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Identifying genes for schizophrenia through clas-
sical genetic approaches has proven arduous.
Here, we present a comprehensive convergent
analysis that translationally integrates brain
gene expression data from a relevant pharmaco-
genomic mouse model (involving treatments with
a psychomimetic agent—phencyclidine (PCP),
and an anti-psychotic—clozapine), with human
genetic linkage data and human postmortem
brain data, as a Bayesian strategy of cross validat-
ing findings. Topping the list of candidate genes,
we have three genes involved in GABA neuro-
transmission (GABRA1, GABBR1, and GAD2), one
gene involved in glutamate neurotransmission
(GRIA2), one gene involved in neuropeptide sig-
naling (TAC1), two genes involved in synaptic
function (SYN2 and KCNJ4), six genes involved in
myelin/glial function (CNP, MAL, MBP, PLP1,
MOBP and GFAP), and one gene involved in lipid
metabolism (LPL). These data suggest that schizo-
phrenia is primarily a disorder of brain functional
and structural connectivity, with GABA neuro-
transmission playing a prominent role. These
findings may explain the EEG gamma band
abnormalities detected in schizophrenia. The
analysis also revealed other high probability
candidates genes (neurotransmitter signaling,
other structural proteins, ion channels, signal
transduction, regulatory enzymes, neuronal
migration/neurite outgrowth, clock genes, tran-
scription factors, RNA regulatory genes), path-
ways and mechanisms of likely importance in
pathophysiology. Some of the pathways identified
suggest possible avenues for augmentation phar-
macotherapy of schizophrenia with other existing
agents, such as benzodiazepines, anticonvulsants
and lipid modulating agents. Other pathways are
new potential targets for drug development.
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Lastly, a comparison with our earlier work on
bipolar disorder illuminates the significant mole-
cular overlap between schizophrenia and bipolar

disorder. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Schizophrenia is a heterogeneous syndrome characterized
by perturbations of perception, attention, thinking, affect,
volition, and social integration. Patients may present with
positive symptoms (such as conceptual disorganization, delu-
sions, and hallucinations) or negative symptoms (anhedonia,
decreased emotional expression, decreased motivation,
impaired concentration, and diminished social engagement),
and must have at least two of these for a 1-month period and
continuous signs for at least 6 months to meet formal
diagnostic criteria. The genetic basis of schizophrenia is well
documented, with an incidence of about 1% in the general
population. Having a first-degree relative with the illness
increases the likelihood of developing the illness by about
10-fold. Traditionally, linkage analysis and positional cloning
approaches have been used to attempt to identify the genes
involved. This has led to the identification of a series of loci in
the genome that exhibit linkage with the illness. Several of
these loci are identified in both schizophrenia and bipolar
disorder studies, suggesting the possibility of shared genes
between these disorders [Berrettini, 2000; Owen et al., 2004].
As these disorders are likely polygenic, non-Mendelian, with
variable penetrance, and the clinical phenotypes are complex,
there has been limited success so far in terms of reproducible
findings, with some notable exceptions [Harrison and Wein-
berger, 2005; Petryshen et al., 2005a,b; Norton et al., 2006].
The linkage peaks supported by the most recent meta-analyses
[Lewis et al., 2003] and genome scan data [Arinami, 2005] are
fairly broad, with hundreds of genes in each peak. A method for
prioritizing candidate genes for individual analysis of associa-
tion with illness is critical. We have previously described one
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such approach, termed Convergent Functional Genomics, and
its application to the study of bipolar disorders [Niculescu
et al., 2000; Ogden et al., 2004; Bertsch et al., 2005], and more
recently to alcoholism [Rodd et al., 2006]. The approach
integrates gene expression data from a relevant animal model
with human linkage data and human tissue data (postmortem
brain, lymphocytes), as a way of cross-validating findings and
coming up with a short list of high-probability candidate genes
that deserve individual scrutiny in a prioritized manner. Here
we apply our approach to schizophrenia, and report the first
comprehensive analysis using an expanded convergent func-
tional genomics approach as a way of unraveling the genetic
code of schizophrenia and related disorders.

Single-dose phencyclidine (PCP) treatment in humans and
animals mimics many of the behavioral signs and symptoms of
schizophrenia-positive-like symptoms (hallucinations, delu-
sions, bizarre behavior, and thought disorder), negative-like
symptoms (affective flattening, alogia, apathy, and social
interaction deficits), and disorganization [Jentsch and Roth,
1999; Abe et al., 2000; Turgeon and Case, 2001; Geyer and

a FPharmacogenomic Model

Positive psychotic symptoms

Ellenbroek, 2003; Morris et al., 2005; Ouchi et al., 2005]
(Fig. 1a). Phencyclidine also produces a pattern of metabolic
and neurochemical changes in the rodent brain that mirror
those observed in the brains of schizophrenic patients [Morris
et al., 2005]. PCP may act not only through NMDA receptor
antagonism, but also through D2 receptor agonism, consistent
with both hyperdopamine and hypoglutamate theories of
psychosis [Seeman et al., 2005].

Clozapine, an atypical or second-generation antipsychotic, is
currently the gold standard of treatment for schizophrenia
[Tandon and Fleischhacker, 2005], and has been shown to
interfere with and treat the development of both positive and
negative symptoms. The spectrum of efficacy of clozapine is
broader than for other antipsychotics, particularly for negative
symptoms [Lindenmayer et al., 2004].

In essence, in our approach, we are using drug effects on gene
expression as tools to tag genes that may have pathophysio-
logical relevance. Changes in gene expression in response to
each of the two drugs, PCP and clozapine, would be of interest
in and of themselves, in terms of candidate gene generation
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and convergent functional genomics. However, not all genes
that show changes in expression in response to either of the
drugs are necessarily germane to the pathophysiology of
schizophrenia and related disorders. It is likely that some of
the gene expression changes have to do with other effects of the
drugs, particularly their individual side-effects. We hence used
three internal criteria for cross-validation. We reasoned, first,
that genes that change in expression in response to both drugs
are more likely to be involved in the core pathophysiology we
are modeling, and are higher probability candidate genes.
Second, co-treatment with the two drugs, one a schizophrenia
inducing, and the other one a schizophrenia-treating drug,
could arguably show interference effects (Figs. 1 and 2a), and
some of the genes that would be changed by single drug
treatment would be “nipped in the bud” and show no changes in
expression in response to co-treatment. Those genes would also
be deemed higher probability candidate genes than the genes
that still change during co-treatment. Third, we comprehen-
sively surveyed gene expression changes across six different
brain regions (prefrontal cortex (PFC), amygdala (AMY),
caudate putamen (CP), nucleus accumbens (NAC), ventral
tegmentum (VT), and hippocampus (HIP)), that have shown
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evidence, in human imaging, human postmortem, or animal
studies, of being potentially implicated in the pathophysiology
of schizophrenia and related disorders [Galter et al., 2003;
Aleman and Kahn, 2005; Lauer et al., 2005; Tamagaki et al.,
2005; Snitz et al., 2005; Konopaske et al., 2006; Qiu et al., 2006;
Shad et al., 2006; Vita et al., 2006]. We also reasoned that genes
that had expression changes in more than one of the brain
regions have a higher probability of being positive findings
compared to genes that changed in a single region, at the very
least for reproducibility reasons, as the assaying of different
brain regions are essentially independent experiments.

As external cross-validators, we used three criteria in our
expanded convergent functional genomics analysis [Ogden
et al., 2004] (Fig. 1d). First, each gene was assessed to see if
there was any published evidence of association with schizo-
phrenia, or at least if it mapped to a linkage locus that had been
implicated in schizophrenia. Our criterion was mapping within
10 centimorgans (cM) of a marker that has shown significant
evidence of linkage [Niculescu et al., 2000] to schizophrenia,
with a lod score >2 in at least one published study. We also
looked more broadly at cross-matching with linkage data from
other neuropsychiatric disorders (bipolar disorder, alcohol-
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Fig. 2. Number of genes reproducibly changed. PCP—phencyclidine; CLZ-clozapine. (a) Comparative effects of Phencyclidine, clozapine and co-
treatment with both drugs in different target brain regions, showing interference effects of co-treatment. b: Distribution of Category I candidate genes across
brain regions—% of Category I genes out of total number of genes changed (Category I-IV). ¢: Number of reproducibly changed genes by Categories I-1V.
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ism), based on the rationale that their clinical co-morbidity
with schizophrenia may be due, at least in part, to genetic
overlap [Nurnberger et al., 2004; Craddock et al., 2006].
Second, we searched to see if there was any human tissue data
(postmortem brain, lymphocytes, fibroblasts) showing expres-
sion changes of the gene in patients that had schizophrenia or,
more broadly, other neuropsychiatric disorders (bipolar dis-
order, major depression, anxiety, alcoholism, other substance
dependence disorders, dementia, suicide). Third, we looked at
the known biological functions associated with the gene and
asked if they had any relevance to the pathophysiology of
schizophrenia and/or other neuropsychiatric disorders. These
external criteria suffer from the obvious drawback of being
constrained by what has been published so far, limiting
novelty, and to the inherent biases and limitations of those
particular lines of work. Moreover, these external criteria are
arguably broad, and may benefit from future parsing. Includ-
ing disorders other than schizophrenia in our external lines of
evidence arguably dilutes the specificity of our approach. We
nevertheless decided to include them as a way of increasing
sensitivity, based on the emerging clinical, neurobiological
and genetic evidence of substantial overlap between these
disorders and schizophrenia [Berrettini, 2000; Hyman and
Fenton, 2003; Nurnberger et al., 2004; Brown, 2005; Craddock
et al., 2006; Niculescu et al., 2006], and the likelihood that
published schizophrenia related datasets to date are nonex-
haustive. To address the issue of specificity for the external
lines of evidence, we decided to differentially weight the
significance of the evidence directly related to schizophrenia
with a score of 1, and of the evidence only related to other
neuropsychiatric disorders with a lesser score of 0.5.

For each gene in our datasets, using the three internal and
three external cross-validators described above (Fig. 1d), we
assigned a generic score of 1 for each internal criterion and
a score of 1 or 0.5 for each external criterion, as a way of
generating an empirical tabulation of the independent lines of
evidence. According to Bayesian theory, an optimal estimate
results from combining prior information with new evidence
[Bernardo and Smith, 1994]. While we cannot exclude that
some of the candidate genes we have identified are false
positives due to potential biological or technical limitations of
the methodology and approach we employed, the higher the
number of independent lines of evidence, the lower the
likelihood of that being the case. Thus, totaling all the internal
and external lines of evidence gives a maximum possible score
of 6 points, with the internal evidence and the external
evidence weighted equally.

It has not escaped our attention that different ways of
scoring the independent lines of evidence could be used, which
might give somewhat different results in terms of the
prioritization of the top candidate genes, if not in terms of the
actual content of the list per se. However, our simple weighted
scoring is arguably a reasonable compromise between specifi-
city and sensitivity, between focus and broadness.

Our approach identifies an extensive series of candidate
genes, some of which have already been reported using various
schizophrenia-related treatments or paradigms [Mirnics et al.,
2001a; Iwamoto et al., 2004; Owen et al., 2004; Silverstone
et al., 2004; Vawter et al., 2004; Wong et al., 2004; Katsel et al.,
2005a; Talkowski et al., 2006], and thus in a sense serve as
positive controls, as well as many which are novel. Moreover,
the coalescence of the candidate genes into pathways and
mechanisms is of particular importance and opens new
directions. Last but not least, as per our earlier formulation
that “genes that change together (may) act together” [Nicu-
lescu et al., 20001, the data we have generated showing genes
expression changes in various brain regions (Tables I and II)
offer testable hypotheses for transcriptional co-regulation, and
for epistatic interactions among the corresponding loci.

MATERIALS AND METHODS

Phencyclidine (PCP) and Clozapine
Treatments in Mice

All experiments were performed with male C57/BL6 mice,
8—12 weeks of age, obtained from Jackson Laboratories (Bar
Harbor, ME), and acclimated for at least 2 weeks in our animal
facility IU School of Medicine LARC) prior to any experi-
mental manipulation. Mice were treated by intraperitoneal
injection with either single-dose saline, PCP (7.5 mg/kg),
Clozapine (2.5 mg/kg), or a combination of PCP and Clozapine
(7.5 and 2.5 mg/kg). Three independent de novo biological
experiments were performed at different times. Each experi-
ment consisted of three mice per treatment condition, for a
total of nine mice per condition across the three experiments
(Fig. 1b).

Behavioral Studies and Analysis

Locomotor activity was measured immediately after drug
administration and again 24 hr later, using methodology
previously described [Ogden et al., 2004]. At the beginning of
the test session, each mouse was placed in an enclosure with
pre-defined areas, that is, center area, corner area, and wall
area. The movements of the mice were recorded for 30 min,
with data being stored in six 5 min blocks.

