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Abstract One of the more consistent findings observed in post mortem tissue from
schizophrenia (SZ) patients is that the genes encoding reelin and glutamate decar-
boxylase 67 (GAD67 or GADI) are downregulated in cortex and other brain
regions. Reelin is important for cortical migration during development and for
synaptic plasticity and memory acquisition in the adult. GADI1 is one of two
enzymes that synthesize the inhibitory neurotransmitter GABA in the central
nervous system. Those neurons that make GABA are GABAergic and they serve
arole in dampening excitatory neurotransmission throughout the brain. In addition,
reports also show that NMDA receptor subunit expression and excitatory neuro-
transmission are reduced in cortical GABA neurons of SZ patients. Conditional
knockout mice in which the NR1 subunit of the NMDA receptor is selectively
reduced in GABA neurons of the brain show a downregulation of GAD67 and
parvalbumin (PV) mRNAs and also exhibit behaviors characteristic of SZ. These
findings allow us to conceptually integrate two major schools of thought regarding
the neurotransmitter deficit responsible for the symptoms of this psychiatric disor-
der. That is, if reduced glutamatergic neurotransmission occurs on GABAergic
interneurons, the net effect would be reduced GABA output impacting the neuronal
synchronization of pyramidal cell firing. Since it has also been shown that in
GABAergic neurons, the mRNA encoding DNA methyltransferase 1 (DNMT1I) is
increased in SZ patients, this and other data suggest an epigenetic mechanism by
which certain genes may be selectively downregulated contributing to SZ symp-
tomatology. We propose that enzymes that methylate DNA and selectively reduce
gene expression are hyperactive in patients with SZ and that this may be related to
the pathogenesis of the disease. Here, we discuss these concepts in more detail and
present our integrated view of synaptic transmission in SZ.
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2.1 Etiopathogenetic Mechanisms Underlying Schizophrenia
and Bipolar Disorder

For several decades, monoamines (e.g., dopamine, serotonin, and norepinephrine)
(Gray and Roth 2007; Hayman 2008; Lieberman et al. 2008) were the primary
biochemical targets used to monitor molecular changes in the brain associated with
psychoses. However, since the available antipsychotics that act on monoamine
transmission fail to improve the negative and cognitive symptoms associated with
psychosis, it is conceivable that an alteration of the monoaminergic system may not
be the only source of the spectrum of clinical symptoms in SZ and bipolar disorder
(BPD) patients. In fact, a compelling argument based on a comprehensive review of
the literature suggests that dopaminergic signaling may represent the final common
pathway impacted in SZ (Howes and Kapur 2009). Moreover, these authors suggest
that future drug development should focus more on neurotransmitters such as GABA
and glutamate, which act upstream of dopamine and that are likely to represent the
primary defects associated with the disease. This concept was shaped in part by the
notion that dopamine dysregulation, which is more closely linked with psychosis
than to SZ, is associated with an altered release presynaptically rather than at the
level of dopamine receptors. Presynaptic hyperdopaminergic release in particular
brain regions is often linked to excessive excitatory receptor stimulation that is often
modulated by GABAergic interneurons (Lisman et al. 2008).

Recent studies have identified abnormalities in GABA, glutamate, and acetyl-
choline neurotransmitter systems associated with SZ and BPD morbidity (Benes
et al. 2007; Akbarian et al. 1995; Breese et al. 2000; Guidotti et al. 2000, 2005; Woo
et al. 2005; Lewis et al. 2005). However, it is unclear whether these anomalies cause
or are a consequence of these psychiatric disorders.

A number of factors may be responsible for the slow progress in identifying
etiopathogenetic mechanisms underlying SZ and BPD. Factors that hamper prog-
ress in the discovery of satisfactory drug treatments include (1) the inability to
identify alleles that confer increased risk for these diseases in the majority of
patients, (2) the poorly understood neurobiological bases of cognition, emotion,
and executive brain function that are disrupted in SZ and BPD; (3) the fact that SZ
and BPD are diseases exclusively expressed in the human brain; thus any animal
models will not represent all the symptoms and signs of the disease; and (4) the
scarcity of well-validated accessible objective brain biomarkers that can reveal
psychotic dysfunction in patients. The lack of objective testing means that diagnosis
of SZ or BPD has to be made on the basis of phenomenological criteria established
by clinical experts originating from the neuropsychiatric symptoms at presentation,
subsequent drug responsiveness, symptom progression, and illness epidemiology.
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Thus, this approach will not enable the identification of new drug targets or novel
therapeutic mechanisms.

