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Abstract

Based on postmortem brain studies, our overarching epigenetic hypothesis is that chronic
schizophrenia (SZ) is a psychopathological condition involving dysregulation of the dynamic
equilibrium among DNA-methylation/demethylation network components and the expression of
SZ target genes, including GABAergic and glutamatergic genes.

SZ has a natural course, starting with a prodrome, a first episode that occurs in adolescence or in
young adults, and later deterioration over the adult years. Hence, the epigenetic status at each
neurodevelopmental stage of the disease cannot be studied just in postmortem brain of chronic SZ
patients, but requires the use of a neurodevelopmental animal models. We have directed the focus
of our research toward studying the epigenetic signature of SZ brain in the offspring of dams
stressed during pregnancy (PRS mice). Adult PRS-mice have behavioral deficits reminiscent of
behaviors observed in psychotic patients. The adult PRS brain, like that of postmortem chronic SZ
patients, is characterized by a significant increase in DNA-methyltransferase 1 (DNMT1), Tet
methylcytosine dioxygenase 1 (TET1), 5-methylcytosine (5MC) and 5-hydroxymethylcytosine
(5HMC) at SZ candidate gene promoters, and a reduction in the expression of glutamatergic and
GABAergic genes. In PRS mice, measurements of epigenetic biomarkers for SZ can be assessed
at different stages of development with the goal of further elucidating the pathophysiology of this
disease and predicting treatment responses at specific stages of the illness, with particular attention
to early detection and possibly early intervention.
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1) The epigenetic hypothesis of psychosis

There are several epidemiological, clinical, and molecular peculiarities associated with
major psychosis [schizophrenia (SZ) and bipolar (BP) disorder] that are difficult to reconcile
with a Mendelian genetic disorder, and in contrast correspond to features of an altered
epigenetic homeostasis. Such features include: 1) incomplete phenotypic concordance
between monozygotic twins (only about 50% concordance), 2) fluctuating disease course
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with periods of remission and relapse, 3) peaks of susceptibility to disease coinciding with
major hormonal changes, and 4) parent-of-origin effects.-2

1A) DNA-methyltransferase (DNMT)

In support of a role for aberrant epigenetic mechanisms in the pathogenesis of SZ and BP
disorders, it recently has been reported that downregulation of glutamic acid decarboxylase
67 (gene symbol = GAD1) and reelin (RELN) in GABAergic neurons 3-8 and of brain
derived nerve growth factor (BDNF) -1 and vesicular glutamate transporter (VGLUT1) in
glutamatergic neurons!? is associated with an overexpression of DNMT 1 and 3a in cortical
BA9, 10, 17 and in striatum of SZ and BP postmortem brain.13-17 DNMT belongs to a
family of enzymes that catalyze the transfer of a methyl group from S-adenosyl methionine
(SAM) to the 5 carbon of cytosine. DNMTSs are highly expressed in telencephalic
GABAergic interneurons in both humans and rodents.13: 18 |n addition to the increased
expression of DNMTSs, the hypothesis that an epigenetic DNA methylation pathology
operates in the transcriptional down-regulation of several target genes in SZ and BP disorder
patients is supported by the following evidence: 1) increased SAM levels,19 2) enrichment
of 5-methylcytosine (5MC) and 5-hydroxymethylcytosine (SHMC) at RELN,20-22

BDNF,11 23 and GAD1 promoters,24-28 3) increased histone methylation at GABAergic
gene promoters,2? 4) an inverse correlation between DNA-methylation of the BDNF, RELN,
and GAD1 genes and the level of their expression in the PFC,23:28 and 5) evidence of
epigenetic dysregulation of several other GABAergic and glutamatergic genes.30

Support for the hypothesis that a chromatin methylation pathology is a major contributor to
the down-regulation of GABAergic and glutamatergic genes in psychotic patients is
sustained by clinical studies conducted in the early 1970s.3! In these studies, methionine, the
precursor of SAM, when administered to SZ patients in large doses (10/20 g/day for 3—4
weeks), was reported to exacerbate psychotic symptoms. In both mouse frontal cortex (FC)
and neuronal cultures, the administration of large doses of methionine induces an increase in
SAM and hypermethylation of selective CpG rich promoters, including GAD1 and RELN,
and facilitates down-regulation of their expression.24-27:32.33 |mportantly, brain levels of
GADG65 (GAD?2) and the housekeeping genes are not affected.

These data are consistent with the epigenetic theory of major psychosis34 and suggest that
DNA methylation and demethylation associated with GABAergic and glutamatergic gene
regulatory domains are important casual events in the pathogenesis of SZ and BP disorders.