Microdissection

Twenty-four hours after drug administration, following the
24 hr time-point behavioral test, the animals were sacrificed by
decapitation. The brains of the mice were harvested and
stereotactically sliced using a wire-slicer device, with wires
spaced based on mouse brain atlas coordinates. Specific brain
regions bilaterally -PFC, AMY, CP, NAC, VT, and HIP were
hand micro-dissected on an ice-cold metal platform. Tissue
samples were flash frozen in liquid nitrogen within 10 min of
the animals being sacrificed, and stored in —80°C until future
processing for RNA extraction and gene expression analysis.

Microarrays

We used Mouse Genome 430 2.0 arrays (Affymetrix, Santa
Clara, CA). The GeneChip Mouse Genome 430 2.0 Array
contain over 45,000 probe sets that analyze the expression
level of over 39,000 transcripts and variants from over 34,000
well-characterized mouse genes. Microarrays used in each
independent experiment were derived from the same manu-
facturing lot.

Microarray Experiments

Standard techniques were used to obtain total RNA (22
gauge syringe homogenization in RLT buffer) and to purify the
RNA (RNeasy mini kit, Qiagen, Valencia, CA) from micro-
dissected mouse brain regions. The quality of the total RNA
was confirmed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). The quantity and quality of total
RNA was also independently assessed by 260 nm UV absorp-
tion and by 260/280 ratios, respectively (Nanodrop spectro-
photometer). Starting material of total RNA labeling reactions
was kept consistent within each independent microarray
experiment.

For each brain region, equal amounts of total RNA extracted
from tissue samples was pooled within each biological experi-
ment (3 mice per treatment group), and then used for labeling
and microarray assays. The microarray assays for each of
the three de novo biological animal experiments were con-
ducted independently, at different times. Standard Affymetrix
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TABLE I. Top Category I and II Genes

Gene Stopped Multiple . Human Tissue Lines of
Accession Symbol - Description Chc aLri; e C:gnp e y Co- Brain i nr: n;?gsg:)nc?:t? on F;?Lel;;;‘ (Postmortem brain, evidence
Number 9 Treatment Regions g blood) score
[ PREFRONTAL CORTEX
Down
NM 019439.2 Gabbr1 AMY I-CLZ g7 (Levisetal 2%&%(%«& etal 2000),(Zai et SZ and B (stikawa et al 2005)
- . gamma-aminobutyric D D Yes NAC IlI-PCP al 2005),(Hisama et al 2001) Yes Sz Mizukemi et al 2000 6
acid (GABA-B) receptor, 1 VT II-CLZ B (Turecki et 21 2001} (Cicton et 21 2001)
2q11.1 (Hakak et al 2001)
AKO19046 i ';ﬁlal hoort AMY Cat Il 7 (Lowis x| 2003}(Straub et al R4 (Aston o1 2005)
myelin and lymphocyte D D Yes VT lII-PCP 2002)Delisi et l 2002}, Yes Fcteton et a 2005) 6
protein, T-cell differentiation {Chen et al 1998) (Faracne et al 20063) BP
protein NACIV-PCP Etoh‘w"szyy”“‘ el 2003) Etoh{Lewoht etal 2000)
Arhgef9 Xq11.2
BB380620 Cdc42 guanine nucleotide D D Yes xag ﬁla-::ILZ Unigolar Depr%%gion Yes gz (Gatetal 2005 55
exchange factor (GEF) 9 (Badeninop etal 2002)
Calci%du"n- C¥chtalll ! sz {Lewis et al ZSKJ%%%DEVMH etal 2002) BP {Molnar et al 2003}
BB476448 dependent protein kinase II- D D Yes CP IILCLZ S7,5ZA (SKaretal 2004) Yes Depression {Novak et al 2008} 55
alpha NAC IIl-CLZ Etoh (Sun etal 1999
Adora2a NAC Cat Il 22911.23
BG311385 adenosine 2A receptor D D AMY II1.PCP gz Lewis et 5003} (Takshasn! et a1 2002) Yes g7 (Kurumaiiand Toru 1998) 5
gp (Detera-Wadleigh et al 1999)
etal 2004)
BE957273 dopg‘min%eptor D1 D D AMY lI-PCP g7 (Reoakowski eslqa\%gﬁg),(Polkm et al 2003} Yes SSZZ?DnOg“EE al 2001; Knable et al 1996) 5
(U BV S 2004y
1 1%23.2 7 (Toru 1998) (Golgsmith et al
NM 010077 Drd2 b b AMY 1RGP (Lewis et al 2003),(Dubertret ot al 2004; Ves ) Soaman ot a 1667} 5
_ : - Golimbet et al 2003; Schindler et al 2002)
dopamine receptor 2 Etoh (Sunetal 1999) Tourette Syfygggme (Minzer etal
Tacl 7921.3
.- VT Cat | {Ekelund et al 2000},(Yan et al 2000} (Tooney etal 2001)
NM_009311.1 tachykinin, precursor 1 D D AMY llI-PCP SZ(Ogden et al 2004),(Mclonis et al 2003) Yes (Bird 1980) A (Rosler et al 2001) 5
(substance K, substance P, BP crem er1 2000) HD
neurokinin 1, neurokinin 2) SZA
[ AMYGDALA
Up
TR S8 200 Y PETEE ST
CP Cat | 2006}, (Dracheva et al 2008),(Flynn et al
NM_009923.1 2',3"-cyclic nucleotide 3' | Yes gé\g IIIIII-ISSIS gz (tewis etg\z&g)“‘(i’glmeeta\ 2006) Yes 2003) ~ 6
phosphodiesterase VT il CLZ MDD e
EtopfLevehietal
Gabral CP 11l-PCP w 39 %ﬁsu 3l 2004) 1 I Usmwkj:::: 2004)@
amma-aminobutyric acid NAC IIl-PCP g7 {Lewis etal 2003) (Skiar et mpagnatielio et a eview (Costa et
NM_010250.1 ((QEABA-A) receptL:)ry,nsijzﬁlnit | Yes VT I-CLZ R (Park et a1 2004) Yes al 2005),(Lewis et al 2004) 6
alpha 1 Autism ™M et#12008) {Hakak et al 2001)
10p12.1 (Fatemi et al 2005¢).{Dracheva et al
Gad2/Gad 65 (Maziade et a 2005 !
AF326550.1 glutamic acid decarboxylase | Yes NAC lil-PCP S7, B(Earzune el al 1998) Yes 2004 {Todtenkopf and Benes 1995) 6
2 VTIv-CLz 8z (Mclnnis et al 2003) gz, Bp (Heckers stal 2002)
BP i
57 BP (We‘bsler C) Iawz o;:> TS
17921.31 ison et
Gfa NAC IlI-CLZ {Lewis ef al 2003) {Rajkowska et al 2002}
BB183081 lialfibrilary acidic protein | (M1) Yes PFC Iv- CLz Az cmorai ) Yes S Ftemiorsi 0t 6
Etoh(Lewonl et 2000)
2 (Chambers and Perrding-
Bizzozero 2004) {Tkachev et al 2003),
NM 0107771 Mbp | Yes PFC Ill-PCP g7 (Levis ela\ggtggguaub et al 2002) Yes Etoh((;elw:h' i' 7'22?]20)' 6
- myelin basic protein B (Schulze et a1 2003) AD TS {Bannon etal
Cocaine Ad%gé:on
ARG B 2008
o222 Sz, B (Tkachev etal 2003)
q22. , (Aston et 3 2005)
Pip1 PFC III-PCP {Gin et al 2005¢) MDD
M15442.1 proteolipid protsin (mysfin) 1 | Yes VT V- OLZ sz Yes EtghMayiid eta 2002) 6
Cocaine Adggggon (Bannon etal
Mobp (Tkachev et al 2003)
BM899593 myelin-associated | Yes gé\g Iﬁ_a};gp L3p22|2D " Yes Sz8p {Aston et al 2005) 6
oligodendrocytic basic protein G2 (Levis etal 2003) EtohMaylied et a12002)
Aldhla1l 9g21.13
NM_013467.1 aldehyde dehydrogenase 1 Yes NAC Cat Il gz Hovana etal 1999 Yes gz (Cater etal 2003 5.5
family 1, subfamily A1 ppp (Macaregor et 2004)
Camk2a PRC Cat| (Lewis et \%%%Z(D lin et al 2002} {Molnar et ol 2003)
Calcium/Calmodulin- VT Catll gz (ews etalzbto) Bevin et & pp Moerete!
BB476448 dependent protein kinase II- | Yes NAC 11l-CLZ SZ and SZA (Sker etal 2004) Yes Depression (Movaketal 2006) 5.5
alpha CPII-CLZ Etop (Sun etal 19%)
BC027019 5 Yes vroat i paurio oo SELE et et 11999 Yes AD (S2oetet 2000 5.5
Synaptotagmin 2 NAG Il-PCP gy (Paunioetal J.{Hovatta et al } 3
A Hipfirers 358 5 gy NRESEIK 1810025 BB 200
NM_007470.1 _ _ PFC III-CLZ 7 (ansen eal 2006) Yes 7, B (Thomes e1a12003) (Thamas 5
apolipoprotein D VT I-PCP B (Cichonetal 2001) al 2001}
CPII-CLZ 17q11.2
Cdk5r1 - (venturin etal
NM_009871.1  cyclin-dependent kinase 5, Yes gég PP Mental Retargagion Yes AD and Down syndrome 5
regulatory subunit (p35) 1 VT II-CLZ Etoh il etal 2004)

(Continued)
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TABLE I. (Continued)
Gene Stopped Multiple . Human Tissue i
Accession Symbol - Description Cf? aLnZ o C:gnp o by Co- Brain i IP('Iuman genetic F:;Ievam (Postmortem brain :J;:ieesngfe
Number 9 9 Treatment Regions inkage association iology blood) ' Score
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Tyrosine monooxygenase/ gég IIIIII-(FD,I(_:ZP
BQ175227 tryptophan Smonooxygenase D D Yes HIP IV-})L[ Bp mauzhg)kagh%&lta\ 2001) Yes gz{Miadleton et al 2005) 55
activation protein, beta VT IV-C )
polypeptide/14-3-3 genes V-CLz
[ CAUDATE-PUTAMEN
Down
b AMY |
Cn {Hakak et al 2001; Peirce et al
NM_009923.1 2,3cyclic nucleotide 3 D D Yes :;l::\g |I|I|I_-|§g§ o7 Leviset d Zt%%j‘(bzence et al 2006) Yes 2006) {Dracheva et 2l 2008 {Flynn et.a! 6
phosphodiesterase VT Il- CLZ 203
[ NUCLEUS ACCUMBENS
Up
Kenj4/Kir2.3 22q13.1
U11075 potassium inwardly-rectifying I(MI) Yes PFC Ill-PCP gz (Coonetal1994) Yes Sz (vara etal 2005) 6
channel, subfamily J, 4 B (Kelsoo ataf 2001}
8p21.3
NM_008500.1 ) |__p_| ! Lo HIP Catl (Lows stal 2003 (Bisustonicz st 2000; (Glatt et al 2005 6
Lipoprotein lipase (M) Yes AMY 11I-CLZ sz Siraub et al 2002),(Chiu et al 2002) Yes sz (e
Nr4a2/ Nurrl HIP Cat | o 2q241
NM_013613 Nuclear receptor subfamily 4, ! Yes X-I\l;l\c(:?ltl I::’CP SZ, Suicidal %g]&g)avior (Ghengeral Yes Cocaine At;g[g?r (Bannon et 21 5.5
group A, member 2 X (Smith et al 2005) ’
PFC |lI-PCP ADHD
Mob S7 B (Tkachey sarauy
BM899593 ~ myelin-associated I A ot p U .o Jpa Yes MDD #sion et a1 2005) 5
aligodendrocytic basic protein EtohMeyfiew etal 2002)
Sgk AMY Cat Il 6023.2
NM_011361.1 serum/glucacorticoid 1 Yes VT Cat I adictstzons Yes 5
regula‘ed kinase BP {Venken et al 2005),(Ewald et al 2002)
Ziel AMY Cat Il 3024
AV031691 Zinc finger protein of the I(M1) Yes GP Catll SZ‘B"'“S"E etal 2005) Yes 5
cerebellum 1 EIF%?ﬁtC”LZ BP, SZABadenhop et 1 2002)
[ VENTRAL TEGMENTUM
Up
6916.1
BB075797 M HIP Cat Il (Lewis et a\q?OOS),(Cao etal 1997)
ephrin receptor A7 ! I(M1) Yes sz g (Dicketal 2003) Yes 5
Maob X
BB549292 onoamins oxidase B I I Yes 57 N3 0en Yes Sz Techiictal 1984) 5
Rgs4 AMY Cat Il 1923.3
NM_009062 regulator of G-protein | | HIP 11I-CLZ gzlewsetal 200316 ot 2ot Yes Bz e 5
N . R {Chowdari et al 2002; Morris et al 2004) 20012)
signaling 4 PFC IlI-CLZ
Down
Gria2 49321
{Hovatta et al 1995’ Straub et al 2002}
NM_013540.1 glutamate receptor, D(MD)  D(MD) Yes e Bibom ot 2005 Segurad ot 1205 Yes 7 taverenarz00ze 6
ionotropic, AMPA 2 Williams et al 2003; Willour et al 2003)
(Vawter et al 20025y
NM_013681.1 Syn_z D D Yes AMY Cat | g7 (Paunioetal 2%8:%;5@2% ot 21 20040} (Lee Yes Sg'zBﬁamwnmg et al 1993) 6
synapsin Il CP llI-PCP et al 2005}, {Chen etal 2004a} AD (Hoetal2001)
Tac1 7921.3
ini PFC Cat I Q%00 (Tooney et al 2001
tachykinin, precursor 1 (Ekelund et al 2000},(Yan et al 2000) Y4 )
NM_009311.1 (Substgn e K”’substance b, D D Yes AMY I1-PCP BSPZ@gden o1 812004) Ml et 1 2003) Yes HD (61 19801 6
neurokinin 1, neurokinin 2) SZA (Yanetal2000) AD Foseret 2000
(Eastwood and Harrison 2005)
NM_009946.1 CQIXZ D D Yes 5g35.2 (Eastwood et al 2003; Qin et al 2006¢)
Complexin 2 gz (Lee otal 2005) Yes D (Morton and Ecwardson 2001) 5
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TABLE 1. (Continued)