A recent theory is that these disorders may be the outcome of synergistic
interactions between multiple susceptibility genes and environmental (neuroepige-
nomic) factors (Costa et al. 2007; Mellios et al. 2009; Mill et al. 2008; Ptak and
Petronis 2008). However, this concept is still new and should be supported by
studies identifying the underlying molecular events. Accordingly, the discovery of
the primary epigenetic molecular mechanisms that induce downstream abnormal-
ities of the multiple genes and neurotransmitters that are altered in brains of patients
with SZ and BPD is essential.

2.2 Dysfunctional GABA/Glutamate Interactions
in SZ and BPD

Several lines of evidence suggest that telencephalic GABAergic transmission may
be defective in psychosis (Benes et al. 1992; Akbarian et al. 1995; Guidotti et al.
2000, 2005; Lewis et al. 2005). As a case in point, the expression of glutamic
acid decarboxylase (GAD67, GADI), reelin, Reln, N-methyl-p-aspartate receptor
subunits (GRIN), tyrosine kinase-B (TRKB), and other genes such as GABA-
transporter-1 (GAT-1), nicotinic-acetylcholine receptors (nAChRs), somatostatin
(8ST), and numerous calcium binding proteins (Akbarian et al. 1995; Breese et al.
2000; Guidotti et al. 2000, 2005; Woo et al. 2005; Lewis et al. 2005; Costa et al.
2007; Hashimoto et al. 2008; Mellios et al. 2009; Mill et al. 2008) is decreased in
GABAergic neurons of the Stratum oriens and Straum reticularis of the hippocam-
pus, or the basal ganglia, or in GABAergic neuronal populations located either in
the upper cortical layers or proximal to layer III/V pyramidal neurons of SZ patients
(Ruzicka et al. 2007; Veldic et al. 2007). However, not all genes expressed in
GABAergic neurons are downregulated in psychosis. In fact, the expression of
GADG65 mRNA and protein is unchanged in GABAergic neurons of SZ and BPD
patients (Guidotti et al. 2000). This suggests that the downregulation of GAB Aergic
function is not due to a loss of GABAergic neurons.

There is also abundant evidence that glutamatergic transmission may be alte-
red in SZ (Homayoun and Moghaddam 2007; Lisman et al. 2008). Recent data
support the concept that insufficient stimulation of NMDA-selective glutamate
receptors (GRIN1/GRIN2A receptor containing assemblies) expressed by
GABAergic interneurons leads to insufficient GABA release at synapses on cortical
pyramidal neurons (Belforte et al. 2010). This could explain why NMDA receptor
antagonists such as phencyclidine and dizocilpine (MK-801) induce psychotic
episodes when these compounds are ingested (Lisman et al. 2008). It also explains,
in part, why metabotropic glutamate receptor (mGluR) agonists that facilitate
glutamate release onto GABAergic interneurons may prove beneficial to SZP
(Conn et al. 2008). Because most of the observed cortical mRNA changes in SZP
have been localized to GABAergic interneurons (at least in the cortex), our
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hypothesis is consistent with a disruption of pyramidal neuron synchronization
mediated by an inhibitory hypofunction occurring at the level of presynaptic
interneurons.

This model was also suggested by recent molecular and behavioral findings in
which the NR1 subunit gene (Grinl) of the NMDA-selective glutamate receptor
complex was selectively knocked out in cortical and hippocampal GABA interneur-
ons of mice (Belforte et al. 2009). Using the cre-loxP system, these investigators
created conditional mutant mice in which the NR1 subunit of the NMDA-selective
glutamate receptor was ablated during early postnatal development. Interestingly,
the loss of the NR1 subunit in ~50% of cortical and hippocampal inhibitory inter-
neurons resulted in the onset of SZ-related symptoms in adolescence. This included
novelty-induced hyperlocomotion, mating and nest-building defects, anhedonia,
and anxiety-like behaviors. In addition, social memory, spatial working memory,
and prepulse inhibition were also impaired. Ultimately, these mice showed reduced
expression of Gad67 and parvalbumin accompanied by disinhibition of cortical
pyramidal neurons and reduced neuronal synchronization (Belforte et al. 2010).
These data are consistent with the hypothesis that reduced glutamatergic stimulation
of cortical GABA interneurons results in decreased GABA release and hence
inhibitory hypofunction.

