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Introduction & Overview





Epigenetic modes of gene regulation can be grouped into three general 
domains: 
1. Histone Post-Translational Modifications (PTMs) and histone variant 

exchange 
2. Chromatin Remodeling
3. DNA Methylation 

• A large variety of histone PTMs have been identified, including 
phosphorylation, acetylation, methylation, adenosine diphosphate (ADP) 
ribosylation, ubiquitination, crotonylation, and small ubiquitin-like 
modifier (SUMO)ylation. 



• The Writers & The Erasers
• HATs, HDACs – Specificity for K residues poorly understood
• HMTs, HDMs – Specificity for K & Arginine residues clearly 

understood

• The Readers
• Specific proteins that bind to the K & Arginine residues, bring 

about transcriptional change
• Hundreds of proteins are thought to be recruited to a gene in 

concert with its activation or repression 



• Acetylation generally promotes decondensation of chromatin and increases gene 

activity by negating the positive charge of K residues in histone tails and increases 

spacing between nucleosomes 

• Methylation can either promote or repress gene activity, depending on the residue 

undergoing methylation 

• Phosphorylation of histones is also associated with chromatin inhibition or activation 

• Other modifications poorly understood

• Histone code hypothesis - the sum of modifications at a particular gene defines a specific 

epigenetic state of gene activation or silencing 











• Complex, multifactorial 

• Chronic alterations in neural circuit structure and function, abnormalities in 

glial cells 

• Relatively high rates of discordance among identical twins - importance of 

additional mechanisms 

• Environmental insults - stable changes in gene expression, neural circuit 

function - ultimately behavior

• These mal-adaptations appear distinct between developmental versus adult 

exposures 

• Modifications in specific brain regions 

• Animal models, Postmortem patient brains



• Functional and transcriptional alterations in several limbic brain regions 

implicated in regulating stress responses, reward, and cognition 

• Epigenetic mechanisms control the spacing of nucleosomes and the degree to 

which they are condensed, which thereby determines gene activity

• In simplified terms, chromatin exists across a continuum between an 

inactivated, condensed state (heterochromatin), which does not allow 

transcription of genes, and an activated, open state (euchromatin), which 

allows individual genes to be transcribed 



Limbic Circuitry Implicated In Psychiatric Disorders











Stress



DNA Methylation
• Chronic social defeat stress increases expression of Dnmt3a in NAc

• Overexpressing Dnmt3a in this region increases depression-like behavior 

• DNMT3a activity is generally associated with transcriptional repression

• Expression of DNMTs is altered in limbic and brain stem regions in depressed 

suicide completers 

• Candidate genes studied –

• GDNF in NAc

• CRF in Paraventricular Nucleus of Hypothalamus (PVN) - decreased DNA 

methylation at the Crf promoter

• CRF in PVN may also be associated with sex specific HPA regulation



DNA Methylation

• Pivotal role in cell differentiation, imprinting, and X chromosome inactivation

• Within gene promoters generally exerts a repressive effect on gene 

transcription

• Prevent the association of DNA-binding factors with their target sequence

• Bind to methyl-CpG-binding proteins to recruit transcriptional co-repressors –

Chromatin silence

• Significant portion of DNA methylation occurs at non-CpG sites – Activation / 

Suppression



DNA Methylation

• Stable genetic change

• Enzymatic basis of demethylation poorly understood

• Most studies of DNA methylation in psychiatric disorders to date have not 

distinguished between 5mC (5-methylCytosine) and 5hmC (5-hydroxy 

methylcytosine)

• 5mC oxidation derivatives are expressed at highest levels in neurons, and in contrast 

to the generally repressive effect of 5mC on gene expression, 5hmC is more 

correlated with transactivation (5mC forms can be converted to unmethylated

states)





















Depression



Epigenesis In Depression

• ~40% heritable, which emphasizes the involvement of non-genetic factors 

• Animal chronic stress paradigms – Adult models & Developmental models

• Adult models – Histone Acetylation

• HDAC inhibition has antidepressant effects in NAc, Hippocampus, 
Amygdala, or PFC, alleviates depression-like symptoms



• 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 differential 
gene expression

• Although each treatment also regulated subsets of unique genes, there was 
also significant overlap, suggesting that antidepressant effects of fluoxetine 
may in part be mediated by affecting histone acetylation 

• Precise mechanisms unknown. Also genome wide specific histone sites not 
known



Adult models – Histone Methylation

• Chronic social defeat stress downregulates the histone methyltransferases G9a 
and G9a-like protein, which catalyze H3K9me2 (a major repressive mark) in NAc