Gene Stopped Multiple . Human Tissue Lines of
Accession Symbol - Description Cr?aLnZg o C:;:nz o _byCo Brain i nral‘g";g gs%ré?;lt(i:o o Romoat (Postmortem brain, evidence
Number Treatment Regions blood) score
Grin1 (Qin et a\ggbsoéb.}:?Mar\ucci etal (Stadler st
NM_008169 'oglctjltrzm?:‘eNr-?T‘]::Fh'olrb- D D NAC IlI-CLZ sz 2003),(Begni et al 2003) Yes Glutamate rze‘rzzoeog)tors 5
! a‘:pértate 1 Y pp (Faraone et 2006b), (Mundo et al 2003)
memb'r\gne grolein HIP Cat | (31 7q2¢1 :«31\ 2003) (Vawter at al 2004)
, egurado st al 2003 anter ot a
NM_007863.1 - imitoylated 3 (MAGUK p55 D D(MD) Yes AMY 1ll-CLZ Bgmh (Hill et a1 2008) Yes sz 5
subfamily member 3) NAC llI-CLZ
85 CORE
NM_011261.1 Rein D D PFC I1I-CLZ (@220, oo Yes {Aodaimaleky et al 2005; Guidot ¢ l 2000) 5
reelin sz - (Fatemi el al 2005b)
Autism
[ HIPPOCAMPUS |
Up
NAC (lI-PCP 3
NM_007627.2 C(_'\'kbr | Yes VT III-CLZ ) 118@?&;‘9\ w2003 Yes g7 (Zactrisson ot 21 1999) 55
cholecystokinin B receptor CP IV-PCP Parkinson
NAC Cat | 2q241
Nr4a2/ Nurri . ;o (Gheng etal . {Bannon et al
NM_013613 Nuclear receptor subfamily 4, I Yes Xxllg?ltl-“PCP 2, Suicidal Bmeorg)avmr Yes Cocaine Aggusz)er 55
group A, member 2 PFC IIl-PCP ADHD (Smith et & 2005)
Csen 29111
P, . . . -t {Lewis et al 2003), (DeLisi et al 2002)
NM_019789.2  calsenilin, presenilin binding I Yes yri-cLz SZ 7 ez Yes AD tinetal 2009 5
protein, EF hand transcription CP IV-CLZ Ntgsynsk o181 2003)
factor Etgh Mvsansti
Ptgds VT Cat i 9q34.3 o Hirsoka
NM_008963.1  prostaglandin D2 synthase I Yes AMY (I1-PCP sz oueie e Yes  NeUggmicaldsorders e 5
21kDa (brain) CP lII-PCP BP
Down
NM_008509.1 ) g;_l ! D D Yes NAC Cat | gz Lewisetal 7§£ﬁgr}%swwwcz ot al 2000; Yes g7 (Gltt etal 2005) 6
Lipoprotein lipase AMY 1lI-CLZ Straub et al 2002},(Chiu & al 2002)
memb'r!lne grotein VT Cat 13“2‘(3\1%” {Dann et al 1997)
, " aia et a ann et a
NM_007863.1 o imitoylated 3 (MAGUK pss D (MD) D Yes ,@fg I'I'I'_gtzz goH (Hil et 1 2004) Yes sz 5

subfamily member 3)

Category I and I genes with a minimum line of evidence score of 5.0 out of 6 are shown. I, increased; D, decreased; MI, moderately increased; MD, moderately
decreased; PCP, Phencyclidine; CLZ, Clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral
tegmentum; HIP, hippocampus; SZ, schizophrenia; BP, bipolar disorder; MDD, major depressive disorder; Etoh, alcoholism; AD, Alzheimer; HD, Huntington
disease. Roman numerals in the multiple brain region data column represent the Category of the gene.

protocols were used to reverse transcribe the messenger RNA
and generate biotinlylate cRNA (http://www.affymetrix.com/
support/downloads/manuals/expression_s2_manual.pdf). The
amount of cRNA used to prepare the hybridization cocktail was
kept constant intra-experiment. Samples were hybridized at
45°C for 17 hr under constant rotation. Arrays were washed
and stained using the Affymetrix Fluidics Station 400 and
scanned using the Affymetrix Model 3000 Scanner controlled
by GCOS software. Data were extracted using the MicroArray
Suite 5 (MAS5) algorithm. All sample labeling, hybridization,
staining and scanning procedures were carried out as per
manufacturer’s recommendations.

Quality Control

All arrays were scaled to a target intensity of 1000 using
Affymetrix MASv 5.0 array analysis software. Quality control
measures including 3':5' ratios for GAPDH and beta-actin,
scaling factors, background, and Q values were within
acceptable limits.

Microarray Data Analysis

Data analysis was performed using Affymetrix Microarray
Suite 5.0 software (MAS v5.0). Default settings were used to
define transcripts as present (P), marginal (M), or absent (A). A
comparison analysis was performed for each drug treatment,
using its corresponding saline treatment as the baseline.
“Signal,” “Detection,” “Signal Log Ratio,” “Change,” and
“Change P-value,” were obtained from this analysis. Only
transcripts that were called Present in at least one of the two
samples (saline or drug) intra-experiment, and that were
reproducibly changed in the same direction in at least two out
of three independent experiments, were analyzed further.

Gene Identification

The identities of transcripts were established using
NetAFFX (Affymetrix), and confirmed by cross-checking the
target mRNA sequences that had been used for probe design
in the Affymetrix Mouse Genome 430 2.0 arrays with the
GenBank database. Where possible, identities of ESTs were
established by BLAST searches of the nucleotide database. A
National Center for Biotechnology Information (NCBI,
Bethesda, MD) BLAST analysis of the accession number of
each probe-set was done to identify each gene name. BLAST
analysis identified the closest known mouse gene existing in
the database (the highest known mouse gene at the top of the
BLAST list of homologues) which then could be used to search
the GeneCards database (Weizmann Institute, Rehovot,
Israel) to identify the human homologue. Probe-sets that did
not have a known gene were labeled “EST” and their accession
numbers kept as identifiers.

Genetic Linkage Convergence

To designate convergence for a particular gene, the gene had
to map within 10 ¢cM of a microsatellite marker for which
at least one published study showed evidence for linkage
to schizophrenia, or another neuropsychiatric disorder. The
University of Southampton’s sequence-based integrated map
of the human genome (The Genetic Epidemiological Group,
Human Genetics Division, University of Southampton: http://
cedar.genetics.soton.ac.uk/public_html/) was used to obtain
cM locations for both genes and markers. The sex-averaged
cM value was calculated and used to determine convergence
to a particular marker. For markers that were not present
in the Southampton database, the Marshfield database
(Center for Medical Genetics, Marshfield, WI: http://research.
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TABLE II. Genes that are Changed in Opposite Directions by PCP and CLZ

. Human
Gene Stopped Multiple . : Lines of
" -~ CLZ PCP H Human genetic Relevant Tissue .
Accession Symbol - Description by Co- Brain : Lot : evidence
Change  Change . linkage/ association Biology  (Postmortem score
Number Treatment Regions brain, blood)
NUCLEUS ACCUMBENS Category |
Arhgef9 PFC Cat |
BB380620 Cdc42 guanine nucleotide exchange factor D Yes AMY I-CLZ N qualé%hope‘ a1 2002) Yes gz (Glattetal2009) 5.5
(GEF)9 Depression
AMY III-CLZ
0108822 Nan . b Yes | FrCILRCP = HEN Yes 5
CP IV-CLZ
Gnb1 AMY Catll 1p36.33 (Middleton et al
NM_008142.2 Guanine nucleotide binding protein (G Ml D Yes PFC IlIl-PCP NeurobIastomzaocff""‘Je""Le"’sey el Yes BP 2005) 45
protein), beta polypeptide 1) VT IV-CLZ )
NM 153529 1 Nrn1 D Yes g7 tewiset alg&ggM1azwade etal 1997) Yes 4
- ) Neuritin 1 EtoH (il eal 2004)
VENTRAL TEGMENTUM Category |
Tcf712 AMY 1II-PCP 10G25.3
NM_009333.2 Transcription factor 7-like 2, T-cell specific, | D Yes CP Ill- PCP 7 (Lerer 61 3l 2003} (Falin et al Yes 5
HMG-box NAC IVPCP 2003),(Faraone In Press)
Atp2b2 2p25.3
NM_009723.1 ATPase, Ca++ transporting, plasma | D Yes NAC [lI- CLZ g7 (Lewisetal R unio et a1 2004) Yes 5
membrane 2
Camkid 10p13
NM_177343.2 Calcium/calmodulin-dependent protein | D Yes §z {Froedman at ol 2001; Paunio et al Yes gz fVoweretal 2009 4.5
\inase 1D 2004),(Faraone et al 1998}
Gijb1 Xq13.1
NM_008124.2 Gap junction membrane channel protein D Yes AMY II-PCP X-linked Charcot-Marie-Tooth Yes 4
beta 1 disease {Vondracek e al 2005)
(Ezgzdzt‘l 1 2000)
Pcolce HIP [Il- PCP elind et e
NM_00B788.1 | 1, sliagen C-proteinase enhancer protein D Yes NAC Ill- OLZ pp Ostera-wadeigh et a1 1997) 4
EtoH (Foroud et al 2000)
Rian AMY Cat | & Faiietal
BB649603 RNA imprinted and accumulated in nucleus b l Yes PFC IlI-PCP na 20052) 4
Sertt 8924.3
NM_130893.2 Scratch homolog 1, zinc finger protein | D Yes B (Segutaco stal 2003) Yes 35
(Drosophila)
(L 8|p\223032) (Straub et al
. ewis et 8l 2003),(Straub et a
NM_145978.1 POz an%omain ) D Yes 2003} castowes o1 2000) (Bl e 3
1998),(Chiu et al 2002) {Brzustowicz et al 1999}
Scn8a
NM_011323.1 Neuronal voltage-gated sodium channel | D Yes 12913.13 Yes 3
alpha subunit (Scn8a)
AMYGDALA Category Il
. NAC IlI-PCP
2900097C17Rik
BE859789 T D VT IV-CLZ 2
RIKEN cDNA 2900087C17 gene CP V- CLZ
CAUDATE -PUTAMEN Category Il
1q42.2
NAC Cat I (Blackwood et al 2001; Ekelund et al 2001; {Lewohl el al
NM_007428.2 Angi ‘Agl_ | D AMY lII-PCP sz Paurio et 51 2004) Yes ElOH?oou) 4.5
ngiotensinogen ppMacgregor etal 2004)
NUCLEUS ACCUMBENS Category Il
Adora2a PFC Catll gz (Lewiset a\zz%o 1)‘(1Tvazkghasm et 2l 2003) {Kurumaji and
NM_009630.1 Adenosine A2a receptor b AMY I-PCP §2, P Petreadein atal 1650 Yes Toru 1998) 5
| . P! ? Rp (Kelsoe etal 2001}
17412
Ap2bi ¥ (Dann'et 21 1997} 35
NM_027915.1 Adaptor-related protein complex 2, beta 1 D C-lMK/I_"CCI:_;Z EIEH (Hill et al 2004) Yes )
subunit
VENTRAL TEGMENTUM Category Il
sz {Vawter et al 2004)
Kcnab1 AMY lII-PCP 3(325.31 EtoH(Sokobov et el
NM_010597.2 Potassium voltage-gated channel, shaker- | D PFC lIl-PCP BPA (Badenhop etal 2002} Yes 2003) 4.5
related subfamily, beta member1 PFC IV-CLZ
Dix1 PFC III-CLZ , Bp (Kromiemp
NM_010053.1 Distal-less homeobox 1 D I AMY IVPCP 2311 Yes oa12009) 4
Nts AMY lII-PCP (Lahti et al 1998)
NM_024435.2 Neurotensi D | CPIV-CLZ 12921.31 Yes TWolf &1 al 1995) 4
eurotensin PFC IV-PCP
NM_010714.1 - orotein & I MD HIP Cat | Erop Son e S ok ra 20020 Yes 3
(Keomkamp
NM_013665.1 short Staggﬂ:‘ozmeobox 9 I D I i J Bl s 3
Pcpdl AMY Catll
AV337888 Purkinje cell protein 4-like 1 l D PFC IV-PCP Yes 3
3110009007Rik
BBO041180 RIKEN cDNA 3110009007 gene l HIP Cat| 2
Sic8a1
NM_011406.1 Solute carrier family 8 (sodium/calcium | D 2p22.1 Yes 2
exchangen}1
Tnnt1
NM_011618.1 Troponin 71, skeletal, slow | D NAC lll-PCP 19q13.42 2