This hypothesis (Fig. 2.1) also accounts for both the GABA neuron deficits and
the glutamatergic deficits that have thus far been described in SZ and BPD (Lisman
et al. 2008). We suggest that NMDA-selective glutamate receptors on cortical
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Fig. 2.1 Cortical circuitry links multiple neuronal subtypes. Phenotypically distinct neurons
reside in different cortical layers. GABAergic interneurons (aqua) function to modulate the output
of pyramidal (tan) and other neurons. We propose that the reduced expression of GADI
(also known as GADG67) and other GABAergic markers (SST, NPY, CCK, CBI1, PV, and
GAT1), along with reduced levels of GRIN1- and GRIN2A-containing glutamate receptors,
contributes to reduced GABA release. This GABA hypofunction causes decreased pyramidal
neuron synchronization
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GABA neurons are reduced in SZ due to an epigenetic defect in these GABA
neurons arising from upregulation of DNA methyltransferase 1 gene (DNMTI). As
described below, the hyperexpression of DNMTT results in promoter methylation
and mRNA downregulation of selected genes expressed in GABA neurons of
affected individuals.

2.3 Downregulation of GAD67 and Reelin Promoters
in SZ and BPD

GADG67 is the most important enzyme regulating GABA synthesis and function
(Soghomonian and Martin 1998; Guidotti et al. 2005). Consequently, it has been
hypothesized that the reduced expression of GAD67 in telencephalic GABAergic
neurons of psychotic patients markedly reduces the effectiveness of the GAB Aergic
inhibitory neurotransmission that impinges on the dendrites and on the initial axon
segments of pyramidal neurons (Fig. 2.1). This deficit of inhibitory neurotransmit-
ters disrupts the intermittent synchronization of pyramidal neuron firing that is
critical to the most advantageous performance of cognitive function (Gonzalez-
Burgos and Lewis 2008).

In psychosis, not only GAD67 but also reelin is markedly downregulated
(Impagnatiello et al. 1998; Fatemi et al. 2000; Guidotti et al. 2000; Ruzicka et al.
2007; Veldic et al. 2007). Reelin is a large (400 kDa) extracellular matrix protein
synthesized in large quantities in hippocampal GABAergic interneurons and in
GABAergic neurons of cortical layers I and II. Upon secretion from GABAergic
interneurons, reelin adheres to postsynaptic densities located on dendritic spines and
shafts of pyramidal neurons (D’ Arcangelo et al. 1995; Costa et al. 2001). As a result,
reelin is believed to play a significant role not only in dendritic spine formation and
maturation but also in glutamate receptor homeostasis (Costa et al. 2001; Levenson
et al. 2008). On the basis of this role, reduced GAD67 and reelin signaling is almost
certainly a reason for the reduced number of dendritic spines (Costa et al. 2001),
decreased numbers of glutamate receptors (Levenson et al. 2008), increases in
muscimol binding (Benes et al. 1992), and the compensatory increase of postsynap-
tic a5 (Guidotti et al. 2005) and o2 (Lewis et al. 2005) GABA 4 receptor subunits
present in pyramidal neurons of prefrontal cortex (PFC) in SZ and BPD patients.

Because of this evidence, we and others (Benes et al. 1992; Akbarian et al. 1995;
Guidotti et al. 2000, 2005; Lewis et al. 2005) have suggested that SZ or BPD are
diseases characterized predominantly by a deficit of GABAergic function. Not only
that, we have postulated that GABAergic neurotransmission may become an
important primary research target in the development of more efficient and less
toxic treatments for major psychosis. For instance, a positive allosteric modulator
of GABA action at GABA, receptors that is devoid of tolerance liability and
sedative action is, in our judgment (Guidotti et al. 2005), a significant candidate
for use in therapeutic interventions in psychosis and should be further investigated.
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2.4 Epigenetic Mechanisms Are Probably a Component
in the GABAergic Dysfunction Expressed
by SZ and BPD Patients

Since the deficit of GAD67 and reelin mRNA expression in GABAergic neurons of
psychotic patients can be ascribed to genetic abnormalities (copy number varia-
tions, deletions, or polymorphisms) in only a few cases, the inheritance and
selective pathology of GABAergic neurons may be better understood in the context
of epigenetic factors acting on susceptible candidate genes (Costa et al. 2007; Mill
et al. 2008; Ptak and Petronis 2008). This hypothesis is supported by data from SZ
and BPD patients that show (1) an increased number of cortical GABAergic
neurons that stain positive for DNMT1 and DNMT3a mRNA and protein (Veldic
et al. 2007; Zhubi et al. 2009); (2) an increased PFC level of S-adenosyl-methionine
(SAM), the universal methyl donor utilized by DNA-methyltransferases (DNMTs)
(Guidotti et al. 2007); and (3) the promoter hypermethylation in reelin and other
genes observed in GABAergic neurons (Chen et al. 2002; Abdolmaleky et al. 2005;
Grayson et al. 2005; Mill et al. 2008).

