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Abstract

The mammalian brain dynamically activates or silences gene programs in response to
environmental input and developmental cues. This neuroplasticity is controlled by signaling
pathways that modify the activity, localization, and/or expression of transcriptional-regulatory
enzymes in combination with alterations in chromatin structure in the nucleus. Consistent with this
key neurobiological role, disruptions in the fine-tuning of epigenetic and transcriptional regulation
have emerged as a recurrent theme in studies of the genetics of neurodevelopmental and
neuropsychiatric disorders. Furthermore, environmental factors have been implicated in the
increased risk of heterogeneous, multifactorial, neuropsychiatric disorders via epigenetic
mechanisms. Aberrant epigenetic regulation of gene expression thus provides an attractive
unifying model for understanding the complex risk architecture of mental illness. Here, we review
emerging genetic evidence implicating dysregulation of histone lysine methylation in
neuropsychiatric disease and outline advancements in small-molecule probes targeting this
chromatin modification. The emerging field of neuroepigenetic research is poised to provide
insight into the biochemical basis of genetic risk for diverse neuropsychiatric disorders and to
develop the highly selective chemical tools and imaging agents necessary to dissect dynamic
transcriptional-regulatory mechanisms in the nervous system. On the basis of these findings,
continued advances may lead to the validation of novel, disease-modifying therapeutic targets for a
range of disorders with aberrant chromatin-mediated neuroplasticity.
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1. Introduction

A growing repertoire of epigenetic mechanisms have been linked to neural development,
stress responses, and synaptic connectivity and neuroplasticity (1,2). The importance of
these molecular mechanisms is highlighted by the fact that more than 50 distinct chromatin
regulators have been causally implicated in human neurodevelopmental and psychiatric
disorders (3-5). Noteworthy epigenetic phenomena in the brain include the dynamic
modification of DNA (e.g. 5-hydroxymethylation of cytosine (6,7)), modulation of higher-
order chromatin structure (e.g. ATP-dependent remodeling by the BAF (mSWI/SNF) family
(3,8)), diverse regulation by non-coding RNAs (e.g. microRNAs (9,10)), and the deposition,
detection and removal of over 100 distinct post-translational modifications and variants of
histone proteins (11-13). Of these many mechanisms, multiple lines of evidence are
converging on the critical importance of histone lysine methylation, in particular methylation
of lysine 4 of histone H3 (H3K4), as summarized in Table 1 and recently discussed in
several excellent reviews (4,14-17). Importantly, epigenetic regulation of chromatin
modifications, including histone methylation, requires active maintenance (18-21),
suggesting that the enzymes responsible for chromatin modification may be targets for new
and critically-needed therapeutic interventions for mental disorders. This paradigm has been
established by an abundance of literature supporting a key role for reversible changes in
histone acetylation in the regulation of nervous system function and disease (22). Here, we
briefly summarize and provide an update on the rationale for targeting H3K4 methylation in
neuropsychiatric disease, with a special focus on the H3K4 demethylase KDM1A/LSD1. We
outline a chemical toolkit of approved drugs, pre-clinical compounds, and drugs of abuse
known to modulate H3K4 methylation by both direct and indirect mechanisms. Finally, we
discuss areas for future development of small-molecule tools towards the detection,
prevention, and treatment of psychiatric disease.

2. H3K4 methylation in the brain

Histone lysine methylation is maintained by dynamic opposition of methyltransferase and
demethylase enzymes and is detected by methyllysine reader proteins (23,24). Lysine
residues can be mono-, di- or tri-methylated, with each modification resulting in different
functional outcomes depending on the degree of methylation and its context (25). H3K4 is
the most extensively targeted position of the dozens of histone methylation sites (14). This
residue is methylated by multi-protein complexes harboring SET-domain-containing histone
lysine methyltransferases (26). Demethylation is effected by two KDM families: the flavin-
dependent monoamine oxidases, KDM1A/LSD1 and KDM1B/LSD2, and the 2-
oxoglutarate-dependent KDM5 hydroxylases (27). Technological advances, including
chromatin immunoprecipitation in conjunction with quantification of associated DNA by
next-generation sequencing (ChlP-seq), has revealed wide-ranging roles for H3K4
methylation in the neurodevelopment and neuropsychiatric disease. In cultured cells and in
the brain, mono-methylation of H3K4 is associated with enhancer regions, whereas di- and
tri-methyl H3K4 is associated with the promoters of actively transcribed genes (4,28).
Hundreds of transcription start sites, including loci associated with neuropsychiatric
susceptibility genes, show differential H3K4 methylation in the prefrontal cortex of humans
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compared to chimpanzee and macaques, suggesting that coordinated histone methylation
plays a role in the gene expression networks that contribute to cognitive function and
neurological diseases unique to humans (29).