Category I and II genes changed in opposite directions in 2 out of 3 experiments in PCP and CLZ are shown. I, Increased; D, decreased; MI, moderately
increased; MD, moderately decreased; PCP, phencyclidine; Up, upregulated; down, downregulated; PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal
cortex; AMY, amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral tegmentum; SZ, schizophrenia; BP, bipolar disorder. Roman numerals
in the multiple brain region data column represent the Category of the gene.



marshfieldclinic.org/genetics) was used with the NCBI Map
Viewer web-site to evaluate linkage convergence.

Biological and Tissue (Postmortem Brain,
Lymphocytes) Convergence

Information about our candidate genes was obtained using
GeneCards, the Online Mendelian Inheritance of Man data-
base (http:/ncbi.nlm.nih.gov/entrez/query.fcgi?db=0MIM),
as well as database searches using PubMed (http://ncbi.nlm.
nih.gov/PubMed) and various combinations of keywords
(gene name: schizophrenia, psychosis, bipolar, depression,
suicide, dementia, Alzheimer, alcoholism, opiates, cocaine,
marijuana, hallucinogens, amphetamines, benzodiazepines,
human, brain, postmortem, lymphocytes, fibroblasts). Genes
were deemed to have biological convergence if their known
biological function was relevant to the pathophysiology of
schizophrenia and/or related disorders in human or animal
models. Tissue convergence was deemed to occur for a gene
if there were published reports of human postmortem brain
data (or, rarely, lymphocytes and other tissue data) showing
changes in expression of that gene in tissue from patients with
schizophrenia and/or another neuropsychiatric disorder that
impacts cognition.

GeneSpring Analysis

GeneSpring version 7.2 was used (Agilent Technologies).
Unsupervised two-way hierarchical clustering of normalized
(Cohen’s D effect size) behavioral data [Niculescu et al., 2006]
from open-field video-tracking was carried out.

Gene Ontology (GO) Analysis

The NetAffx Gene Ontology Mining Tool (Affymetrix) was
employed to categorize the genes in our datasets into
functional categories, using the Biological Process ontology
branch.

Ingenuity Analysis

Ingenuity Pathway Analysis 3.1 (Ingenuity Systems,
Redwood City, CA) was used to analyze the direct interactions
of the top candidate genes resulting from our CFG analysis, as
well as employed to identify genes in our datasets that are the
target of existing drugs.

RESULTS

Based on the changes in response to single drug treatment
and co-treatment, we divided our dataset of reproducibly
changed genes into four categories (Figs. 1c and 2). Category I
comprises genes that are changed by both PCP and clozapine,
and the change is prevented (i.e., No Change) by co-treatment
with both drugs. Category II comprises genes that are changed
by both PCP and clozapine, but those changes are not pre-
vented by co-treatment. Category III comprises genes that
are changed by either PCP or clozapine, and the change is
prevented (No Change) by co-treatment. Category IV com-
prises genes that are changed by one of the drugs only, and the
changes are not prevented by co-treatment.

Number of Genes

PCP had the highest number of gene changes in the AMY.
Clozapine had the highest number of genes changed in the VT.
Nevertheless, a disproportionate number of higher-pro-
bability, category I genes were in the HIP, consistent with a
likely central role of this region in the pathophysiology of
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schizophrenia and related disorders [Callicott et al., 2005;
Gisabella et al., 2005; Holt et al., 2005; Katsel et al., 2005a,b;
Benes et al., 2006; Kuroki et al., 2006; Olypher et al., 2006;
Tanabe et al., 2006; Vita et al., 2006] (Fig. 2).

Top Findings

The top scoring genes in Categories I and II are shown in
Table I. Figure 3 summarizes the assigned empirical prob-
ability score based on the multiple internal and external lines
of evidence. At the top of our list, with 6 out of 6 lines of
evidence, we have 14 genes: two from the PFC—GABBRI1
(gamma-amynobutyric acid (GABA-B) receptor, 1)-located at
6p22.1 [Hwu et al., 2000; Hisama et al., 2001; Turecki et al.,
2001; Schulze et al., 2004; Zai et al., 2005a,b]; and MAL (myelin
and lymphocyte protein)-located at 2q11.1 [Chen et al., 1998;
Hakak et al., 2001; DelLisi et al., 2002; Straub et al., 2002;
Lewis et al., 2003; Aston et al., 2005; Middleton et al., 2005]; six
from the AMY—gamma-aminobutyric acid (GABA-A) recep-
tor, subunit alpha 1 (GABRA1) located at 5q34 [Sklar et al.,
2004; Petryshen et al., 2005a], glutamate decarboxylase 2
(GAD2) located at 10p12.1 [Maziade et al., 2001; McInnis et al.,
2003], proteolipid protein (myelin) 1 (PLP1) located at Xq22.2
[Qin et al., 2005a], myelin basic protein (MBP)-located at 18q23
[Straub et al., 2002; Lewis et al., 2003], myelin-associated
oligodendrocytic basic protein (MOBP) located at 3p22.2
[Lewis et al., 2003], and glial fibrillary acidic protein (GFAP)-
located at 17q21.31 [Lewis et al., 2003]; one from the AMY and
VT—SYN2 (synapisn II) located at 3p25.2 [Chen et al., 2004a;
Paunio et al., 2004; Lee et al., 2005]; one from the AMY and
CP—CNP (2/,3'-cyclic nucleotide 3’ phosphodiesterase) located
at 17q21.2 [Lewis et al., 2003; Peirce et al., 2006]; one from the
NAC—potassium inwardly-rectifying channel, subfamily J,
member 4 (KCNJ4)located at 22q13.1 [Coon et al., 1994; Kelsoe
et al., 2001]; one from the NAC and HIP—lipoprotein lipase
(LPL) located at 8p21.3 [Brzustowicz et al., 2000; Chiu et al.,
2002; Lewis et al., 2003; Straub et al., 2002]; and two from
the VIT—tachykinin, precursor 1 (TAC1) located at 7q21.3
[Ekelund et al., 2000; Yan et al., 2000; McInnis et al., 2003], and
glutamate receptor, ionotropic, AMPA 2 (GRIA2) located at
4q32.1 [Hovatta et al., 1999; Straub et al., 2002; Ekholm et al.,
2003; Willour et al., 2003].

Table II shows all the category I and II genes that are
changed in opposite directions by PCP and clozapine. We
reasoned that genes that are changed in opposite directions by
a disease mimicking agent (PCP) and a disease treating agent
(Clozapine) may be of particular interest, current external
lines of evidence aside and total score notwithstanding.

Table III shows the categorization of the top candidate genes
from Tables I and II into different biological roles categories of
interest.

Other investigators have previously implicated a number of
the above discussed genes, individually or as part of functional
groups, in various biological and genetic contexts germane to
the pathophysiology of schizophrenia and related disorders
(Tables I and II) [Gisabella et al.,, 2005; Harrison and
Weinberger, 2005; Torrey et al., 2005; Carlsson, 2006; Mirnics
et al., 2006]. Our results, identifying these genes as top
candidate genes, are thus a strong validation of the heuristic
value and internal consistency of the approach we have used.
Moreover, they outline networks of potentially co-acting genes
(Fig. 5a), and support an important role for these pathways in
schizophrenia and related disorders.

GABA Neurotransmission

Our work identified as top candidate genes for schizophrenia
three genes involved in GABA neurotransmission: GABRA1,
GABBRI1, and GAD2 (Table I; Fig. 3). GABRA1 was previously
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Prefrontal Cortex
Amygdala

Caudate Putamen
Mucleus Accumbens
Ventral Tegmental Area
Hippocampus

i
GABRA1 GAD2

PLP1 MBP SYN2
GFAP MOBP
Category | CNE chp
Schizophrenia Genetic Data %ﬂ
Postmortem Schizophrenia gmmm
ARHGEF3 CAMKZ2A

YWHAB CAMKZA ALDH1AT SYT2TTRH

ARHGEFS NR4A2
CCKBR NR4A2

DRD1 DRD2 ADORA2A TAC1
RGS4 APOD SLC17A6 CDK5R1
MAPK8IP1 PDET0A GRIA4 FOXFZ MAL RTN4
MOBP ZiC1 NON SGK ADORA2A

GRIN1 RELN EPHA7 CPLX2 MAOB TCF7L2 ATP2B2 RGS4 MPP3
CSEN PTGDS MPP3

Fig. 3. Categories I and II candidate genes. Pyramid generated by the tabulation of independent converging lines of evidence. Italic—Category I genes.
Underlined—schizophrenia genetic data. Bold—schizophrenia postmortem data. For full description of gene symbols see Table I.

reported to be increased in postmortem brains from schizo- peripheral blood leukocytes [Petryshen et al., 2005a]. GABBR1
phrenia patients [Ohnuma et al., 1999]. It has also recently has been putatively implicated by human genetic association
been implicated in schizophrenia by human genetic linkage, studies in both schizophrenia [Zai et al., 2005b] and obsessive-
association and preliminary gene expression studies in compulsive disorder [Zai et al., 2005a]. GAD2 (GAD65) was
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TABLE III. Top Candidate Genes and Their Biological Roles

Gene Gene / Name Brain Region Gena Gene / Nama Brain Region
n (Drug-Catagory) Accession (Drug-Categaory)
Numbers Numbers
GABA related genes GliaMyelin genes
Up Up
mb_0102500  GABRAT gerrms-amircburyric scid (GABA-A) recepier, subunil aipha AMY (I} T (CLZAE HW_016777.1  MBP mysin basc protin Bl AMY L FFC (ORI
. NAG[PCPAINCP PCPA)  pident  PLBY protecipd saiein myein) AN 3195 POPIN
AFRIEREDA GADZ glutamis acd decarboxyiaee 2 W AR [T MAC | PRI BE183081 GFAP _gial itemary acidic protein B s
hr_008885.1  PMPZ2 paripneral myelin prolen B AMY (I
Dawn it 3 ; wP_paasen MOBP mysin-essoceted olgodendrecysc basic srotein AR (1) ¢ PO Ol ¢ PFC
ol 0104381 GABBRT gamima-aminobityric acd (GRA-E] recapior, 1 NAETIJEIIJ-IIIZ-‘I\'II:j.z:lII.ILI-:Ill (RSPl
2 2 CF (I} NAC [FCP) /PRC
ARIBMEA ARHGEFS Coei? guanine nuckectde axchangs factor (GEF) 0 PFRE {13 MAC (I ANNECL - NM_002923.1  CNP 2 Fcyche nudectide 3' phosphodie slemes B i b ST (CLZ-HT}
BO17S363 GABRAS garvma-sminobutynic ackd (GOaBA) & recapion, aipna & W WT (I HIF {PCPHI AR S04 MAL rrrselin and hmphocyde protsn, T-osl diflerenlistion prosin
" FEC 1) 7 AMY [0/ VT (PGP-
iy
Glutamate related genes Synaptic function genes
BAY (1] VT 1) { CF [PCPAN)
Down
MM 0156511 GRAG glutamale rosentor, ionclrophic, AMIPA. &} AMY (1] 7 AT (I} WM 0136811 SYM2 synapsrn m i
Nr_008946 1 CPLXR complesin 2 W
1420218 at  ZYT2 symaplolpmin 2
MA_35400 G lutamain receotor, imnotrapic, AMPA 28 AN 1) : )
= RIAZ glutamala rece s ; Neuronal migration/neurite growth
¥Tn
M DOE9ED GRIN1 glulamate recepior, lonomop ic, H-methyl D-aspartate 1 Un f
T RS RAEEAS BEOTSTST  EPHAT EPH recepio 47 @ YIQLHES
HM_DDE1ES GRIAT glulnmoie receptor, onotropic, AWIF4T jalpha 1) 8 ’
AMY I Dawn
Hi_0m1261.1  RELM resiin B Wil ¢ PRE (CLZAN
WAL (1) 7 AMY (CLZ-IG ¢ PFG
Upd Dawn [l =] T (L2l
BBOTA430 HOM_necdn W
AHDIGOME MNANT nauntin 1 m o
BCO26RIET GBI gap nction mebesns channal peatin bas 1 I ThAANR CPC P
Other neurotransmitter related genes Transcription Factor
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Genes from Categories I and II were classified into biological groups of interest previously reported to have relevance to the pathophysiology of schizophrenia
and related disorders. Up, upregulated; down, downregulated; PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate
putamen; NAC, nucleus accumbens; VT, ventral tegmentum; HIP, hippocampus. Roman numerals in the brain region data column represent the Category of

the gene.

reported elevated in the cortex of subjects with schizophrenia
[Dracheva et al., 2004]. Other GABA related genes among our
Category I and II genes include ARHGEF9 and GABRA5
(Table III), as well as GABRA3 and SLC6A13 (GABA
transporter) (Table VII). Additional GABA related genes from
our complete datasets include GABRA4, GABRB2, GABRBS3,
and GABRG2 (see supplementary online information).