2.5 Upregulation of DNA-Methyltransferases
and Downregulation of GABAergic Promoters

In our laboratory, studies of postmortem brain have shown that the downregulation
of GAD67 and reelin mRNAs in the PFC and basal ganglia of psychotic patients
is associated with a significant increase of DNMT1 and DNMT3a in GABAergic
neurons (Veldic et al. 2004, 2005, 2007; Ruzicka et al. 2007; Zhubi et al. 2009).
DNMTs are the enzymes that transfer a methyl group from SAM to cytosines, most
often in a CpG dinucleotide context (Van Emburgh and Robertson 2008). It is
notable that in the neocortex, DNMT1 and DNMT?3a, which are the most abundant
DNA methyltransferases present in the brain, are highly expressed in GABAergic
interneurons and are expressed at very low levels in pyramidal neurons and in glial
cells (Veldic et al. 2004, 2005, 2007; Ruzicka et al. 2007; Zhubi et al. 2009).

In primary cultures of mouse cortical GABAergic neurons, we showed that an
antisense-mediated reduction of Dnmt1 protein was accompanied by a reduction of
Reln and Gad67 promoter methylation and by increased reelin and Gad67 mRNA
expression. These data support the importance of Dnmts as an epigenetic regulator
of gene expression in GABAergic neurons (Noh et al. 2005). More significantly, an
antisense-induced knockdown of Dnmtl blocks the methionine-induced downre-
gulation of reelin and Gad67 mRNA expression (Noh et al. 2005). We recently
reported (Satta et al. 2008) that the decrease (~50%) of cortical Dnmt] mRNA and
protein induced in mice following protracted subcutaneous nicotine administration
(0.75-2.5 mg/kg, four times a day for 4 days) is associated with a comparable
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decrease of Dnmt1 protein, a 40-50% decrease of Gad,; promoter methylation, and
an overexpression of Gad67 protein in GABAergic interneurons. The increase of
DNMT1 and to a lesser extent of DNMT3a mRNA in the brains of SZ and BPD
patients is probably specific to these illnesses. In contrast, in the brains of suicidal/
depressed patients, an increase of DNMT3b but not DNMT1 or DNMT3a mRNA
has been reported (Poulter et al. 2008). It appears that the overexpression of
DNMT1 and DNMT3a mRNA in the brains of SZ and BPD patients cannot be
ascribed to demographic factors (gender, onset of illness, or duration of illness) or
to the type, dose, or duration of antipsychotic administration. In fact, there was
no change in cortical Dnmtl mRNA content in mice that received haloperidol
(1 mg/kg) or clozapine (5 mg/kg) subcutaneously for 21 days (Satta, this laboratory,
personal communication). These data are in keeping with the concept that the
downregulation in the expression of various genes in GABAergic neurons of SZ
and BPD patients may be related to a DNMT1/DNMT3a-mediated methylation of
the corresponding promoters (Costa et al. 2007; Mill et al. 2008).

This conclusion may be related to clinical reports dating to the late 1960s
indicating that daily administration of high doses of methionine exacerbated or
even triggered psychotic episodes in a SZ patient subpopulation (Wyatt et al. 1971).
Since the administration of high doses of methionine increases the brain content of
SAM (Tremolizzo et al. 2002, 2005), it may be inferred that the increased cortical
availability of SAM associated with the increased expression of DNMTs may
be responsible for this hypermethylation of promoters in SZ and BPD patients
(Guidotti et al. 2007).

Taken together, these data suggest the hypothesis that the GABAergic mRNA
downregulation occurring in SZ and BPD is likely the consequence of transcrip-
tional repression due to promoter hypermethylation directly induced by DNMT
overexpression. An alternative hypothesis is that the inhibitory action of DNMTs
on GABAergic gene expression could be mediated by an interaction of DNMT with
specific chromatin repressor proteins (e.g., methyl-CpG binding domain proteins,
SIN3A, and histone deacetylases [HDACSs]), which repress transcription via a
modification of chromatin structure (i.e., shifting chromatin from a permissive
open conformation to a repressive closed conformation).