Dysregulated H3K4 methylation could play an important role in the pathophysiology of
psychiatric disease by linking environmental perturbations during development to long-
lasting alterations in gene expression (4). External factors known to modulate this mark
include fear conditioning (24), maternal care (30), maternal immune activation (31), and
exposure to neuroactive drugs (discussed below). Analysis of histones isolated from neurons
of humans ranging in age from late in gestation to 80 years of age revealed highly dynamic
H3K4 methylation levels during perinatal development and infancy, with continued
unidirectional gain or loss of histone methylation with progressively slower Kinetics
occurring later in life (32). Importantly, the developmental window with the greatest changes
in H3K4 methylation overlaps with the time period of greatest risk for mental disorders
including schizophrenia and autism. Consistent with this model, hundreds of loci had
differential H3K4 methylation and levels of expression in cultured neurons derived from
olfactory epithelial biopsies of patients with schizophrenia relative to controls, including
genes involved in immune response, oxidative stress, and synaptogenesis (33). Although
consistent enrichment or depletion of H3K4 tri-methylation at any particular locus was not
detected in prefrontal cortical neurons of patients with autism, subject-specific alterations
and, in particular, spreading of methylation away from the transcription start sites and into
gene bodies and upstream sequences was observed (34). This finding suggests that
epigenetic dysregulation in neuropsychiatric disease may not simply involve relative
increases or decreases in H3K4 methylation, but also its changes to spatial profiles of
chromatin modifications.

3. Genetics of H3K4 machinery in neuropsychiatric disease

Advances in next-generation sequencing technologies have revived interest in studying the
genetic risk factors for neuropsychiatric diseases, leading to three major classes of findings.
First, common genetic variants, typically occurring outside of protein coding regions, have
been found to confer small increased risk for mental disorders through genome-wide
association studies (GWAS). The interpretation of these results is often challenging, and
warrants a systematic approach to map the regulatory regions and epigenetic modifications
in the human brain (35). Second, rare mutations, typically involving point mutation or
truncation of proteins, have been identified by clinical exome sequencing in syndromic cases
of intellectual disability, autism and schizophrenia (4,14). Finally, the role of alternative
splicing of H3K4-modifying enzymes is beginning to be uncovered. In all cases, variation or
mutation in the protein machinery responsible for regulating H3K4 methylation status has
been linked to aberrant brain or neuronal development.

Multiple recent discoveries exemplify the large-scale genetic approaches that have
uncovered a potential role for H3K4 dysregulation in neuropsychiatric disease. This includes
a massive exome sequencing study using data from 4,264 individuals with schizophrenia,
9,343 controls, and 1,077 trios pooled from several independent samples yielded three de
novo mutations and seven loss-of-function variants in the H3K4 methyltransferase KMT2F/
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SETD1A gene providing a large odds ratio and implicating a role for H3K4 demethylation
in neurodevelopmental disorders (36). This finding supports early exome sequencing studies
in schizophrenia that originally identified multiple de novo loss-of-function variants in
KMT2F/SETD1A in a total of 231 trios with at least one affected subject (37). An additional
similarly large-scale (3,871 patients and 9,937 ancestry-matched or parental controls) exome
sequencing study found enrichment of synaptic, transcriptional, and chromatin modifying
variants in autism, including the H3K4 methyltransferase KMT2C/MLL3, the H3K4
demethylase KDM5B/JARID1A/RBP2, and the H3K4 methyllysine binding protein CHD8
(38). Finally, recent analysis by the Psychiatric Genomics Consortium combined GWAS
signals observed across schizophrenia, major depression, bipolar disorder, attention-deficit
hyperactivity disorder, and autism-spectrum disorders to identify biochemically-meaningful
pathways associated with genetic risk in neuropsychiatric disease (39). Regulation of H3K4
methylation emerged as the top pathway to be significantly correlated with adult psychiatric
disorders, suggesting that this common etiological mechanism may be an important target
for the development of therapeutics and diagnostics (39).