Schizophrenia patients experience deficits in many aspects
of cognition and perception. EEG studies suggest that
abnormalities in gamma band activity may underlie some of
these deficits [Symond et al., 2005; Wynn et al., 2005].
Networks of GABAergic neurons are key elements in the
generation of gamma oscillations in the brain [Vida et al.,
2006].
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TABLE IV. Gene Ontology Analysis

Category | Category = Category | Category
GO ANALYSIS- BIOLOGICAL | I 1 v
PROCESSES genes genes genes genes
1. Cellular Physiological Process 176 i 1709 | 264
2. Cell Communication B3 88 B72
_3.Metabolism 16 | JER 15 S
4. Cellular Biclogical Process | P 180 488
5. Development 58 260 o4
6. Organismal Physiological Process 46 . 145 |
7. Behavior : ? 17 159 3
8. Call Death 1 10 139 12
9. System Development 32 89
| 10. Morphogenesis 2 %
11. Organ Development 20 93
12. Response to Biotic Stimulus 14 6 80 11
13. Embryonic Development ] 105
14. Regulation of Biclogical Process 75
15. Localization 59
16. Sexual reproduction 2 83 1
17. Response to external stimulus ] B 58 7
18. Response to Abiotic Stimulus 5 ] 61 9
19. Homeostasis 4 B8 61 14
20. Extracellular Structure
Organization and Biogenesis 1 1 25 4
21. Rhythmic Process 3 2 13 3
22. Pattern Specification 5 2
23. Locomotory Bahavior 12
24, Response to Endogenous
Stimulus 3 12
25. Response to Stress 8
26. Coagulation i 3 8 1
27. Tissue Development 11
28. Growth 7
29. Membrane Fusion i 2! y i 5
30. Reproductive Physiological
Process 8 2
31. Adult Behavior L)
32. Sex Differentiation 1 4
33. Appendage Development 1 3
34. Post-embryonic Development 1 3
| 35. Segmentation 1 3
36. Lysogeny 3| 1
37. Reproductive Process 2
38. Tube Development 3
39. Symbiosis, mutualism through
parasitism 2
40. Feeding behavior 1
41. Mechanosensory Behavior 1
42. Metamorphosis 5 1
43, Pigmentation During
Development 1

Biological processes obtained from Gene Ontology analysis of our complete dataset. Genes from
all the different brain regions and categories (Fig. 2¢) were subjected to analysis.



Convergent Functional Genomics of Schizophrenia 13

Glutamate Neurotransmission

Our work has identified as a top candidate gene for
schizophrenia GRIA2 (Table I and Fig. 3). GRIAZ2 levels were
previously reported to be changed in postmortem brains
from schizophrenia patients in microarray [Vawter et al.,
2002a] and protein studies [Gupta et al., 2005]. Other
glutamate related genes among our Category I and II genes
include GRIA4, GRIN1 and GRIA1 (see Tables I and III).
As such, in addition to the well known dopaminergic receptors
(Table III), our work supports key molecular aspects under-
pinning the glutamatergic hypothesis of schizophrenia
pathophysiology.

Myelin/Glia Related Genes

An emerging body of work over the last 5 years has
implicated myelin/glia related dysfunction in schizophrenia
[Hakak et al., 2001; Hof et al., 2002; Hof, 2003; Tkachev et al.,
2003; Dracheva et al., 2004; Katsel et al., 2005a,b; Kubicki
et al., 2005a,b; Aberg et al., 2006a,b; Georgieva et al., 2006;
Peirce et al., 2006]. Our work has identified as top candidate
genes for schizophrenia six genes involved in myelin/glia
function -CNP, MAL, MBP, PLP1, MOBP, and GFAP (Table I
and Fig. 3), and thus confirms and reinforces previous findings
related to the role of white matter abnormalities in general,
and of these genes in particular, in the pathophysiology of
schizophrenia. Notably, some of the initial findings were
reported primarily based on human postmortem brain studies,
which face challenges such as genetic heterogeneity, variable
environmentally induced changes, and potential aging related
and agonally induced artifacts [Vawter et al., 2006]. Our acute
treatment pharmacogenomic model in isogenic animals does
not suffer from those caveats. It is thus reassuring that
multiple approaches converge on the same genes. This
convergence instills a high degree of confidence that these
findings are not artifactual, but rather should be vigorously
pursued as valid molecular underpinnings of the pathophy-
siology of schizophrenia.

Of note, these glia/myelin related genes are reported to be
altered in expression also in bipolar disorder (MAL, MBP,
PLP1, MOBP, GFAP), depression (CNP, MAL, PLP1, MOBP,
GFAP), and alcoholism (CNP, MAL, MBP, PLP1, MOBP, and
GFAP) postmortem brains. The commonality of alterations in
glia/myelin genes, primarily a decrease in expression, across a
spectrum of neuropsychiatric disorders suggests that hypo-
function of glia/myelin systems may be a sensitive if not specific
common denominator for mental illness. Of note, omega-3
polyunsaturated fatty acids may directly target this glia/
myelin abnormality [Salvati et al., 2004]. Omega-3 fatty acids
have been reported to be clinically useful in the treatment of
both psychotic disorders [Peet and Stokes, 2005] and mood
disorders [Parker et al., 2006]. Deficits in omega-3 fatty acids
have been linked to increased aggression and depression in
both animal models [DeMar et al., 2006] and humans [Zanarini
and Frankenburg, 2003].

Candidate Biomarker Genes

Our work has also identified two genes that were recently
reported to be changed in both postmortem brain and
lymphocytes from schizophrenia patients, BTG1 and SFRS1
[Glatt et al., 2005], as well as a gene reported changed in
lymphocytes from a multiplex schizophrenia pedigree, GNAO1
[Vawter et al., 2004]. These three genes, in our dataset, were
Category III genes changed in the VT by clozapine and showing
no-change in PCP/clozapine co-treatment. Other candidate
biomarker genes identified in those reports were not seen by us
in the current analysis of brain microarray data. However,

more extensive studies comparing brain and blood gene
expression profiles in our animal model are warranted for
definitive conclusions. While providing additional indepen-
dent support for those three potential biomarker genes
for schizophrenia, our work so far also points to the utility of
cross-matching different lines of evidence with an approach
such as Convergent Functional Genomics in order to pick and
prioritize candidate gene results from potentially noisy human
postmortem brain and lymphocyte datasets, for future pursuit
and validation.

Behavioral Correlates of Gene Expression

We hypothesized a priori that genes that would be changed
in expression by both PCP and clozapine single-drug treatment
might show changes in opposite directions, that is, increased in
one case, decreased in the other, and vice versa. This proved not
to be the case for the majority of top scoring candidate genes. In
retrospect, our hypothesis was simplistic. The behavioral data
(Fig. 4) of the mice on PCP and the mice on clozapine is
illustrative in this regard. Center Time (time spent in the
center quadrant of the open filed), along with Total Crossings
(from one quadrant to the other of the open field), were
identified by a phenotypic clustering analysis of behavioral
measures (PhenoChipping) [Niculescu et al., 2006] as being
one of the measures changed initially in opposite directions the
most by PCP and clozapine, with the co-treatment group
showing an intermediary phenotype (Fig. 4a). Whereas Total
Crossings may be a less specific reflection of the activating
properties of PCP and tranquilizing properties of clozapine,
perhaps germane to the overlap with bipolar phenomenology
(see also below and Table VIII), Center Time may be a more
specific reflection of disrupted cognition, as cognitively intact
mice should avoid the potentially dangerous center area of an
open-field due to ancestral self-preservation mechanisms. This
result illustrates the power of our unbiased approach in
identifying simple putative mouse behavioral correlates of
disrupted cognition. While the treatment group phenotypes
were clearly different in the initial assessment at 30 min
following injection (Figs. 4a,b), showing the activating,
psychomimetic effects of PCP and the tranquilizing, anti-
psychotic effects of clozapine, and with the co-treatment group
displaying an intermediary phenotype, by 24 hr the behavioral
parameters were more similar, pointing to the effects of
clozapine having worn off and suggesting the possibility of a
rebound change in levels in it is target genes (Fig. 4c).
Nevertheless, more extensive time courses and gene expres-
sion-behavioral correlation work needs to be carried out, in
both groups of animals [Whitfield et al., 2003] and individual
animals, in order for a complete picture to emerge linking
different behavioral parameters with changes in specific genes
or groups of genes. It is to be noted that a number of Category I
and IT candidate genes do show opposite changes with PCP and
clozapine, as captured by our 24 hr time point (Table II). The
relative influence of gene expression kinetics in response to
drug versus genuine biological relevance to schizophrenia
remains to be determined, as few of them have multiple
external lines of evidence supporting them so far, and thus
score lower overall than the genes in Table I.

Gene Ontology Analysis Results

Gene Ontology analysis of the complete dataset—categories
I, I, III, and IV (Table IV), revealed that the top 25 categories
on thelist, in that order, were genes having to do with: (1) brain
cell functions (cellular physiological processes, metabolism,
cellular biological processes, cell death), (2) communication
between brain cells (cell communication), (3) brain develop-
ment (development, system development, morphogenesis,
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organ development, embryonic development, localization,
extracellular structure organization, pattern specification),
(4) integration of organismal physiological functions (organis-
mal physiological processes, response to biotic stimuli, regula-
tion of biological processes, response to abiotic stimuli,
homeostasis, rhythmic processes, response to endogenous
stimuli), (5) external behavioral responses (behavior, sexual
reproduction, locomotor behavior), and (6) reactivity to the
environment (response to external stimuli, response to stress).
This is consistent with a model of schizophrenia as being
primarily a disorder of brain cellular functioning and commu-
nication, with a strong developmental component, impacting
the integration of organismal physiological functions, external
behavioral responses, and, to a lesser extent, reactivity to the
environment (Fig. 5b).

Our approach described thus far is to generate data in an
appropriate discovery paradigm, and let the data coalesce into
possible mechanistic interpretations. An opposite, hypothesis-
driven approach for mining our dataset is to interrogate if
genes related to known biological mechanisms of interest
(Table III), linkage loci (Table V), or postmortem findings
(Table VI) are present in it—spanning the spectrum from the
more sensitive (biological) to the more specific (postmortem)
external corroborative lines of evidence.

Biological Roles

An interrogation of our top candidate genes from Categories
I and II, for classification in functional groups that had been
previously implicated or hypothesized to have relevance to the
pathophysiology of schizophrenia and related disorders,
yielded genes related to GABA, glutamate, other neurotrans-
mitters function (such as DRD1, DRD2, COMT), neuropep-
tides, glia/myelin function, synaptic function, ion channels,
signal transduction (such as RGS4), regulatory enzymes,
regulatory RNAs, neuronal migration/neurite growth (such
as RELN/Reelin), transcription factors involved in brain
development (such as NR4A2/Nurrl), and circadian clock
genes (such as NPAS1 and RORA) (Table III).