Previous studies from our laboratory have shown that in the PFC, reelin expression
in humans is inversely related to DNMT] expression (Veldic et al. 2004, 2005, 2007;
Ruzicka et al. 2007; Zhubi et al. 2009) and in human neuroprogenitor (NT2) cells
is regulated through changes in methylation status and chromatin structure in the
vicinity of the promoter (Kundakovic et al. 2009). A goal of our recent research
has been to establish the precise molecular mechanism(s) responsible for the DNMT-
mediated epigenetic regulation of genes encoding reelin and GAD67. Here, we report
our findings from in vitro studies that (1) confirm the coordinated regulation of the
human reelin and GAD67 promoters and (2) elucidate the molecular mechanisms that
underlie this regulation.

An appreciation of this information provides a mechanistic rationale for our
epigenetic hypothesis of SZ and BPD and for developing new pharmacological
treatments for these diseases.
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2.6 Epigenetic Drugs Coordinately Upregulate Reelin
and GAD67 mRNA Expression

We first tested the hypothesis that human reelin and GAD67 genes are coordinately
regulated through epigenetic mechanisms. We treated NT2 cells with two different
classes of epigenetic drugs, DNMT inhibitors and HDAC inhibitors. Our studies
demonstrated that three distinct DNMT inhibitors: a DNA intercalator doxorubicin
(DOXO) and two nucleoside analogues, 5-aza-2'-deoxycytidine (AZA) and zebu-
larine (ZEB), are able to significantly increase reelin and GAD67 mRNA levels
(Kundakovic et al. 2007, 2009). Similarly, three structurally unrelated HDAC
inhibitors: MS-275 (benzamide derivative), valproic acid (VPA; aliphatic acid),
and trichostatin A (TSA; hydroxamate) induce reelin and GAD67 mRNA expres-
sion in our cell system (Kundakovic et al. 2009).

To strengthen the conclusion that reelin and GAD67 promoters are coordinately
regulated, we further examined the expression patterns of these mRNAs following
treatment with the DNMT inhibitor DOXO and the HDAC inhibitor MS-275
(Figs. 2.2 and 2.3). Importantly, the detailed studies with DOXO and MS-275
produced similar findings and demonstrated that reelin and GAD67 mRNA induc-
tion occurs (a) in a comparable dose-dependent manner (as shown by the very
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Fig. 2.2 DOXO and MS-275 lead to dose-dependent increases in reelin and GAD67 mRNAs.
Results of quantitative analysis of reelin (RELN) and GAD67 mRNA levels following 48-h treat-
ments of NT-2 cells with (a) DOXO (0.01-1 uM) and (b) MS-275 (0.1-10 uM) are presented as
dose-response curves. RT-PCR data are plotted as a percent of maximal (reelin or GAD67) mRNA
increase (y-axis) as a function of log [drug concentration] (shown on the x-axis). ECs is the
concentration of drug that leads to 50% of maximal reelin or GAD67 mRNA increases. Results
are expressed as the mean £+ S.E.M. of three independent experiments. Dose—response curves are
generated using Prism version 5 (GraphPad Software, San Diego, CA), and ECsy values are
compared by F-test. Panels a (Kundakovic 2009) and b (Kundakovic et al. 2007) are reprinted
with permission of the American Society for Pharmacology and Experimental Therapeutics
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Fig. 2.3 Both DOXO and MS-275 increase reelin and GAD67 mRNA expression in a similar
time-dependent manner. Results of quantitative analysis of reelin (RELN), GAD67, and G3PDH
mRNA levels in NT-2 cells treated for various times with (a) 100 nM DOXO or (b) 5 uM MS-275.
Data (mean + S.E.M. from at least three independent experiments) are presented as amounts (pg)
of reelin, GAD67, and G3PDH mRNA per 1 pg of total RNA at the indicated time points (x-axis).
Panels a (Kundakovic 2009) and b (Kundakovic et al. 2007) are reprinted with permission of the
American Society for Pharmacology and Experimental Therapeutics

similar ECsy and EC,¢, values for the induction of both mRNAs for each drug)
(Fig. 2.2); and (b) within the same time frame (both mRNAs begin to be induced
~12 h after starting individual DOXO or MS-275 treatments) (Fig. 2.3). The similar
concentration-dependence and temporal activation patterns of reelin and GAD67
mRNAs by drugs that target the epigenome strongly support our hypothesis that
these two genes are coordinately regulated through epigenetic mechanisms.