In addition to associations in common variants, rare mutations in H3K4 regulators have also
been linked with neurodevelopmental disorders, and are the subject of an excellent review
(14). More recently, dominant missense point mutations in KDM1A have been identified
and correlated with a new genetic disorder that phenotypically resembles Kabuki syndrome
and features skeletal abnormalities and significant cognitive impairment (40). Three cases
have been reported, each with a different missense point mutation in the amine oxidase
domain responsible for KDM1A demethylase activity. All mutations are heterozygous,
indicating that mutant KDMZ1A results in a dominant phenotype. Biochemical analyses of all
three KDM1A mutants found in human disease revealed weaker methylated H3K4 substrate
binding and substantially reduced cellular protein stability (41). However, all KDM1A
mutants maintained their ability to repress a synthetic reporter gene, indicating that even
subtle mutations in KDM1A are associated with cognitive impairment. Intriguingly, up to
70% of cases of Kabuki syndrome studied to date involve mutation or truncation of
KMT2D, suggesting that alterations in either H3K4 methyltransferase or demethylase
activity results in neurological disease (14,42).

Four mammalian isoforms of KDM1A have been described as resulting from single or
double inclusion of two alternatively spliced exons, E2a and E8a. Intriguingly, the isoform
retaining the E8a exon (KDM1A+8a) displays a neurospecific pattern of expression,
representing one of the few examples of a chromatin-modifying enzyme devoted to neurons
(43). The E8a exon is internal to the amine oxidase domain, and encodes the tetrapeptide
Asp-Thr-Val-Lys. KDM1A+8a is dynamically regulated during brain development and
enhances cortical neuronal maturation when overexpressed (44). Importantly, the E8a exon
codes a brain-specific threonine-phosphorylation switch (43). Overexpression of a
Thr369bAsp phosphomimetic promotes neurite outgrowth and branching, suggesting that
phosphorylation switches KDM1A+8a into a dominant negative isoform to derepress genes
required for neuronal maturation. In adult mice, KDM1A+8a is downregulated in response
to epileptogenic stimuli, and animals lacking KDM1A+8a are hypoexcitable and have a
decreased susceptibility for seizures (43). Furthermore, mice with reduced levels of KDM1A
+8a display a low-anxiety phenotype in a panel of behavioral tests (45). Critically, the
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Thr369bAsp phosphomimetic fails to associate with REST co-repressor 1 (RCORL1), the
molecular link between KDM1A and restriction element-1 (RE1)-silencing transcription
factor (REST) (43). REST represses neuron-specific genes, such as ion channels, synaptic
vesicle proteins, and neurotransmitter receptors, during early development (46), and is
induced in the ageing human brain to regulate a network of genes mediating cell death and
stress resistance (47). In addition to KDM1A, mutations in several other epigenetic
regulators known to associate with REST and its target genes are implicated in
neurodevelopmental and psychiatric disorders (48,49), including the BAF chromatin
remodeling complex (50), the H3K4 methyltransferase KMT2A/MLL (51), the H3K4
demethylase KDM5C/SMCX (52), and the H3K4 binding protein PHF21/BHC80 (53). With
this view of REST target genes as a nexus for dysregulated H3K4 methylation in the brain,
alternative splicing of KDM1A to dynamically regulate its association with RCOR1 and
REST is likely an important mechanism for fine-tuned control over neuronal gene
expression programs in neurodevelopmental disorders.

5. Direct modulation of H3K4 modifying enzymes

Therapeutic targeting of H3K4 methylation for neuropsychiatric illness remains a distant
prospect. However, given the polygenic overlap between neuropsychiatric risk genes and
antipsychotic response (54), it is informative to use existing chemical tools to probe disease
biology to progress towards new therapeutic agents. Four FDA-approved drugs directly
impact the activity of H3K4 modulators /n vivo and in the brain, and accelerating advances
in probe development have yielded tool compounds with vastly improved potency and
selectivity (Figure 1).