Ofnote, circadian and sleep abnormalities are a common and
relatively underappreciated feature of schizophrenia [Mattai
et al., 2006]. NPAS1 has been implicated in mice in behavioral
and neurochemical abnormalities (reduction in Reelin) con-
sistent with schizophrenia [Erbel-Sieler et al., 2004]. RORA
has been implicated in mice in regulating endocrine responses
to stress and corticosterone circadian rhythms [Frederic et al.,
2006]. Additionally, the circadian pacemaker gene PER1 has
been reported to be altered in expression in postmortem brains
of schizophrenics [Aston et al., 2004]. PER1 is one of the lower-
priority genes in our dataset (in VT, Category IV—changed by
clozapine only). Other lower priority clock genes in our dataset
are CSNK1D (in VT, Category III—changed by clozapine, and
the change is prevented by co-treatment with PCP), RORB
(NAC, Category III—changed by PCP, and the change is
prevented by co-treatment with clozapine; in VT, Category
III—changed by clozapine, and the change is prevented by
co-treatment with PCP), and DBP (in CP, Category IV-changed
by PCP only).

Cross-Validation With Human Linkage Loci

Interrogating our dataset for genes that map to the linkage
loci reported by recent meta-analyses for schizophrenia and
bipolar disorder yielded a series of candidate genes at those loci

(Table V) that may help prioritize future candidate gene
research for each of the loci.

Cross-Validation With Human Postmortem Findings

Lastly, an interrogation of our dataset with genes that have
previously been reported in the literature as altered in
postmortem brains from patients with schizophrenia, as well
as bipolar disorder, depression, and other brain disorders that
affect cognition, confirmed in our dataset some of those earlier
findings (Table VI). This cross-validation, on the one hand
reinforces the validity of our approach, and on the other hand it
reduces the likelihood that those particular postmortem
findings are methodological or gene-environment interactions
artifacts of working with post-mortem human tissue. Notably,
we reproduce with our animal model data a series of genes
recently reported by some of us to be changed in the dorso-
lateral PFC of schizophrenia subjects [Glatt et al., 2005] (such
as ARHGEF9, LPL, LPHN1, FAIM2, RYR2—Table VI, as well
as the brain-blood candidate biomarkers BTGl and SFRS1
mentioned earlier).

DISCUSSION

We have used a comprehensive Convergent Functional
Genomics approach for identifying high probability candidate
genes, pathways and mechanisms for schizophrenia, and
prioritizing them for future research, by the integration in a
Bayesian fashion of multiple independent converging lines of
evidence.

Limitations and Confounds

An acute treatment model like the one we are using is not
necessarily inductive to assessing the long-term changes
associated with schizophrenia, such as long-term cognitive
changes as well as structural changes apparent on imaging.
While we have no direct way of knowing if some of the genes we
captured with our screen are involved or not in setting in
motion such long term changes, it is to be noted that some of
these gene changes have also been reported in postmortem
brains of schizophrenia, bipolar disorder and dementia
patients (Table VI), presumably affecting cognition. Moreover,
we have candidate genes in our dataset with roles in brain
infrastructure, including neurotrophic and myelin related
genes (Table III). More chronic treatments should, never-
theless, be pursued to verify and expand the findings presented
in this paper.

Different combinations of psychomimetic and anti-psychotic
agents could be used in a comprehensive functional pharma-
cogenomic approach such as we have described. They could
conceivably lead to different results, which would be interest-
ing and welcome, since it is unlikely we are capturing with our
model the full spectrum of gene expression changes and
mechanisms involved in schizophrenia. However, if those drug
combinations indeed mimic and modulate the same core
phenomenology, the Venn diagrams of the overlap between
different drug treatments will be of high interest in terms of
identifying the key molecular players involved in the effects, as
opposed to those involved in the (very different) side-effects of
the individual drugs.

Itisto be noted that our experimental approach for detecting
gene expression changes relies on a single methodology,

Fig. 4. Behavioral correlates of phencyclidine and clozapine treatment. a: Clustering of mouse open field video-tracking behavioral phenotype data, in
the first 30 min after injection. Normalized (Cohen’s D effect size) behavioral data was imported into GeneSpring 7.2, where it was analyzed using standard
unsupervised two-way hierarchical clustering algorithms. Red-increased, blue-decreased compared to saline controls. b: Center time data from video-
tracking, first 30 min following injections. ¢: Center time data from video-tracking, 30 min interval at the 24 hr time point following injections, immediately

prior to brain harvesting for gene expression studies.
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TABLE V. Candidate Genes in our Dataset Mapping to Loci Identified by Meta-Analyses of Human Genetic Linkage Data

Schizophrenia - aigsiz Cigf Conneciive Ussue growih fBeior
Loci Symbol Description Lewis af al;2003
1p13.3- Bp21  Nefl neurofilament, light polypeptice
1923.3 8p21.2  Pdlim2 POZ and LIM domain 2
_ Lewis at 61,2003 8p21.3 lipoprotein lipase
1p13 Dwgpl oviductal glyceprotein 1 1_W-inﬁpjll
1p131 Atplal &TPase, Na=fK+ transpurting, alpha 1 Lewis et al-2003
polypeptide 10p15  Gatad GATA hinding protein 3
Tp13.1 Nhih2 nesciant helix loop helix 2 Tig22.3-
ip131 Tspan2 tetrASpAnin 2 11924.1
1p13.3 Ampd2 adenosine monophosphate deaminase 2 (isoform et
L} 1 Gilad T ic, AMPA 4
ip133 Kcnad potassium voRage-gated channal, shaker-relatad 1-}35% Dscamil gl;:f;n:;ﬁu?uorﬁglge”mm:cmurgmﬁ&illke 1
sublamily, member 3 119231  Cryab crystallin, alpha B
1p212  GpiEB G-protein coupled receplor 83 119232  Drd2 dopamine receptor 2
19212  Pigdkla p:;lsunaLiuvlinnsilm-d-phusuhms S-kinase, type |, 119233 Tagh ransgelin
spna ) 119233 Scndb sedium channel, type IV, beta polypeptide
10213 Hpeaj ribosomal protein 227 11924 Eval epithafial V-like antigan 1
1923 1 HapinZ hyaluronan and protesglycan link protein 2 110242 Nrgn NEUTDYranin
19233 Rgsd regulatar of G-protein signaling 4 13-
1g23.3  Rzrg retingdd X receptor gamma 15q26.1
Ta24 2 Es coagulation factor W Lewis et al;2003
:gsg g %Fr;rlanh g"“:‘cetgggﬁ‘a?émﬁo"se 2 16g21.1  Gatm Empé?:;rﬁ:n?;::s[arasa (L-arginine:glycing
2972222 1 ' ) -
| . | :Ilgqg:llg Arppl cAM P—[egl.la:dtph?gphuplmem 19
2p112 Tmsh10 thymaesin, beta 10 15321:3 Aldhia2 Lfﬂ;fmhygrzrqenase family 1, subfamily AZ
20111 Mal myelin and lymghocyle protein, T-cel 1621922 AnxaZ annexin A2
differentiation protein 15021022  Bog RAR-related orphan recepior alpha
20111 Laan calseniin, presanilin binding protein, EF hand 16222 Cal2 carbonic anyhydrase 12
transcription factor 15422 3023 Anp32a acidic (leucine-rich) nuclear phosphoprotein 32
2122 Ecigd Esophageal cancer related gene 4 prolein family, member &
Zo1d 1 Dppll dipeptidylpeptidass 10 15023 Calmid calmodulin:like 4
2014 2 lahbt inhibin beta-B 16241 Bpp2s ribonuclease P 25 subunit (human)
2q22.1- 150253 Akapld A kinaze (PREA) anchor probein 13
20233 6p13-
Lawis st al;2003 16122
209223  Zhxip #ine finger homenbax 1h Lewis a1 &,2003
2233 Infaiph tumor necrosis factor alpha induced protein G 16p11.2 Doc2a doutde C2, alpha
30253 16p11.2  Fus fusion, derived from 1 12;16) malignant
i lipasarcoma (human
ﬁ.{ al.3003 16p12.1  Hs3st? heparan sulfate {glucosaming) 3-0-
Ip22 2 myelin-associated oligedendrocytic basic pratain sulfotranslerase 2
3p223  Deamkld doublecorin and CaM kinase-like 3 16pi2.1  Ndufabi WADH dehydrogenase (ubiquinone) 1, alpha'beta
Ip242  Rarb retinoic acid receptor, beta subcomplax, 1
3p24.3  Sabi special AT-rich sequence binding protein 1 160121 Chinl cershellin 1 precursor protein
3p25 Syn2 synapsin |l 16q12-913  Adey? Adenylate cyclase 7
3p25.1 SH3-domain binding protein 5 (BTK-associated) 17g21.33 -
Ip25.3  Atp2bZ 4TPase, Cat++ transporting, plasma membrane 2 179243
5023.2 - 5g34 Lewis et al:2003
17021 Glap glial fibrikary acidic prowein
50233  B-Sep septin & 179212 Cop i'.?‘:;:itigﬁglrgfﬂgS'ﬂ;lowhudiesterase EC
311 Hspad heat shock protein 4 ] “NPase]
231 2 Egnl garly gwmhnfes.punse 1 17q21.2  Ramp2 receptor (calcitoning activity modifying protein 2
5g32 Camk2a caleiumicamedulin-dependant prolein kinase Il 17q12-021  Mppd mf:rl:rana pratein, 3lml-11ll1:|5|'lalleﬂ 3 (MAGUK p55
alpha subtamily member 3)
50331 Sparc secreted acidic cysteine rich glycoprotein 179232 Septd sephin 4
5g33.1  Gibp Ras-GTPase-activating protein SH3-domain 18g221 -
binding protein 18qter
5332  Gnal ghulamale receplor. ionotropic, AMEA 1 Lawis et 21,2003
503d-g35 Gabrai gamma-aminobutyric acid (GABA-A) receptor, 180221 Cdh? Cadherin 7, type 2
subunit alpha 1 189223 Metol neuropilin (NRF) and tollaid (TLL)Hiks 1
Bpter - 23,2 18023 miyelin basic protein
Lewis et al.2003 E?E;
Bp1.31 Cdknla cyclin-dapendant knase mhibitor 14 (F21) _11
Gp22 1 Gabbrl gamma-aminobutyric acid (GABA-B) receptor, 1 _ Lewis et al2003
Gp222 Himihlc histone 1, H1e 20p11 FEm fibronectin leucing rich trensmembrane protein 3
Gp23  Cde3 COES antigen 20p12  Thbd thromibarmodulin
Bp2h1 Ml neuritin 1 Zepter-
G915 Corl Cannabingid recepior 1 (brain) 20123
6q16.1  Ephai Eph recaptor A7 Lewis ot al,2003
Gol61  Futd fucosyltransierase 9 22011.1  IubDam twbulin, alpha 8
fig21  Popdcd popeye domain containing 3 22q11.23  Adora2a AOBENCSINE AZA TECEptOr
Gg21  Gpeé G protain-coupled recepos 6
6q22.31  Fabp? fatly acid binding protein 7, brain

(Continued)
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TABLE V. (Continued )

Bipolar Disorder
Loci Symbel Description
1p32.1- 132
Segurado2M3
1pZ2.3 Ddahl dimathylanginine dimethylaminohydrolage 1
1p3ta L LIM homeobox protein §
1p33 Cipp channel-interacting PDZ domain protein
1p31.3 akan adenylate kinase 3 alpha-like 1
19313 Lhx@ LIM homenbax protein 8
1932 Toni2 troponin T2, cardiac
1g32.1 Carpi cysteine and glycine-rich protein 1
g3z Syt synaptotagmin 2
19321 Emogd fisromadulin
19321 Miasc Neurnfascin
1g32.1 Sytd synaptotagmin 2
022.1-
20233
_ Segurado2003
223 Zihx1 zinc finger homeobox 1h
2q23.3 Tniai wmaor necrosis factor alphsa induced protein §
3022.1-
3025.31
L]
3q223  Soxld SRY-box comaining gene 14
24 Zicl Zint finger protein of the cerebellum 1
9251  Enfld ring finger pratein 13
392531 Kenaht potassium voliage-gated channel, shaker-redated
subfamily, beta mamber 1
Spter - Sp15.1
Segurado2003
Gp15.3  Mkd2 naked cuticla 2 homalog (Crosophila)
Bpter - Sgter
Segurado2003
2g24.3 Mdrgl W-myc downstream regulated gene 1
0243 Sentd seratch hamadog 1, zine finger protein
(Dvosophila)
Sp22.3 - Ggter
rago2003 e - e s
9p13  Cel27 chemoking (C-C motif) ligand 27

aldehyde dehydrogenase amily 1, subfamily A1
Guaning deaminasea

0pi122 Arhgapl? Rho GTPase activating protein 12

109111 Cxcll2 chemoking (C-{-C motif) ligand 12
Mgt121  Asan? N-acylsphingosine amidohydrolase 2
101121 Hassfd Ras association (RalGDSAF-6) domain tamily 4
10g11.21 Fasgefla RasGEF domain family, member 14
100212 Aridah AT rch imeractive domain 58 (M1 like)
11p13-
11913.3
rago203
1piz-piiz Mapk8ip1 miogen activated protein kinase B interacting
protein 1
g1l Sic2eal solute carrier tamily 22{organic anion
fransporier),member §
11122  FadsZ fatty acid desaturase 2
11ag12.3 Slc22ab solute carer tamily 22{arganic anion
trangporied),member &
11g131 Rasgrpd RAS, guanyl relensing protein 2
1g131 Malatl metastasis associated lung adenocarcinoma

wranscript 1 (non-coding RNA

12q15-
12q23.2
Segurado2003
12@21.31  Mis neurotensin
1292133 Decn decorin
12q22  Socs? suppressor of cylokine signaling 2
14q13.1 -
14432.12
Segurado2003
140221 Pyal liver glycogen phosphorylase
140233 Max Max protein
149243 FEgs FBJ ostecsarcoma oncogens
17pi2 -
17q21.33
_Segurado2003
17p11.2  Rasdl RAS, dexamethasone-nduced 1