1B) DNA-demethylase

DNA methylation, potentially the longest lasting epigenetic mark, is uniquely able to
account for the chronicity and often intractable nature of SZ and BP disorders. Recent
evidence suggests that for inducible genes, steady state levels of DNA methylation are the
result of a dynamic equilibrium between the counterbalancing actions of DNMTSs, referred
to as “DNA writers” because they modify DNA by adding methyl groups to cytosines, and
an active DNA demethylation pathway (cytosine deaminase, base excision repair [BER]
pathway), referred to as “DNA erasers” because they remove methyl groups from
cytosines.3®
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BER DNA demethylation is thought to occur as a result of the coordinated actions of ten-
eleven translocation (TET) proteins, which hydroxylate 5-methyl cytosine (5MC) to form 5-
hydroxymethylcytosine (SHMC). Then, through a growth arrest and DNA damage
(GADDA45) protein coordinated process, cytidine deaminases (Apobec) convert SHMC to 5-
hydroxymethyuracil (5SHMU), which can be excised by thymine glycosylases leading to the
restoration of the non-methylated state (FIG. 1).

It is generally believed that the role of TET is to facilitate the removal of 5MC via formation
of the intermediate 5SHMC.35 Recent studies of postmortem brain by Dong et al. 28 indicate
there is an almost two fold increase in TET1 mRNA and protein in the inferior parietal
lobule of psychotic patients. Consistent with this increase in TET1, levels of 5SHMC in total
DNA are elevated. Moreover, higher SHMC levels are detected at GAD1 and BDNF-1X
promoters only in the psychotic group. The increase in TET1 in psychotic patients is
inversely correlated with a decrease in GAD1 and BDNF-1X mRNA expression.2328 |n a
recent study, early life maternal deprivation was found to be associated with changes in
DNA-hydroxymethylation levels in the promoters of genes related to neurological or
psychiatric disorders.36 Although TET-dependent active DNA demethylation and increased
gene expression may be operative in the brain under normal physiological conditions,3® in
the brain of psychotic patients, the increase in TET1 positively correlates with an increase in
5HMC at genomic DNA and at promoters including GAD1 and BDNF, and TET up-
regulation has been associated with a down-regulation in the expression of these target
genes.23:28 A possible explanation for the different actions of TET in normal physiology and
in psychopathology is that the increase in TET in psychotic brain is associated with a down-
regulation of the main Apobec-deaminating enzymes. Dong et al.28 showed that the most
abundant Apobec isoforms (3A, 3C) are reduced significantly in psychosis (Table 1). This
reduction in Apobec enzymes prevents active demethylation of critical promoters resulting
in an enrichment (accumulation) of SHMC, which by recruiting MeCP2 or MBD3-NURD
complex (collectively referred to as “DNA readers”) acts to suppress transcription.2

Patients with SZ or BP disorders often receive antipsychotic medications. Since control
subjects rarely receive these medications, the question is whether the altered expression of
GABAergic and glutamatergic gene expression in the brain of these patients is the
consequence of protracted antipsychotic treatment rather than an etiopathogenetic signature
of SZ or BP disorder. Although, several post-mortem studies have reported no correlation
between the levels of GAD1, RELN, or BDNF mRNA and proteins and life-time dosage of
antipsychotic medications,*37-39 the low statistical power of these postmortem studies may
not be sufficient to definitively rule out medication as a confounding variable.

Therefore, we and others have turned to animal studies to address possible medication
issues. Protracted haloperidol treatment of rats, at least in one study,* fails to change RELN
MRNA content in cortex and cerebellum. In another study, it was shown that protracted
haloperidol treatment fails to change the expression of GAD1 mRNA in the PFC of
nonhuman primates.3” Additionally, it has been reported that chronic (27 days) haloperidol
or clozapine treatment increases, rather than decreases, the expression of GADL1 in cortico-
limbic structures.38 Fatemi et al.39 also reported that chronic olanzapine administration
facilitates the differential expression of genes involved in signal transduction, cell
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communication, metabolism, and immune responses, and leads to an up-regulation of RELN
expression in frontal cortex of rats. Finally, Costa and his group,® had previously reported
that the turnover rate of GABA fails to change with haloperidol and increases with clozapine
treatment in rats. Collectively, these data suggest that the down-regulation of RELN, BDNF,
and GAD1 in the brains of SZ and BP disorder patients is not the consequence of
antipsychotic treatment. Nevertheless, more extensive studies involving additional typical
and atypical antipsychotic administration are needed.