2.7 Activation of the Reelin and GAD67 Promoters
Is Associated with Downregulation of the DNMT1,
DNMT3A, and DNMT3B Proteins

It is of interest that both groups of drugs (DNMT and HDAC inhibitors) down-
regulate DNMTT1 protein, suggesting a link between DNMT1 content and reelin
gene and GAD67 mRNA expression (Figs. 2.4a, b). Interestingly, the DNMT
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Fig. 2.4 DNMT inhibitors and HDAC inhibitors downregulate DNMT]1 protein expression. The
representative Western immunoblots and the ratio of the DNMT1 band over the area of the -actin
band in nuclear extract protein samples from untreated cells (control) and cells treated with either
(a and b) DNMT inhibitor DOXO (100 and 250 nM, 48 h) or (d and ¢) HDAC inhibitors MS-275
(5 uM, 48 h), TSA (0.3 uM, 24 h), VPA (5 mM, 24 h), and an inactive stereoisomer of MS-275
(MS-IN, 5 puM, 48 h); bar graphs show DNMT1 mRNA levels in the same DOXO-treated (c) and
HDAC inhibitor-treated cells (f) obtained using a competitive RT-PCR assay. Data are presented
as amount of DNMT1 mRNA (in pg) per 1 pg total RNA and normalized to the corresponding
G3PDH mRNA levels. Data represent the mean = SEM. ***p < 0.001; *p < 0.05 vs. control
group. (One-way ANOVA followed by Bonferroni test.) Panels b, ¢ (Kundakovic 2009) and d, e
(Kundakovic et al. 2007) are reprinted with permission of the American Society for Pharmacology
and Experimental Therapeutics

inhibitor DOXO does not change DNMT1 mRNA levels (Fig. 2.4c), implying that
DNMT inhibitors reduce DNMT1 posttranscriptionally. On the other hand, HDAC
inhibitors decrease DNMTI1 mRNA expression under the same conditions
(Fig. 2.4d-f), suggesting that these drugs downregulate DNMT]I, at least in part,
by affecting its mRNA synthesis and/or degradation. Importantly, the downregula-
tion of DNMTT1 precedes reelin and GAD67 mRNA induction (Kundakovic et al.
2009), implicating a role for this protein in regulating reelin and GAD67 promoters.
Importantly, the activation of reelin and GAD67 mRNA expression with both
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Fig. 2.5 DNMT and HDAC inhibitors decrease DNMT3A and DNMT3B protein levels. Western
blot analyses of DNMT3A and DNMT3B proteins were performed using nuclear extracts prepared
from control cells and cells treated with either DNMT inhibitors (a and b) or HDAC inhibitors
(c and d). For assays with DNMT inhibitors, cells were treated with 250 nM DOXO (48 h), 5 uM
AZA (48 h), or 500 uM ZEB (48 h followed by 48-h incubation with untreated medium). HDAC
inhibitor treatments were performed as follows: 5 pM MS-275 (48 h), 5 uM MS-IN (48 h), 0.3 pM
TSA (24 h), and 5 mM VPA (24 h). In all cases (a—d), representative Western blots are shown
(upper panels) together with the graphs depicting the ratio of the DNMT3A or DNMT3B (both
isoforms) band over the area of the B-actin band (lower panels). Data represent the mean + S.E.M.
of three independent experiments. ***p < 0.001 vs. control group (one-way ANOVA followed by
Bonferroni test). Reprinted (Kundakovic et al. 2007) with permission of the American Society for
Pharmacology and Experimental Therapeutics

DNMT and HDAC inhibitors was also associated with the downregulation of two
other DNMT enzymes, DNMT3A and DNMT?3B, in nuclei of NT-2 cells (Fig. 2.5).
Figure 2.5a shows the effects of DNMT inhibitors on DNMT3A protein levels,
while Fig. 2.5¢ shows the same for various HDAC inhibitors. Similarly, Fig. 2.5b
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shows the results obtained using selected DNMT inhibitors on DNMT3B protein
with comparable results using various HDAC inhibitors shown below (Fig. 2.5d).
The inactive enantiomer of MS-275 had no effect on the level of either protein.