Monoamine oxidase (MAO) inhibitors (Phenelzine, Tranylcypromine, and derivatives

thereof)

In the early 1950s, arylalkylhydrazines such as the drug iproniazid (Marsilid) were
discovered to be anti-tuberculosis agents by phenotypic screening in infected mice (55). It
was quickly uncovered that iproniazid inhibits monoamine oxidases A and B (MAO-A/B),
enzymes that use a flavin adenine dinucleotide (FAD) cofactor to oxidize their substrates,
which include not only the biogenic amines, serotonin and the catecholamines, but other,
sympathomimetic amines including tyramine, benzylamine, and phenylethylamine (55).
Administration of iproniazid to laboratory animals produced a rapid increase in brain levels
of serotonin (56). At the same time, tuberculosis patients treated with iproniazid were
reported to have elevated mood, increased sociability, and improved quality of sleep (55).
Several years elapsed until these side effects were recognized as representing a new class of
drug, an antidepressant, and iproniazid found clinical success (57). The concurrent discovery
of the antidepressant qualities of iproniazid and the antipsychotic properties of
chlorpromazine and reserpine laid the foundation for much of modern neuropharmacology
(58). Medicinal chemistry efforts to further improve the potency of iproniazid lead to the
development of three main classes of irreversible monoamine oxidase inhibitors: hydrazines,
propargylamines, and cyclopropylamines (55). A posteriori biochemical analysis has
revealed that these drugs, including the powerful antidepressant tranylcypromine (TCP;
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Parnate, a racemic mixture) function through covalent modification of the FAD cofactor
(56,59).

Decades later, the notion of irreversible histone lysine methylation was challenged when
KIAA0601 (aka KDM1A), a protein with homology to MAO-A/B, was found to associate
with several histone deacetylase (HDAC)-containing complexes (60). In 2004, Shi and
coworkers provided the first direct evidence that KDM1A functions as an FAD-dependent
histone lysine demethylase, with specificity for histone 3 lysine 4 mono- and di-methylated
(H3K4mel/2) residues (61). Subsequently, another nuclear amine oxidase with H3K4me1/2
demethylase activity, KDM1B, was discovered by searching for homologous domains in
genomic databases (62). Like MAO-A/B, KDM1A and KDM1B couple the reduction of
FAD to FADH, with the oxidation of the C-N methylamine bond to a hydrolytically labile
iminium ion, a mechanism only compatible with mono- and di-methylated substrates
(61,63,64). Motivated by the similarities in the enzymatic properties of KDM1A and MAO-
A/B, McCafferty and coworkers screened a focused group of irreversible MAO inhibitors
against KDM1A. The antidepressants TCP and phenelzine were found to weakly inhibit
recombinant KDM1A demethylation of nucleosomes, whereas the propargylamines tested
were inactive (65). Subsequent studies revealed that the amine oxidase domains of
KDM1A/B and MAO-A/B are homologous (37-45% sequence identity) and validated that
TCP is a covalent, FAD-directed inhibitor of KDM1A and KDM1B with a mechanism of
inactivation similar to that of MAO-A/B (66—69). Importantly, we have shown that
clinically-relevant doses of TCP engages KDM1A in the brains of systemically-treated rats
(E.R., S.J.H., J.H. manuscript under preparation), raising the intriguing possibility that
modulation of H3K4 methylation may, in part, be responsible for the clinical efficacy of this
antidepressant. Further testing of this hypothesis will benefit from knowledge of the extent
to which, if any, other classes of clinically effective antidepressants, including tricyclic/
tetracylic antidepressants (TCAs; e.g. amitriptyline, maprotiline), selective serotonin
reuptake Inhibitors (SSRIs; fluoxetine), and dual serotonin-norepinephrine reuptake
Inhibitors (SNRISs; e.g. venlafaxine) directly or indirectly modulate histone methylation
within the CNS. Here, both /n vitro biochemical assays and ex vivo cellular assays will need
to be performed to determine if there is a correlation between antidepressant activity and
modulation of H3K4 methylation levels in the CNS, through either direct effects on enzymes
such as KDM1A or KDM1B, or indirectly through transcriptional or other signaling
pathways.