2) Prenatal or early-life stress and impaired epigenetic profile

Clinical studies have shown that exposure of pregnant women to psychological stress,
malnutrition, or viral infection exerts profound effects on neurodevelopment and the
behavior of their children. Moreover, prenatal stress is associated with an increased
incidence of SZ in these children later in life.#1-46 It has been suggested that prenatal or
early-life stress, through altered epigenetic mechanisms, is a predisposing factor for SZ and
BP disorders by disrupting time- and spatial-dependent neurodevelopmental cues associated
with neuronal differentiation and synaptic pruning.8- 47-50 Thus, prenatal stress is considered
to be a contributing factor for several neurodevelopmental disorders, including psychotic
disorders.>0

Stevens and colleagues 51:52 demonstrated in mice born to stressed pregnant mothers (here
defined as PRS mice) that the migration of inhibitory neuronal progenitors from the medial
ganglionic eminence to the cortex is delayed and that this delay persists over time resulting
in a reduction of GAD1 positive neurons in neonatal medial-frontal cortex of PRS mice. We
have also found that the levels of GAD1 in GABAergic neurons in the cortex and
hippocampus are altered by prenatal stress. 5354, Dong, unpublished data

Uchida et al. (2014), by administering 5-bromo-2-deoxyuridine to label progenitor neurons,
found that the number of GABAergic neurons, but not cortical plate cells, was significantly
decreased in mouse fetal brain during maternal stress.>® Postnatally, the density of
parvalbumin-positive GABAergic neurons was significantly decreased in the mPFC,
hippocampus and sensorimotor cortex, suggesting that prenatal stress, in addition to down-
regulating the expression of GADL, results in a disruption in the proliferation of neurons
destined to become GABAergic interneurons.

To explore whether the behavioral abnormalities observed in stressed animals are related to
epigenetic mechanisms, Zhang et al. (2013) studied the effect of maternal behavior on
GABA circuitry in the hippocampus of adult male Long-Evans rats.*8 High maternal licking
and grooming behavior of pup correlated with a decrease in DNMT1, a decrease in GAD1
promoter methylation and an increase in histone 3 lysine 9 acetylation (H3K9ac) at the
GAD1 promoter followed by an up-regulation in the amount of GAD1 mRNA.8 In another
study of adult male BL6/C57 mice, %8 chronic social defeat stress led to the persistent down-
regulation of BDNF Il and IV mRNA in the hippocampus which correlated with an
increase in H3K27me2 at the BDNF promoter and an increase in avoidance behavior. Roth
et al.> reported that chronic stress in adult male Sprague-Dawly rats results in PTSD-like
behavioral changes that are associated with an increase in hippocampal (CA1-DG) BDNF
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promoter methylation and a decrease in BDNF exon IV mRNA. As already discussed, in a
study of the adult monkey cortex, early-life maternal deprivation was reported to be
associated with changes in hydroxymethylation in the promoters of genes known to be
related to neurological or psychiatric disorders.36

Thus, there is mounting evidence that early life stress results in a marked reduction in the
potency of GABAergic inhibitory neurotransmission which has broad implications for
information processing in the brain. In the cortex and hippocampus, GABA is released from
fast-spiking GABAergic presynaptic terminals that impinge on post-synaptic GABAa
receptors located on dendrites, somata, or initial axon segments of glutamatergic pyramidal
neurons.® 58-59 The release of GABA is efficient at synchronizing pyramidal neurons and
monaminergic neuron firing rates and is likely crucial for optimizing cognitive and
emotional function. It is therefore plausible that GABAergic neurotransmitter deficits
measured in postmortem brains of SZ patients and in the brains of PRS mice leads to a
disruption in intermittent synchronization patterns of pyramidal neuron firing thereby
inducing cognitive and emotional impairment.58-59

3) The epigenetic modifications of GABAergic and glutamatergic genes

induced by prenatal stress in mice are also detected in SZ and BP disorder

patients

In a recent study, we tested whether in addition to the impaired migration of inhibitory
neuronal progenitors from the median eminence to the cortex,%1-52:55 the decreased
expression of GABAergic genes in the cortex and hippocampus of adult prenatally stressed
mice (PRS mice) is also associated with changes in the methylation/demethylation processes
operative at these promoters,Pong etal., submitted; 53,54 \\/e measured the expression of DNMT
and TET in FC and hippocampus of adult PRS mice because both enzymes represent
epigenetic biomarkers that are increased in postmortem brains of psychotic patients and
because the altered expression of these enzymes predicts a dysfunction of DNA methylation
and demethylation which impacts transcription of specific SZ candidate genes including
GAD1, RELN, and BDNF.2 Our results show that the expression of DNMT 1 and TET 1 is
elevated in FC and hippocampus of adult PRS offspring (like in the brain of SZ patients),
and that this elevation is associated with increased binding of DNMT1 and TET1 to specific
regulatory domains of the corresponding promoters along with elevated levels of 5SMC and
5HMC. Consequently, the expression of critical target genes is down-regulated in SZ.
Furthermore, the levels of DNMT1 and TET1 mRNA are much higher in PRS mice than the
levels of the same enzymes in control mice whether measured at birth or at postnatal days 7,
14, 21 or 60-75. Hence, the offspring of mothers subjected to restraint stress during
pregnancy are vulnerable to the development of behavioral abnormalities similar to those
observed in psychotic patients including deficits in social interaction, prepulse inhibition of
startle (PPI), and fear conditioning (Table 1).