• Overexpression of G9a in this region is antidepressant and increased H3K9me2 
at specific gene promoters is implicated in the antidepressant effect of fluoxetine 

• Reduced H3K9me2 at this gene in NAc of susceptible mice results in increased 
Ras expression, induction of ERK signaling, and, ultimately, CREB activation, 
which induces depression - like behavior 



• Another repressive histone mark, H3K27me3, is increased upstream 
to the promoter of the Rac1 gene in susceptible mice and this is 
associated with a sustained reduction in Rac1 expression that 
influences characteristic dendritic spine changes in defeated mice 

• H3K27me3 is implicated as well in the ability of chronic stress to 
suppress Bdnf expression in hippocampus 

• Stress-induced redistribution of H3K9me2 and H3K27me3 in NAc 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 models, with ~20% overlap

• H3K9me3 (another repressive histone mark) in hippocampus - dramatic 
induction of the mark by restraint stress at repetitive elements, non-
transcribed regions of the genome - influence genomic instability

• Increase in H3K9me3 after acute stress may represent an adaptive 
response

• H3K4me3 or H3K27me3 in promoter regions of several candidate genes
(e.g., OAZ, SYN2, BDNF, TRKB) in postmortem PFC



Chromatin Re-modelling In Depression

• Poorly understood

• Chronic social defeat stress induces a repressive chromatin remodeling 

complex in NAc

• 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 activating histone marks (e.g., H3M4me3 and H4K16ac) and 

increased levels of certain repressive histone marks (e.g., H3K9me2), thus 

emphasizing the coordinated nature of epigenetic regulation 





Epigenetics – Developmental Issues In Depression

• Animal models – Prenatal stress, Separation

• Epigenetic changes may last life long

• Prenatal maternal stress –

• Suppresses placental expression of 11β-hydroxysteroid dehydrogenase 
type 2 (11β-HSD2), which normally protects the developing fetus from 
maternal glucocorticoids 

• Hypermethylation of its gene promoter - increased stress vulnerability 
of offspring animals



• Elevated DNA methylation at the NGF1-A binding region of the 
glucocorticoid receptor (GR; Nr3c1) promoter exon 17 in offspring 
hypothalamus

• Decreased methylation of the Crf promoter, with no changes at Bdnf

• Mice exposed to prenatal stress had elevated levels of Dnmt3a and 
Dnmt1 mRNA in PFC and hippocampus at birth, changes that persisted 
into adulthood and were associated with hypermethylation of the 
Reelin and Gad1 promoters, both implicated in 295



Maternal Separation Models

• Altered levels of expression of several HDACs in PFC and other brain regions

• Treatment with nonselective HDAC inhibitors reverses the effects of maternal 
separation, while treatment with theophylline—which can activate HDACs in addition 
to its better described action as a phosphodiesterase inhibitor—had the opposite 
effect 

• Early maternal separation reduces DNA methylation in a known enhancer region for 
Avp expression in PVN, which is associated with increased Avp expression 

• Alters DNA methylation and expression of Nr3c1 and Bdnf in PFC and hippocampus, 
changes which could contribute to depression-like behavior observed later in life 



Early Adversity    

• DNA methylation is altered by extreme adversity (e.g., abuse) during early life. Maternal 
maltreatment of rat pups (tramping, dragging, rough handling) leads to lasting 
hypomethylation at the Bdnf promoter in PFC 

• Impact of child abuse on genome-wide DNA methylation signatures in gene promoters 
in hippocampus 

• DNA methylation levels in gene promoters were inversely correlated with gene 
expression at a genome-wide level, supporting the globally repressive role of DNA 
methylation 

• Low maternal care induces hundreds of parallel DNA methylation changes colocalized
with other chromatin modifications 



• Cluster in particular at protocadherin genes. 

• Alterations have been reported in hippocampus of suicide completers with a history of 
child abuse. Abused suicide completers exhibit lower expression levels of Nr3c1 

• Specific to early-life adversity as Nr3c1 transcriptional modifications found in brains of 
depressed patients without a history of child abuse do not associate with changes in DNA 
methylation 

• Maternal care in rats is reported to affect several additional genes, such as Gad1 and 
Grm1 in hippocampus, Esr1 in the medial preoptic area of hypothalamus - reciprocal 
changes in promoter methylation and in some cases with altered levels of histone 
acetylation or methylation 



Stress beyond the early neonatal period

• Hypermethylation of the tyrosine hydroxylase (Th) gene 
promoter in mouse VTA

• Such hypermethylation at Th was sustained into adulthood
and rescued by treatment with the GR antagonist RU38486 