Ultimately, the development of highly-selective, brain penetrant, pharmacological probes of
histone methylation epigenetic machinery will allow causal testing of the relationship
between changes in H3K4 methylation and changes in neuroplasticity and behavior.
Unfortunately, irreversible monoamine oxidase inhibition by TCP and related inhibitors
results in accumulation of trace sympathomimetic amines, and strict dietary restrictions to
limit tyramine (found in most cheeses, chocolate, and fermented foods) are required to
prevent hypertensive crisis. Newer classes of antidepressants, including reversible MAO
inhibitors, have greatly improved safety profiles and have relegated TCP to the management
of severe and treatment-resistant depression (56). However, inhibition of KDM1A may be
therapeutic in many diseases beyond neuropsychiatric disorders (reviewed in (70-72));
accordingly, tremendous drug discovery efforts have been made to identify novel small
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molecule inhibitors, primarily for application in oncology. The most selective KDM1A
inhibitor described to date is a TCP-analog developed by GlaxoSmithKline, GSK2879552,
which exerts antitumor effects against some small cell lung carcinoma cell lines without
increasing histone methylation levels, although a DNA hypomethylation signature was
observed in responsive lines (73). In addition to modifications made to increase selectivity
for KDM1A, TCP has also been modified with core scaffolds targeting histone deacetylases
or KDM2-7 demethylases to generate dual function inhibitors (74,75), although these
compounds tend to be less potent and less selective for KDM1A than typical TCP analogs.
Although many FAD-directed inhibitors have been developed, their selectivity against the
monoamine oxidases substantially limits their use for studies of KDM1A activity in the
brain and other contexts in which neurotransmitters play a physiological role (70).
Importantly, a highly brain-penetrant TCP-derivative with greatly improved selectivity for
KDM1A, RN1, was found to affect memory in a novel object recognition task, suggesting a
role for KDM1A in modulating adult rodent behavior (76).

Disulfiram is most well-known for its use in the management of alcohol dependence, where
it inhibits acetaldehyde dehydrogenase via modification of active site cysteine residues (77).
In addition, disulfiram inhibits a number of thiol-reactive proteins with diverse functions,
including the O8-methylguanine-DNA methyltransferase MGMT (78) and several histone
lysine demethylases. Disulfiram inhibits both KDM4A/JMJD2A and KDM5A/JARID1A not
by acting as a ligand but through rather through ejection of structural zinc, thereby blocking
the histone-reading function of the PHD finger domain (79,80). In addition to PHD finger
disruption, disulfiram inhibits KDM1A/LSD1 by alkylation of a cysteine residue critical for
catalytic activity (81). Although disulfiram’s effects on histone lysine methylation are
challenging to characterize in a cellular context due to its large number of targets,
modulation of H3K4 methylation may becoming increasingly relevant as efforts to
repurpose this drug gain traction (82-84).

Emerging tool compounds

Unlike the KDM1 family of amine oxidases, all JnJC lysine demethylases (KDM2-8)
utilize 2-oxoglutarate and Fe(l1) to generate a reactive Fe(IV)-0xo species which inserts an
oxygen atom into the substrate N-methyl C-H bond. The resulting hemi-aminal intermediate
fragments to the demethylated lysine and formaldehyde, a catalytic mechanism capable of
demethylating mono-, di-, or tri-methylated substrates (85). The KDM5 family of enzymes
are often associated with the REST transcriptional complexes (86) and catalyze the removal
of all methylation states of H3K4. Although many non-selective inhibitors have been
identified, the compact and highly conserved active site of JInJC catalytic domains and lack
of structural data has complicated the design of selective demethylase inhibitors (87,88).
Recently, the crystal structures of KDM5A and KDM5B were solved and leveraged to
develop the selective small molecule inhibitors KDM5-C49 and CPI-455 with excellent
selectivity versus other demethylases, with compound treatment leading to genome-wide
elevation of H3K4 tri-methylation in cancer cell lines (89,90). Although these compounds
remain to be tested in a neurobiological context, these structures provide multiple
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chemotypes for further rational inhibitor design and future testing in the functional assays of
chromatin-mediated neuroplasticity.