Prog Mol Biol Trand Sci. Author manuscript; available in PMC 2015 January 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guidotti et al. Page 6

4) PRS mice are a promising model for studies of the natural course of SZ
and BP disorder

SZ and BP disorder have a natural course, starting with a prodromal phase, a first episode
during adolescence or early adulthood with repeated episodes eventually leading to a
deterioration that ensues over subsequent adult years. Hence, the epigenetic history of such
complex neurodevelopmental disorders changing at each stage of the illness cannot be
adequately studied only in postmortem brains of chronic SZ patients. In other words, each
postmortem sample provides a unique window into a single time point of a chronic illness
that is also progressive. To overcome these limitations, we have focused on studying the
epigenetic signature and SZ-like behaviors in offspring of PRS mice as a function of
postnatal maturation.

Brains of adult PRS mice and postmortem brains of SZ patients have increased levels of
DNMT1 and TET1 in common (Table 1). PRS mice show higher levels of DNMT and TET
in cortex and hippocampus from birth to adulthood than control mice. Hence, we can infer
that the increase of DNMT and TET is likely to be the result of stress related changes that
occur during embryonic life. The importance of stress during embryonic life is indicated by
the finding that DNMT and TET are elevated in PRS mice even at birth before differences in
maternal care could be a major factor. Further, it has been reported in Swiss albino mice that
stressed mothers raising their own pups exhibit maternal care comparable to that of non-
stressed mothers raising their pups.59

We cannot assume at the present time whether the time course of changes in DNMT and
TET observed in the brains of PRS mice also occur in human brain, but it is conceivable that
similar neurodevelopmental changes may occur in response to stressful stimulation either in
utero or during early postnatal life and that such changes may prevent the normal decrease
in DNMT and TET expression that progressively occurs from birth to adulthood. This
hypothesis is supported by reports that the exposure of pregnant women to psychological
stress, malnutrition, or viral infection during pregnancy is associated with an increased
incidence of psychosis in their children later in life.41-47

It is plausible to theorize that in both in human and mouse brain, DNMT- and TET-induced
GABAergic and glutamatergic stress related changes during embryonic life are the basis for
a disturbance in the reciprocal interactions between GABAergic, glutamatergic, and
monoaminergic neurons that is the likely source of the cognitive and emotional disruptions
underlying psychotic symptoms. This theory is supported by the fact that psychotic
symptoms can be exacerbated by the administration of NMDA receptor antagonists to SZ
and BP disorder patients®1 and to PRS mice. 3 To further investigate the hypothesis that
prenatal stress, by increasing promoter methylation of GABAergic genes, may be
responsible for the epigenetic alterations of GABA-glutamate neuron interactions in PRS
mice, we administered valproic acid (VPA) and clozapine to adult PRS mice in doses that
are known to act on chromatin remodeling involving RELN and GAD1 promoter
demethylation.62-63 We observed that the combined VPA and clozapine treatment regimen
abolished the hyperactivity, stereotypy, and deficits in social interaction and PPI displayed
by PRS mice, whereas no effects were observed in vehicle-treated mice. The specificity of
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drug action in PRS mice is consistent with an epigenetic mechanism underlying PRS
behavioral pathology. These preclinical studies support the concept that the PRS model has
construct face validity and pharmacological utility as an experimental epigenetic model of
SZ/ BP disorder. Furthermore, the PRS model theoretically has the potential for use in
predicting the course of SZ-like behavioral pathology, and more importantly for predicting
treatment response at different stages of the illness with particular attention to early
detection of the disease.
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FIG. 1.
Abbreviations: C, cytosine; DNM T, DNA methyltransferase; 5M C, 5-methylcytosine;

TET, ten-eleven translocation protein; 5SHM C, 5-hydroxymethyl cytosine; APOBEC,
deaminase apolipoprotein B RNA editing; SHM U, 5-hydroxymethyl uracil; BER, base
excision repair
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Table 1

Comparison of Molecular and Behavioral Abnormalities in SZ and BP Disorder Patients and PRS Mice

SZ+BP disorder patients PRSmice
Molecular Changes:
» GABAergic gene expression 3-8 i i
* DNMTL, 3A and TET1 expression 13-17.28 t t
* 5MC and 5HMC levels at GAD1, RELN and BDNF promoters 11 23,28 t t
» APOBEC 3A/3C expression 28 i N.D.
Behavioral Changes 43 53 54
« Positive symptoms (stereotype behavior, NMDA receptor antagonist increased sensitivity) t t
« Negative symptoms (social interactions) i i
« Cognitive, information processing deficit (PPI, fear conditioning) t t

Molecular changes refer to PFC and Hippocampus
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