Schizophrenia





Epigenetic Mechanisms Of Schizophrenia

• Characterized by gene expression alterations in cerebral cortex and other brain 
regions

• DNA methylation at candidate gene promoters 

• RELN, which encodes reelin, whose promoter shows increased methylation in 
PFC and certain other brain regions. Reelin controls neuronal migration during 
development 

• This hypermethylation is associated with reduced Reln expression and could be 
mediated by increased DNMT1 levels 



• DNA methylation of SOX10 in PFC - reduced Sox10 expression and with altered expression 
levels of several genes associated with oligodendrocyte function – impact on myelination

• Polymorphisms in SOX10 are reported to influence the age of onset of SCZ 

• DNA methylation of HLA genes – inflammatory changes

• Increased levels of several HMTs 

• Altered levels of H3K9K14 acetylation in PFC - altered expression levels of the affected 
genes, which include GAD1 (glutamic acid decarboxylase-1, a key enzyme for GABA 
synthesis), HTR2C (serotonin 2C receptor), and PPM1E (protein phosphatase 1E) 



• Robust epigenetic dysregulation of GAD1 in PFC - including excessive levels of repressive 
DNA and histone methylation at the expense of certain activating histone marks such as 
H3K4me3 

• Other SCZ risk genes - CACNA1C (Calcium Voltage Gated Channel Subunit Alpha Type 1C)

• Genes that show alterations in brain—for example, RELN and GAD1—are also reported to 
differ in peripheral tissues 

• Abnormal methylation status has been reported in blood for several additional candidate 
genes, such as BDNF (brain-derived neurotrophic factor), 5HTR1A (serotonin 1A 
receptor), and COMT (catechol-O-methyltransferase) 



• The epigenetic status of genes is highly cell type-dependent

• Genome-wide epigenetic marks not yet available

• PsychENCODE

• Most studied parts – PFC

• Hot areas – Cerebellar cortex, Subcortical areas

• Mutations in perhaps up to 50 genes, each encoding a different chromatin 
regulator, have been linked to a wide range of neurodevelopmental syndromes, 
including rare monogenic forms of SCZ 



• Chromatin defects in brain were traditionally considered static lesions of early 
development – now also implicated in adult-onset neurodegenerative disease 

• Gene duplication of the HMTs, KMT1D and KMT2F, or the MYTL1 and ZNF804A 
transcription factors, have been linked to some cases of SCZ 

• The biggest difficulty – Lack of adequate animal models, unlike the wide variety 
of animal models used to study depression

• Epigenetic factors & miRNA









ASD













Bipolar Disorders



Bipolar Disorders

• Considerable overlap with SCZ 

• Genome-wide and candidate gene DNA methylation mapping in postmortem brains of 
individuals with SCZ or bipolar disorder with psychosis revealed a similar degree of subtle (but 
significant) changes at many gene promoters 

• HLA9, which showed aberrant DNA methylation patterns in multiple postmortem brain cohorts 
and in peripheral blood and, surprisingly, also in sperm of subjects diagnosed with bipolar 
disorder 

• GAD1

• Regulators of H3K4 methylation - one of the strongest links to the genetic risk architecture of 
bipolar disorder 



Addiction





PTSD





Other Disorders





Concluding Comments



Future & Questions

• Genome-wide assays for numerous chromatin mechanisms 

• Animal models & paradigms

• DNA methylation—both 5mC and 5hmC

• Noncoding RNAs & microRNAs

• Translation into transcriptional change, not only steady state alterations in expression 

but also altered inducibility in response to a subsequent challenge 

• No single modification examined to date is deterministic for a change in gene activity 

• Modifications that are most clearly associated with a functional change are associated 

with no change or even opposite changes in transcription at many genes



• Methodologies innovations

• To relate chromatin modifications to a host of transcription factors 

• 3D organization of the genome in neurons and glia 

• Exploration of regulatory DNA elements in the context of chromosomal loopings and 

higher order chromatin 

• Intergenic and intronic DNA, chromosome conformation capture assays, and other 

techniques that measure interaction and spatial proximity of noncontiguous DNA 

elements in brain cells



• Difficulty in relating chromatin modifications at a given gene to a functional 

outcome 

• To overcome this limitation is to use engineered zinc finger proteins (ZFPs), 

sequence-specific transcription activator-like effectors (TALEs), or CAS9/CRISPR, 

coupled to an enzymatic moiety, to target a particular chromatin modification to 

a given gene of interest within a region of adult brain 

• Virtually no mention of sex differences in epigenetic regulation
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