17p11.2  Specci spectrin domain with coiled-coils 1
17111 Wishi

179112 Ewi?a
17911.2  CadkS1

WO repeat and SOCS box-contaming 1
ecotropic viral integration site 2a
cyclin-dependent kinase 5, regulatony subomit

(p3s)1
17g11.2  Ksr kinase suppressor of ras
17q11.2 Win vitronectin
17g12  Ap2t] Adaptor-related protein comples 2, beta 1 subunit
17912 Dusgid dual specificty phosphatase 14
179212  Cnp 2 F-oyclic-nucleotide 3-phosphodiesterase (EC
3.1.4.57) (CNP) (CHPasg).
17212  Bamp2 receplon (calcitonin} activity modifying protein 2
171221 Mpp3 membrane pretein, palmitoylated 3 (MAGUK p55
subfamily member 3)
17921 Cop cychic nucleatide phosphodiestarase 1
18per -
18q12.3
Segurado2003
1891129121 Agpd aquapann 4
180121 Tir transthyretin
180122 Zfpidd Zine finger protein 191
189211 MynSh rityesin Vh
19q13.33-
18qter
Segurado2003

neuronal PAS domain protein 1
dickkopt-like 1
rpponin T1, skelatal, show

19q13.2-q133  Hpasi
1991333 Dikl1
19713 42 Tanil

20pter -
20p123
Segurado2003
20013 Cds2 COP-diacylglycerol synthase (phosphatidase
cylidylyiransferase) 2
21g21.3-
21qter
Segurado2003
21g22 11 HKene2 potassium voltage-pated channe!, |sk-related
212212 Chch subfamily, gene 2
21022.3 Ihia 1 chiorde intracellular channel 6
219223 EikSHIbgr RIKEN cDMA 5430437018 gene

Genes from our complete dataset mapping to linkage loci identified in recent meta-analyses of schizophrenia [Lewis et al., 2003] and bipolar disorder
[Segurado et al., 2003]. *average ranks with significant Psygrnk values <0.01 strongest linkages in the meta-analyses. The rest of the linkages loci have
P pvgrnk values <0.05. All genes listed were within at least 10 cM of the marker for the given chromosomal location.

Affymetrix GeneChip oligonucleotide microarrays. It is possi-
ble that some of the gene expression changes detected from a
single biological experiment, with a one-time assay with this
technology, are biological or technical artifacts. With that in
mind, we have designed our experiments to minimize the
likelihood of having false positives, even at the expense of
having false negatives. Working with an isogenic mouse strain
affords us an ideal control baseline of saline injected animals
for our drug-injected animals. We performed three indepen-
dent de novo biological experiments, at different times, with
different batches of mice (Fig. 1b). We have pooled material
from three mice in each experiment, and carried out micro-
array studies. The pooling process introduces a built in
averaging of signal. We used a Venn diagram approach and
only considered the genes that were reproducibly changed in
the same direction in at least two out of three independent

experiments. This overall design is geared to factor out both
biological and technical variability. It is to be noted that the
concordance between reproducible microarray experiments
usingthe latest generations of oligonucleotide microarrays and
other methodologies such as quantitative PCR, with their own
attendant technical limitations, is estimated to be over 90%
[Quackenbush, 2003]. Moreover, our approach, as described
above, is predicated on the existence of three internal cross-
validators for each gene that is called reproducibly changed:
(1) is it changed by the other drug also, (2) is the change
prevented by co-treatment with both drugs, and (3) is it
changed in multiple brain regions, all of which are independent
microarray experiments.

While we reproduced a majority of previous findings, we did
not see in the mouse work described in this report some of the
changes that had previously reported in rats by others using
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Genes from our dataset (Categories I-11} with human postmortem brain

changes

Brain region, Category, Drug treatment

SCHIZOPHRENIA

- Adora2a - adenosine AZ2a receptor @

- Aldh1a1 - aldehyde dehydrogenase family 1, subfamily A1 @
- Apod - apolipoprotein D @

- Arhgefd- Cdcd?2 guanine nuclectide exchange factor (GEF) 9
- Calb1- calbindin 1

- Calb2- calbindin 2

- Cckbr- cholecystokinin B receptor

- Cplx2 - complexin 2 @

- Cnp- 2" ¥-cyclic nucleatide 3' phosphodiesterase @

- Dix1- distal-less homeo box 1

- Drd1- dopamine receptor D1 @

- Drd2 - dopamine receptor D2 @

- Faim2 - Fas apoptotic inhibitory molecule 2

- Fos- v-fos

- Gabra1 - gamma-aminobutyric acid (GABA-A) receplor, subunit alpha @

- BGabbri- gamma-aminobutyric acid (GABA-B) receptor, 1 @

- Gad2 - glutamic acid decarboxylase 2 @

- Gfap - glial fibrillary acidic protgin @

- Gria1- glutamate receptor, ionotropic, AMPAT (alpha 1) @
- Gria2 - glutamate receptor, lonotropic, AMPA 2 @

- Girlad- glutamats recaptor, ionotrophic, AMPA 4 @

- Grin1 (Nmda-1) - glutamate receptor, ionotropic, N-mathyl D-aspanate 1 @
- Kcnjd/Kir2 3-potassium inwardly-rectifying channel, subfamily J, member 4 &

- Lphn1 - latrophilin 1

- Lpl-Lipoprotein Lipase @

- Mal-myelin and lymphocyte protein, T-cell differentiation protein @
- Mag - myslin associated glycoprotein @

- Maob-monoamine oxidase 8 @

- Mbp - myelin basic protein @

- Mobp- myealin-associated aligodendrocytic basic protein -

- Mpp3- membrane protein, palmitoylated 3 (MAGUK p55 subfamily mamber 3)

- Neurod1- neurogenic differentiation 1 @

- Mpasi- neuronal PAS domain protein 1 @
- Pip1 - proteolipid protein (myelin) @

- Pmp22- peripheral myelin protein @

- Pvalb- parvalbumin @

- Rarb - retinoic acid receptor, beta @

- Rein - reelin @

- Rgsd - regulator of G-protein signaliing 4 &

Rind/Mogo - neurite growth inhibitor reticulon 4 @
Ryr2 -ryanodine receptor 2

Semala- semaphorin 34

- Bhox2- shon stature homeobox 2

- Sle17a6/Dnapl-solute camier family 17 (sodium-dependent inorganic phosphate colransporter),

member &
- Byn2- synapsin || @

- Tacl - Tachykinin 1 {substance K, substance P, neurokinin 1, naurckinin 2, neuromedin L,

neurakinin alpha, neuropeptide K, neuropeptide gamma) @
- Trf - transferrin @
= Trhr- thyrotropin releasing hormaone receptor

- Ywhab-tyrosine 3-moncoxygenaseftryptophan S-monooxygenase activation protein, beta

polypeptide/14-3-3 genes

NAC II, PFC I, AMY 1II-PCP

AMY |, NAC Il

AMY 1, HIP 1lI- CLZ, PFC 1-CLZ, VT I-PCP
NAC |, PFC 1, AMY lil- CLZ

VT ILVT I-CLE

CP II, PFC IW-CLZ

HIP I, NAC llI-PCP, VT II-CLZ, CP V- PCP

VT
AMY |, CP |, NAC [IIFFCP, PFC III-PCP, PFC IV-
PCP, VT NI-CLZ

VT Il, PFC 1Il-CLZ, AMY IV~ PCP

PFC Il, AMY IIl-PCP

PFC I, AMY IIl- PCP

HIP I, VT I, PFC lll- PCP

HIP I, AMY [II-CLZ, NAC [1I-CLZ

AMY 1, AMY I1I-CLZ, CP 1II-PCP, NAG IIPCP, VT lil-
CLZ, VT IV-CLZ

AMY |, PFC |, AMY lll- CLZ, NAC IIl-PCP, VT IIi-
CLZ, VT W-CLZ

AMY 1, NAC I-PCP, VT IV-CLZ

AMY |, NAC III-CLZ, PFC IV-CLZ

AMY 1|

VT VT II-PCP

AMY |

VT II, NAC I-CLZ

NAC |, PFC lll-PCP

PFC 1, VT Il CP I-PCP

NAC | HIP |, AMY III-CLZ

PEC |, AMY Il VT I-ECP, NAC IV-PCP

AMY 1I, PFC II-PCP, VT PGP, NAG IW-CLZ

VTI

AMY |, PFC IlI-PCP

AMY 1I, NAC Ill-CLZ, PFC I-PCP, NAC IV-PCP, VT
V- CLZ

HIP I, VT I, AMY [I-CLZ, NAG II-CLZ

AMY 1l AMY |lI-FCP, NAC III-PCP, PFC II-PCP, VT
W-CLZ

VTI

AMY |, PFC 1ILPCP, VT IV-CLZ

AMY |

AMY 1|

PFC Il, AMY 11I-PCP

VT I, PFC II-CLZ

AMY 11, VT 11, HIP Il-CLZ, PFC III-CLZ, AMY IV-CLZ,
HIP IV-CLZ, VT IV-CLZ

AMY I, PFC lI-PCP

VTl

HIP |

VT IL VT I-CLE VT -PCP
AMY |, NAC Catll

AMY | VT I AMY [II-FCF, CP II-PCF
VT 1, PFC I, AMY 1I-PCP

AMY I, PFC II-PCP, VT III-PCP

AMY 1|, VT IV-CLZ

AMY |, HIP IV-CLZ, NAC II-PCP, PFC 1I-CLZ, VT V-
CLZ

BIPOLAR DISORDER

- Aldhial - aldehyde dehydrogenase family 1, subfamily A1 @

- Apod - apolipoprotein D @

- Calb1- calbindin 1

- Calb2- calbindin 2

- Camk2a - Calcium/Calmodulin-dependent protein kinase ll-alpha @

Dix1- distal-less homeno box 1
- Gabbri- gamma-aminobutyric acid (GABA-B) receptor, 1 a
Gabra1 - gamma-aminobutyric acid (GABA-A) receplor, subunit alpha &

- Gad2 - glutamic acid decarboxylase 2 @
- Gfap - glial fibrillary acidic protein =~ @

- Mbp - myelin basic protein @

Pip1 - proteolipid protein (myelin) @

- Pmp22- peripharal myelin protein @
Pvalb- parvalbumin @

Sho2- short stature homeobox 2

- Syn2- synapsin | @

AMY |, NAG |1, HIP 11I-CLZ, PFC I-CLZ, VT III-PCP
AMY II, HIP IIl- CLZ, PFC I-CLZ, VT [I-PCP

VT IL VT II-CLE

CP I, PFC IV-CLZ

AMY |, PFC | VT Il CP IlI-CLZ, NAC 1I-CLZ, PFC I1I-
PCP. AMY V-PCP

VT I, PFC II-CLZ, AMY V- PCP

PFC I, AMY lll- CLZ, NAC II-PCP VT 1I-CLZ

AMY |, AMY [1I-CLZ, CP II-PCP, NAC 1I1-PCP VT 1
CLZ, VT W-CLZ,

AMY |, NAC I-FCP. VT IV-CLZ

AMY |, NAC II-CLZ, PFC IV-CLZ

AMY |, PFC Ill-PCP

AMY |, PFC II-PCP, VT IV-CLZ

AMY |

AMY 1|

PFC I, AMY 1II-PCP

AMY | VT I, CP llI-PCP

(Continued)
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TABLE VI. (Continued )

neurakinin alpha, neuropeptide K, neuropeptide gamma) -

- Tacl - Tachykinin 1 {substance K, substance P, neurokinin 1, neurokinin 2, neuramedin L,