Methylation of H3K4 is achieved by proteins containing a conserved Su(var)3-9 and
Enhancer of Zeste-Trithorax (SET) domain utilizing S-adenosylmethionine (SAM) as a
methyl donor (91). Despite extensive progress towards the development of chemical tools
targeting other histone lysine modifiers, including several H3K9 methyltransferases,
compounds blocking H3K4 methylation have been more challenging to identify (92). A
first-in-class and highly selective inhibitor of the H3K4 mono-methyltransferase KMT7/
SETD7, (R)-PFI-2, was discovered by high-throughput screening (93). This compound
binds in the active site of the enzyme and displays unusual uncompetitive inhibition with
respect to SAM. Importantly, (/)-PFI-2 was shown to engage KMT7 by the cellular thermal
shift assay (94), and its enantiomer, (S)-PFI-2, is 500-fold less active and serves as a
structurally similar negative control molecule for comparison (93). More recently,
cyproheptadine, a clinically approved anti-allergy drug, was discovered to inhibit KMT7 and
modulate the transcriptional activity of its non-histone substrate, the estrogen receptor alpha
(95). Derivatives of cyproheptadine with improved selectivity for KDM7 versus its anti-
allergy targets, the histamine H1 and serotonin 5-HT2A receptors, will have increased utility
as tool compounds in neurobiological model systems.

The development of chemical tools to block the histone-reading function of methyllysine
binders is relatively underdeveloped compared with inhibitors against methyltransferase and
demethylase enzymatic chemistries (96). In addition to disulfiram, the antiarrhythmic agent
amiodarone was found to weakly inhibit the histone-reading function of KDM5A’s PHD
finger, although unmethylated and trimethylated analogs had similar low potency and
cellular activity remains to be determined (79). An NMR fragment screen identified
benzimidazoles such as CF16 which compete with H3K4 dimethylated peptide substrate for
binding to the PHD finger of Pygo and which may lead to small molecules that displace
methyllysine binders (97). Finally, macrocyclic calixarenes were found to act as
supramolecular caging compounds, binding directly to methylated H3K4 and inhibiting the
interaction between the trimethylated species and the PHD finger of ING2 (98). Although
these compounds are not immediately translatable to neurobiologically-revelant contexts,
their development points towards greater chemical control over H3K4 methylation by small
molecules.

6. Indirect modulators of H3K4 methylation

In addition to compounds that directly target the protein machinery responsible for
regulating H3K4 methylation, several therapeutics and drugs of abuse appear to affect these
marks indirectly. Although the contribution of H3K4 methylation to the mechanism of
action of these compounds is largely speculative, these examples illustrate the plastic nature
of H3K4 methylation in the brain in response to neuroactive small molecules.

HDAC inhibitors (Valproate, Butyrate, Trichostatin A, and others)

H3 acetylation and H3K4 di- and tri-methylation are highly correlated epigenetic marks (99)
and compounds affecting H3 acetylation, such as histone deacetylases (HDAC) inhibitors,
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are known to modulate histone methylation and demethylation v7a several mechanisms.
Importantly, HDAC inhibitors are known to affect neuroplasticity, and the FDA-approved
drug valproate is a clinically-useful mood stabilizer and antiepileptic (100). KDM1A
preferentially demethylates hypoacetylated substrates, which may enable the stepwise and
coordinated removal of histone modifications (101,102). Consistent with this observation,
purified HDAC-KDM1A complexes have dramatically reduced demethylase activity towards
nucleosomal substrates when treated with the HDAC inhibitors sodium butyrate and
trichostatin A without alterations in complex stability (103). In contrast, the KMT2 family of
methyltransferases are stimulated by acetylated H3, and knock down of KMT2B prevents
butyrate-induced H3K4 methylation (104). Thus, HDAC inhibitors potentiate H3K4
methylation by virtue of the fine-tuned substrate specificity of demethylase and
methyltransferase enzymes. In addition, HDAC inhibitors increase H3K4 methylation by
reducing the expression of multiple demethylases, including KDM1A and KDM5A-C, via
the down-regulation of SPZ expression (105). This functional interplay between HDAC
inhibitors and H3K4 methylation extends to model systems relevant to psychiatric disease,
as treatment of neuronal cultures with valproate increases histone H3K4 trimethylation at the
promoters of GABAergic genes, including GADI (106). Together, these results raise the
possibility that modulation of H3K4 methylation may be partially responsible for the
neurobiological effects of HDAC inhibition.