2.8 Epigenetic Drugs Facilitate the Dissociation of
DNMT-Containing Repressor Complexes from Reelin
and GAD67 Promoters

Our studies provide evidence that all three DNMT proteins, DNMT1, DNMT3A,
and DNMT3B, might participate in the formation of transcriptional repressor
complexes at the reelin and GAD67 promoters (Fig. 2.6). These complexes also
include MeCP2 and HDACI proteins. Our data support the concept that treatment
with DNMT inhibitors (Kundakovic et al. 2009) and HDAC inhibitors (Fig. 2.6)
results in the dissociation of all three DNMT proteins, together with MeCP2 and
HDACI1, from both promoters. Increased local histone acetylation was also
observed, implying that both classes of drugs facilitate the relaxation of chromatin
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Fig. 2.6 Reelin and GAD67 gene activation is accompanied by dissociation of repressor com-
plexes from the corresponding promoters. NT-2 cells were treated with either 5 uM of HDAC
inhibitor MS-275 or 5 uM of its inactive stereoisomer MS-IN for 48 h. (a) RT-PCR analysis
confirmed that reelin and GAD67 mRNAs were induced by MS-275 compared to MS-IN treat-
ment. (b) The corresponding chromatin preparations were immunoprecipitated with DNMTI1,
DNMT3A, DNMT3B, MeCP2, HDACI, and Ac-H3 antibodies (IPs). Nonimmunoprecipitated
samples were used as negative controls (No Ab). DNA isolated from inputs, Ips, and control
samples were PCR-amplified using primers specific for the reelin, GAD67, and G3PDH promoter
regions. Relative optical densities (RODs) of the bands derived from ethidium bromide-stained
gels were quantified. (¢) Graphs show the results (mean + S.E.M. of three independent experi-
ments) of semiquantitative analysis of the occupancy of DNMT1, DNMT3A, DNMT3B, MeCP2,
HDACI, and Ac-H3 on the reelin (upper panel) and GAD67 (lower panel) promoters in MS-IN-
and MS-275-treated cells, normalized to input DNA (each comparison MS-IN vs. MS-275 showed
a statistical significance of at least p < 0.05, #-test). Reprinted (Kundakovic et al. 2007) with
permission of the American Society for Pharmacology and Experimental Therapeutics
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surrounding the reelin and GAD67 promoters. In addition, each inhibitor reduces
total nuclear DNMT enzyme activity and facilitates a reduction in DNA methyla-
tion in the same reelin and GAD67 promoter regions that are associated with
changes in chromatin structure (Kundakovic et al. 2009). These data imply that
the formation of the repressor complexes is likely DNA-methylation dependent.
Furthermore, we suggest that promoter demethylation might not be required for a
slight to moderate induction of reelin and GADG67 transcription, but is likely
relevant for maximal activation of these two promoters.

2.9 Discussion

Results from our studies provide evidence that the human reelin and GAD67
promoters are coordinately regulated through epigenetic mechanisms and also
suggest an underlying molecular mechanism to understand this regulation. Our
data imply that both promoters are negatively regulated through methylation-
dependent recruitment of transcriptional repressor complexes containing
DNMTI1, DNMT3A, DNMT3B, MeCP2, and HDACI proteins. These complexes
reduce the transcriptional activity of the promoters by shifting the surrounding
chromatin into a more compact state, thus resulting in decreased transcription factor
accessibility (Fig. 2.7). While our data are directly applicable to the epigenetic
regulation of the reelin and GAD67 promoters in neuronal progenitor cells, an
increasing body of evidence suggests that similar regulatory mechanisms are
operative in adult GABAergic neurons (Costa et al. 2004, 2006; Szyf et al. 2008).
Further, this study gives new insight into the molecular mechanisms that underlie
the downregulation of reelin and GAD67 mRNAs in the brains of SZ. It has been
reported that the reductions in reelin and GAD67 transcripts correlate with increased
DNMT1 and HDACI expression in the same GABAergic neurons (Hayes 1989;
Ruzicka et al. 2007; Benes et al. 2007). Therefore, we propose that the upregulation
of DNMT1 mRNA could promote downregulation of the reelin and GAD67 genes
by inducing promoter hypermethylation (Abdolmaleky et al. 2005; Chen et al. 2002;
Grayson et al. 2005) and increased binding of DNMT1- and HDAC]1-containing
corepressor complexes to the reelin and GAD67 promoters. According to our data,
these complexes most likely also contain additional DNMTs (DNMT3A and
DNMT3B) and MeCP2 and other proteins as well. However, further studies with
postmortem human brains will be necessary to confirm this hypothesis.
Additionally, we would like to suggest a new approach for the treatment of SZ
that focuses on the reactivation of mRNA expression profiles that are downregu-
lated due to modifications in the epigenome. We report that treatment of neuronal
progenitor cells with various DNMT and HDAC inhibitors leads to a robust
induction of reelin and GAD67 mRNAs. Furthermore, we demonstrate that both
classes of epigenetic drugs target DNMT1 and HDACI1, which are aberrantly
expressed in SZ (Fig. 2.7). These drugs downregulate DNMT1 and directly or
indirectly inhibit the repressor activity of HDAC1. Moreover, the same drugs induce
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Fig. 2.7 Hypothetical model for promoter activation by HDAC and DNMT inhibitors. For
simplicity, promoters are shown as either silent (repressed — OFF) or fully active (ON). The
transcriptionally inactive chromatin structure surrounding the indicated promoter region (upper
panel) is the consequence of cytosine methylation and subsequent recruitment of repressor
proteins, including DNMT1, DNMT3A, DNMT3B, MeCP2, and HDAC1 (most likely others,
also). The downregulation of DNMT proteins (by DNMT inhibitors and HDAC inhibitors),
together with the inhibition of HDAC enzymatic activity and the decrease in MeCP2 expression
(in the case of the HDAC inhibitors), results in dissociation of these repressor complexes.
This leads to DNA demethylation, histone acetylation, and a relaxation of the chromatin surround-
ing the respective regulatory regions (lower panel). The more open chromatin configuration
allows the recruitment of specific transcription factors (TFs), such as Spl and the general
transcriptional machinery (gray shapes) to the promoters. Collectively, this results in the drug-
induced epigenetic changes leading to promoter activation (as we have proposed for the reelin
and GADG67 genes)

