenetic problem may be resolved if an epigenetically misregulated gene
is exposed to a gene-specific ZFP that is attached to the appropriate histone- or DNA-
modifying enzyme. Another promising technology is based on small interfering RNAs
(siRNAs), which target and cleave mRNA [69]. RNA interference may modify local
chromatin structure and promote heterochromatin assembly and gene silencing. Although
the potential of epigenetic treatments and personalized medicine is starting to be
explored, to a large extent clinical translation will depend on the success in identifying
targets for epigenetic therapy.
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Glossary

Copy number
variation

is present when DNA sections (larger than 1 kb) show
differences in copy number between individuals. These rare
structural variations in the genome can result in the duplication,
deletion, or disruption of gene copies

DNA
methyltransferases
(DNMTs)

enzymes that establish and maintain DNA methylation, using
methyl-group donor compounds or cofactors. Main mammalian
DNMTs are DNMT1, which maintains methylation state across
DNA replication, and DNMT3a, DNMT3b which perform de
novo methylation

DNA modifications covalent modifications of mammalian DNA occur via the
methylation (5-mC) or hydroxymethylation (5-hmC) of
cytosine, typically in the context of the CpG dinucleotide. More
recently, other DNA modifications involved in DNA
demethylation (5-carboxylcytosine, 5-formylcytosine) have also
been identified. It is important to note that the conventional
methods used for mapping of 5-mC, such as bisulfite-
sequencing and methylation-sensitive restriction enzyme-based
approaches, do not differentiate it from 5-hmC. We use the term
“DNA methylation” to be consistent with primary publications;
however, the more correct term “DNA modification” is used in
the rest of the article

Epigenome the genome-wide distribution of epigenetic marks, including
covalent DNA modifications and post-translational histone
modifications, that influences genomic functions without
altering the DNA sequence

Genome-wide
association study
(GWAS)

study that maps common DNA polymorphisms in cases and
matched controls with an aim to identify causal genetic variants

Histone
acetyltransferase
(HAT) and
deacetylase (HDAC)

HATs are enzymes that transfer acetyl groups to specific
positions on histone tails, promoting an “open” chromatin state
and transcriptional activation. HDACs remove these acetyl
groups, resulting in a “closed” chromatin state and
transcriptional repression

Histone modifications post-translational modifications of the N-terminal “tails” of
histone proteins, which serve as a major mode of epigenetic
regulation. These modifications include acetylation,
phosphorylation, methylation, sumoylation, ubiquitination and
ADP-ribosylation

Linkage
Disequilibrium

the non-random occurrence of a combination of alleles or
genetic markers in a population

Monozygotic (MZ)
twins

two individual organisms that originated from the same zygote
and are therefore genetically identical or very similar. The
epigenetic profiling of MZ twins discordant for disease is a
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unique experimental design as it eliminates the genetic-, age-,
and sex- differences from consideration

Next-generation
sequencing

an umbrella term for a collection of methods used to directly
sequence nucleotides (DNA, RNA). Next-generation
technologies can be applied in a variety of contexts, including
whole-genome sequencing, profiling RNA (mRNAs and other
small and non-coding RNAs), examining DNA binding proteins
and chromatin structures, and assessing DNA modification
patterns
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Figure 1. Features of epimutations likely vary in complexity, necessitating sophisticated
experimental designs and possibly explaining why some designs fail
(a) An epimutation may be inherited (germline) or may be acquired during the individual’s
lifetime. In the former case (purple box), an epimutation would be consistently present in all
cell types of the affected individuals. In the latter (orange box), the epimutation may only be
found in particular cell types of the affected individual or, still more complex, in a
specialized cell type following a particular developmental stage (e.g. after puberty).
(b) Epimutations may vary in the stretch of epigenome affected and in the number of
epigenetic layers where the mutation is evident. (Left) An epimutation that spans a large
stretch of the epigenome (similar to a translocation) and multiple epigenetic layers would be
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detected by a low-resolution technique and several assays. (Right) At the other extreme, an
epimutation that affects a single locus (similar to a point mutation) in a single layer would
require single base-pair resolution techniques and would not be found in assays investigating
other epigenetic modifications.
(c) The interindividual variability in the epigenome surrounding the epimutation also affects
sample size and technique resolution. (Left) Regions of the epigenome that have low
interindividual variability (e.g. conserved regulatory domains) require fewer samples than in
cases where the epimutation is in a region of high variability (i.e. regulatory region affected
by lifestyle choices). There is currently little understanding of the population variability of
the epigenome.
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