H3K4 methylation progressively increases through puberty at the promoters of GABAergic
genes such as GADL. In patients with schizophrenia, decreased H3K4 trimethylation at the
GADI promoter and a weakened higher-order chromatin loop between the promoter and its
enhancer are associated with reduced expression of GABAergic gene expression in human
prefrontal cortex (5,15,106,107). The atypical antipsychotic clozapine, which has a
somewhat higher therapeutic efficacy compared with conventional antipsychotics (15,108),
upregulates H3K4 trimethylation at the GADI promoter in both human patients and in
mouse models (106). H3K4 methylation was not affected by the conventional antipsychotic
haloperidol, and clozapine-induced methylation was unimpeded in mice lacking the
dopamine D2/D3 receptors, indicating that dopamine receptor blockade is not sufficient to
explain the epigenetic regulation of GADZ (106). Notably, mice heterozygous for KMT2A/
ML L1 exhibited decreased H3K4 methylation at the promoter of brain GADZ (106). While
the molecular pathways linking clozapine to histone methylation remain unclear, these
findings suggest the intriguing possibility that KMT2A, which is highly expressed in
GABAergic and other adult cortical neurons, may be targeted for the treatment of psychosis
(5,15).

Methamphetamine, cocaine, and ethanol

Epigenetic mechanisms may underpin the long-lived associations between the rewarding
effects of a drug of abuse and its contextual stimuli in substance abuse disorders (109).
Drug-induced transcriptional regulation in multiple brain regions, including the nucleus
accumbens and prefrontal cortex, is critical to the formation of drug-associated memories
and is strongly associated with chromatin modification (110,111). Animals treated with
methamphetamine in a conditioned place preference paradigm had increased H3K4 di- and
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tri-methylation in the nucleus accumbens, including at the promoters of the induced genes
OXTR (oxytocin receptor) and FOS (112). Importantly, knock down of either KMT2A or
KDM5C disrupted methamphetamine-associated memory, highlighting the fine-tuning of
histone methylation in drug-related behavioral conditioning (112). Many memory-related
genes, including A-methyl-D-aspartate receptor subunits, contain RE1 binding sites,
suggesting that disruption of drug-associated memories by H3K4 regulators may be
mediated by dysregulated transcription by REST. In addition, exposure of adolescent rats to
either cocaine or ethanol decreased and increased H3K4 trimethylation in the prefrontal
cortex, respectively (113,114). While considered along with the substantial evidence for
H3K9 methylation in the acquisition and persistence of addiction (109-111), these findings
are consistent with a role for histone methylation in drug abuse and may be relevant in the
comorbidity of substance abuse with other neuropsychiatric diseases.

7. Outlook and areas for future development

Epigenetic control of gene expression is complex and multilayered, and the rational design
of small-molecules to modulate chromatin dynamics is far from straightforward (115). A
diverse array of small molecule tools will be critical to build an understanding of the
therapeutic potential of targeting histone lysine methylation. As the feasibility of large-scale
genomic studies increases, it is expected that additional mutations in chromatin regulators
will be uncovered, providing additional rationale for developing pharmacological tools for
modulating epigenetic function in the brain (3). In addition, development of cell sorting
methods to isolate neuronal subpopulations from frozen post-mortem brain samples along
with improvements in the performance of ChiP-seq and in data analysis will facilitate a
nuanced understanding of the brain-region and cell-type-specific epigenomic differences
associated with neuropsychiatric disorders (116-118). For example, significant differences
in the distribution of H3K4 methylation is observed in neurons versus non-neurons from the
same region of cortical gray matter, indicating that analysis of homogenized tissue may lose
critical changes in specific cell types, such as in response to drug treatment (29,119). With
systematic efforts by the PsychEncode (35) and related efforts, such as the BrainSeq project
(120), to use cutting-edge methodologies for epigenome and genome-wide transcriptome
analysis, the multiple facets of epigenetic regulation in the CNS are likely to come into
much sharper focus and provide evidence to support the pharmacological targeting of
specific epigenetic mechanisms.