changes in the methylation status of the CpG-island-containing reelin promoter that
is hypermethylated in the brains of SZ patients (Veldic et al. 2004, Abdolmaleky
et al. 2005, Grayson et al. 2005). Therefore, these data provide a mechanistic
rationale for our hypothesis that HDAC inhibitors and DNMT inhibitors used either
individually or in combination may represent a novel pharmacological approach for
correcting reelin and GAD67 mRNA levels, and the GABAergic deficits associated
with SZ (Guidotti et al. 2005; Levenson 2007).

A recent study examined alterations in GABA-related mRNAs in the PFC of
subjects with SZ (Hashimoto et al. 2008). Reduced mRNA levels corresponding to
presynaptic regulators of GABA function, numerous neuropeptides, and GABA-A
receptor subunits were detected. In addition, studies show that the downregulation of
NMDA receptors in GABA neurons could be the consequence of a primary epige-
netic defect (Belforte et al. 2010). These data are consistent with the GABA deficit
hypothesis proposed by us (Guidotti et al. 2005) and others (Lewis et al. 2005;
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Benes et al. 2007). Additional work will identify which mRNAs are activated by
various HDACs, in which brain regions and in which neurons. As the collection of
these compounds increases, it should not be too long before researchers are able to
design these drugs to target subclasses of HDACs showing selective expression
patterns in the desired brain regions (Broide et al. 2007).

Preliminary data in rodents support the notion that MS-275 crosses the blood—
brain barrier and increases histone acetylation in the frontal cortex of treated
animals (Simonini et al. 2006). However, a recent pharmacokinetic study using
positron emission tomography (PET) showed that MS-275 exhibits poor brain
penetration (Hooker et al. 2010). So while the levels of MS-275 that cross into
the brain may be sufficient for some assays, this issue needs additional clarification
in terms of new drug design. Increasing attention is being paid to various HDAC
inhibitors in the context of therapeutic intervention for certain cancers. It seems
prudent that a similar approach may prove beneficial in reactivating genes that are
downregulated as a consequence of promoter hypermethylation, as we have sug-
gested occurs in SZ (Grayson et al. 2010). For example, in addition to reelin and
GADG67, the promoter corresponding to the NMDA receptor subunit 2A is embed-
ded in a CpG island and is downregulated in the postmortem cortex of SZ subjects
(Woo et al. 2005, 2008). Interestingly, this reduced expression is in parvalbumin-
expressing neurons of the cortex that also contain GAD67 and reelin (Noh et al.
2005). Clearly, the glutamatergic input onto cortical GABA interneurons plays a
key role in determining synaptic GABA release onto efferent pyramidal neurons.
This suggests that the two major conceptual schools that characterize the dysfunc-
tional neural circuits that define SZ may contribute to an integrated hypothesis. That
is, glutamatergic hypofunction and GABAergic hypofunction are linked provided
they function at the level of the same cortical GABA neurons. Thus, it is possible
that drugs acting at the level of chromatin remodeling could induce each of the
mRNAs downregulated in SZ, thereby correcting the GABA neuron deficits. As
such, by increasing the GABA interneuron content of GAD67, reelin, and NMDA
receptor subunits, relevant neurons may more appropriately respond to uncompro-
mised afferent NMDA receptor stimulation by releasing more GABA.
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