Beyond post-mortem studies, with the ability to now generate patient-specific, induced
pluripotent stem cell (iPSC) models (121), which can be directed in their differentiation to
defined neural and glial subtypes (122), there now exists an opportunity to probe the
underlying mechanism of epigenetic dysregulation using genetically accurate human cell
models of neuropsychiatric disorders(123,124). Probing the molecular mechanisms of
epigenetic regulation over the course of early neurodevelopment has previously not been
possible, but early studies with the case of Fragile X syndrome (125) and Rett syndrome
(126-128) demonstrate the feasibility of now doing so for multiple neuroepigenetic
disorders. Importantly, when combined with genome-editing technologies, such as CRISPR/
Cas9 system, to create isogenic, mutation corrected cells, the causal relationship of a
genotype-phenotype correlation can be rigorously established (129-131). Additionally, since
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gain- or loss-of-function mutations (129) or tagged versions of proteins (132) can be
introduced without altering the stoichiometry of proteins present in large complexes that can
occur with transgenes. Furthermore, since the regulation of endogenous transcripts under
epigenetic control can be investigated, including non-coding RNAs that are often poorly
conserved between human and lower organisms, such models should help generate more
physiologically relevant ex vivo models to investigate the role of epigenetic regulation in
mental illness.

In addition to the potential use of CRISPR/Cas9 and other genome-editing techniques for
creation of isogenic cell models, as reviewed in Thakore et al. (133) {Thakore, 2016 #140})
and Dominguez et al. (134) {Dominguez, 2016 #139}, the CRISPR/Cas9 system has been
‘repurposed’ to enable site-specific epigenetic and transcriptional regulation involving the
targeting of modified forms of Cas9 proteins that include fusions to epigenetic regulatory
enzymes, such as KDM1A, that cause local modification of chromatin modifications.
Additionally, fusions to transcriptional repressor domains, such as the Kruppel associated
box (KRAB) termed CRISPR inhibition (CRISPRI) or to transcriptional activators domains,
such as VP64 or the NF-xB complex subunit p65 that can further recruit additional
regulatory proteins termed CRISPR activation (CRISPRa) (134) {Dominguez, 2016 #139}.
Through the ability to targeting these genetic probes to specific regions of the genome, as
well as specific cell types or regions of the brain, conceptually these technologies afford a
level of precision not attainable by conventional pharmacological agents. However, one step
in this direction of providing more spatially and temporal control of the epigenome comes
from the work of Reis et al. who recently reported the development of a new class of
‘optoepigenetic’ probes that enable optical control of epigenome states and cellular gene
expression (135). Here, using pharmacological agents incorporating an azobenzene
“photoswitch” HDAC activity could be precisely controlled in time and space without the
need for expression of any transgene or genome modification. Adaptation of this technique
for histone methylation enzymes that is underway could potentially provide additionally
highly precise means to probe epigenetic machinery in the nervous system and other tissues.

Finally, there is an emerging direction of ‘neuroepigenetic imaging’ involving the
development of /n vivo positron emission tomography (PET) imaging tools for probing the
expression and function of epigenetic targets as well as advancing the characterization of
probes and drug leads. The need for non-invasive, quantitative measurements of epigenetic
process (either through expression or function) is paramount when considering how limited
our access is to information in the living human brain. To develop a more complete
appreciation for gene-environment regulation through mechanisms, including histone
modifications and chromatin remodeling over the course of brain development, normal
ageing and the development and progression of disease, imaging tool development will be
required. Proof-of-concept studies have provided clear evidence that quantification of the
epigenetic machinery in the context of density (123,136) and function is possible (137) is
possible in primates, and these technologies are now being applied in the context of human
brain imaging in healthy volunteers and patients. For example, the class-1 HDAC imaging
probe, [11C]Martinostat, was progressed to first in human trials (FDA IND #123154) to
assess its potential for HDAC quantification and is now being assessed in human
neurodegenerative and neuropsychiatric diseases. Here, inherent cross talk between different
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epigenetic mechanisms and combinatorial functions of histone post-translational
modifications may enable indirect read out of changes in epigenetic state, for example

ch

sp
an

anges in KDM activity through assessment of HDAC activity. With future work to link
ecific imaging agents like [1C]Martinostat to specific chromatin-modifying complexes
d specific gene-regulation, non-invasive PET imaging may ultimately be able to measure

gene-environment interactions in the human brain as well as to probe biochemical
mechanisms implicated as being at the root cause of mental illness and health.
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Figure 1.

Examples of prototypical small molecules targeting regulators of H3K4 methylation with
potential for use in studies of epigenetic regulation in mental disorders. References are
indicated next to each compound name, and asterisks indicates FDA-approved status.
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