VT I, PFC I, AMY III-PCP

DEPRESSION

- Cnp- 2", ¥-cyclic nuckeotide 3’ phosphodiesterase @

- Mag - myelin associated glycoprotein @
- Mal- myelin and lymphocyte protein, T-cell differentiation protein @
- Mobp- myelin-associated aligodendrocytic basic protein @

= Pip1 - proteolipid protein (myekin) @
- Pmp22- peripheral myelin protein @
- Pvalb- parvalbumin @

AMY |, CP |, NAC lII-PCP, PFC lI-PCP, VT IlI-CLZ,
PFC Iv-PCP

AMY I, PFC II-FCP, VT II-PCFP, NAC IV-CLZ

PFC I, AMY I, VT lI-PCP, NAC IV-PCP

AMY Il NAC [I-CLZ, PFC HIPCP, NAC IV-FCP, VT
W= CLZ

AMY |, PFC II-PCP. VT IV-CLZ

AMY |

AMY 1l

ALCOHOLISM

- Agt- angiotensinogen &
- Apod - apolipoprotein [ @
- Cnp- 2, ¥-cyclic nucleatide 3' phosphodiesterase @

- Cryab- crystallin, alpha B @

- Fn1- fibronectin 1@

- Gifap - giial fibrillary acidic protein = @

- Mal- myelin and lymphocyte protein, T-cell differentiation protein @
- Mbp - myelin basic protein @

- Mobp- myelin-associated oligodendrocytic basic protein @

- Pip1 - protenlipid protein (myelin) @
- Byn2- synapsin || @

CP Il NAC 1l AMY III-PCP
AMY I, HIP (I-CLZ, PFC HII-CLE, VT I1-PCP
AMY |, CP |, NAC lII-PCFP, PFC II-PCP, VT III-CLZ,

PFC IV-FCF
AMY Il AMY 1I-PCP, CP-II-CLZ, VT II-CLZ
VTl

AMY |, NAC I-CLZ, PFC IV-CLZ

PFC I, AMY I, VT lII-PCP, NAC IV-PCP

AMY |, PFC II-PCF

AMY Il NAC II-CLZ, PFC NIPCP, NAC IV-FCP VT
W= CLZ

AMY | PFC IIPCP. VT IV-CLZ

AMY |, VT |, AMY lII-FCF, CP IlI-FCP

- Calb2- calbindin 2
- Cdk5r1- cyclin-dependent kinase 5, regulatory subunit {p35) 1

- Cnp- 2", F-cyclic nucleotide 3" phosphodiesterase @

- Gabbr1- gamma-aminobutyric acid (GABA-B) receptor, 1 @

- Mal- myelin and lymphocyte protein, T-cell differentiation protein @
- Mbp - myelin basic protein @

- Pvalb- parvalbumin @

- Rgs4 - regulator of G-protein signalling 4 @

- Semada- semapharin A

neurokinin alpha, neuropeptide K, neuropeptide gamma) -
- Trhr- thyrotropin releasing hormone receptor

ALZHEIMER
- Apod - apolipoprotein D @ AMY II_HIP [I-CLZ, PFC II-GLZ, VT NI-PCP
- Calb1- calbindin 1 NTILVT I-CLZ

- Tacl - Tachykinin 1 {substance K, substance P, neurokinin 1, neurokinin 2, neuramedin L,

CP I, PFC IV-CLZ

AMY |, GP III-CLZ, NAC III-PCF, PFC LII-PCP, VT Il
CLZ

AMY |, CP |, NAC lII-PCP, PFC III-PCP VT lI-CLZ,
PFC IV-FCP

PFC |, AMY |lIl- CLZ, NAC II-PCP, VT II-CLZ

PFC |, AMY II, VT [II-FCF, NAC IV-PCP

AMY |, AMY 1|, PFC II-PCP

AMY 1l

AMY ILVT I, HIP NI-CLE, PFC II-CLZ, AMY IV-CLZ,
HIF W-CLZ, ¥T W-CLZ

HIP 1

VT 1. PFC I, AMY llI-FCP

AMY 1L VT IV-CLZ

EPILEPSY

- Csen- calsenilin @
- Gabbri- gamma-aminobutyric acid (GABA-B) receptor, 1 @
- Rtnd/MoGo - neurite growth inhibitor reticulon 4 @

neurokinin alpha, neuropeptide K, neuropeptide gamma)

- Tec1 - Tachykinin 1 {substance K, substance P, neurokinin 1, neurokinin 2, neuramedin L,

HIP 1, HIP I-PCP, VT I-CLZ, CP IV-CLZ
PFC I, AMY [ll- CLZ. NAC III-PCP. VT II-CLZ
AMY Il PFC II-FCF

VT, PFC Il, AMY lIl-PCP

OTHER DISORDERS

PARKINSOM

- Pvalb- parvalbumin @

COCAINE ADDICTION

- Mbp - myelin basic protein @

- Plp1 - proteolipid protein (myefin) @

AMY 1l

AMY |, PFC II-PCP
AMY |, PFC (I-PCP VT IV-CLZ

Additional Evidence: ® Linkage

Category I and II genes in our dataset for which there are published reports of alterations in mRNA or protein levels in postmortem brains from individuals
with schizophrenia, bipolar disorder, or other brain disorders that impact cognition. PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal cortex; AMY,
amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral tegmentum; HIP, Hippocampus. Roman numerals in the brain region data column

represent the Category of the gene.

PCP only, or clozapine only, treatment paradigms [Kaiser
et al., 2004; Ouchi et al., 2005]. While some of this may be
technical, that is, whole brain versus microdissected brain
regions, cDNA microarrays or older generation oligonucleotide
microarrays that did not have probe sets for some of our top
findings in the current report, there are genes that are present
in both the rat and mouse microarrays used. While clearly
technical (experimental methodology, drug doses, pharmaco-
kinetics) and biological (inter-strain, inter-species) differences
remain open questions deserving of future extensive compara-
tive work, it is likely that in similar paradigms across different
species, it is pathways and mechanisms rather than individual
genes that are more conserved. That would in turn imply that a
convergent functional genomics approach such as ours, where

one cross-matches animal gene expression changes with
human linkage data at an individual gene level, productive
as it may be, could miss many things. An arguably better
approach, awaiting more complete datasets as well as more
sophisticated bioinformatics tools now emerging, would be to
do such a cross matching at a pathway and mechanism level.

Intergenic regions of DNA that are not transcribed, have
indirect regulatory roles and give strong linkage and associa-
tion data would not have a direct cross-matching with gene
expression datasets, and would thus not be directly identified,
validated and prioritized by our Convergent Functional
Genomics approach. However the downstream effector genes
whose expression is regulated by these regions would likely be
captured by an approach such as ours.
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TABLE VII. Top Candidate Genes in our Datasets Encoding Targets of Existing Pharmacological Agents

Gene Symbol -Description Brain Region/ Drugs
Category
ALDH1A1 AMY Cat| Disulfiram
aldehyde dehydrogenase 1 family, member A1 NAC Cat Il
GABBR1 PFC Cat |
gamma-aminobutyric acid (GABA) B receptor, 1 AMY III-CLZ Baclofen
NAC llI-PCP
GABRAI1 AMY Cat| amobarbital, atropine/hyoscyamine/phenobarbital/scopolamine,
gamma-aminobutyric acid (GABA) A receptor, alpha 1 VT IV-CLZ butabarbital, chlordiazepoxide, clonazepam, clorazepate,
CP IlI-PCP desflurane, diazepam, enflurane
GAD2 AMY Cat |
glutamate decarboxylase 2 (pancreatic islets and NAC IlI-PCP valproic acid
brain, 65kDa) VT IV-CLZ
LPL HIP Cat | gemfibrozil, lovastatin/niacin, nicotinic acid, topiramate
lipoprotein lipase NAC Catl
AMY [II-CL.Z
MAOB VT Catl isocarboxazid, phenelzine, selegiline, tranylcypromine
monoamine oxidase B
SLC1A6
solute carrier family 1 (high affinity VT Cat | Riluzole
aspartate/glutamate transporter), member 6
TUBAS8 HIP Cat | colchicine, docetaxel, podophyllotoxin, taxol, vinblastine,
tubulin, alpha 8 vincristine, vinorelbine ditartrate
ADORA2A NAC Catll
adenosine A2a receptor PFC Cat Il aminophylline, caffeine, fioricet, theophylline
AMY lII-PCP
apomorphine, aripiprazole, bromocriptine, buspirone,
DRD2 PFC Catll cabergoline, chloropromazine, clozapine, dihydroergotamine,
dopamine receptor D2 AMY lII-PCP dopamine, droperidol, olanzapine, fluphenazine,
F5
coagulation factor V (proaccelerin, labile factor) AMY Catll drotrecogin alfa
PFC Cat Il amitriptyline/chlordiazepoxide, amobarbital, butabarbital,
GABRA3 AMY [lI-CLZ chlordiazepoxide, clonazepam, clorazepate, desflurane,
gamma-aminobutyric acid (GABA) A receptor, alpha 3 CP IlI-CLZ diazepam, enflurane,
NAC IlI-CLZ
acetaminophen/butalbital,
acetaminophen/butalbital/caffeine/codeine,
GABRAS VT Cat Il amitriptyline/chlordiazepoxide, amobarbital,
gamma-aminobutyric acid (GABA) A receptor, alpha 5 HIP 1II-PCP atropine/hyoscyamine/phenobarbital/scopolamine, butabarbital,
chlordiazepoxide, clonazepam, clorazepate, desflurane,
diazepam, enflurane, est
KCNE2
potassium voltage-gated channel, Isk-related family, AMY Cat Il amiodarone, Nicorandil
member 2
NR3C2 epoxymexrenone, fludrocortisone acetate,
nuclear receptor subfamily 3, group C, member 2 HIP Cat Il hydrochlorothiazide/spironolactone, Spironolactone
RARB PFC Catll 13-cis-Retinoic acid, 9-cis-retinoic acid, acitretin, adapalene,
retinoic acid receptor, beta AMY lII-PCP retinoic acid, tazarotene
RXRG PFC Catll 9-cis-retinoic acid, retinoic acid
retinoid X receptor, gamma AMY IlI-PCP
SLC6A13
solute carrier family 6 (neurotransmitter transporter, VT CAT I Tiagabine
GABA), member 13

Ingenuity Pathway Analysis (Ingenuity) was used to identify genes in our datasets that are targets of existing pharmacological agents. PCP, phencyclidine;
CLZ, clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral tegmentum; HIP, hippocampus.
Roman numerals in the brain region data column represent the Category of the gene.

Lastly, it is notable that we do not identify with our approach
some of the genes implicated by recent work in the field-NRG1
[Thomson et al., 2006], DNTBP1 [Donohoe et al., 2006], and
DAOA [Goldberg et al., 2006]. However, levels of NRG1, for
example, do not reportedly differ between schizophrenics and
controls, and a related signaling abnormality has been pro-
posed [Hahn et al., 2006]. Thus, our approach may miss genes
where the regulation of expression level is not the primary
driving force for their implication in disease pathophysiology.

CONCLUSIONS AND FUTURE DIRECTIONS

The results presented in this paper have a series of direct
implications. First, our work identifies, cross-validates and

prioritizes for future research (candidate gene association
studies-including epistatic interactions, neurobiological
studies in transgenic mice, and new drug development) a
series of known as well as novel candidate genes, pathways and
mechanisms for schizophrenia. Figure 3, in particular, sum-
marizes our prioritizing of candidate genes for future follow-up
work, and Table V informs prioritization of genes in loci
identified by large-scale meta-analysis work [Lewis et al.,
2003].

Second, in terms of pharmacotherapy and drug develop-
ment, some of the candidate genes in our dataset encode for
proteins that are modulated by existing pharmacological
agents (Table VII), which may suggest future avenues for
rational polypharmacy using currently available agents.
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TABLE VIII. Top Candidate Genes Overlap Between Our CFG Schizophrenia Dataset and Our CFG Bipolar Dataset
[Ogden et al., 2004]

Gene Symbol Schizophrenia Bg’;’(';” Chrﬁmosonl'l'alkloca/tlon
Description CFG uman linkage
(Ogden et al.2004) association
AMY Cat |
MEF2C e PFC Cat | 5q14.3
myocyte enhancer factor 2C CP III-PCP AMY [II-VPA Etoh( il et al 2004)
NAC IlI-PCP
AMY Cat |
CDK5R1 CP IlI-CLZ AMY Cat I 17q11 .2V 12006
cyclin-dependent kinase 5, regulatory NAC IlI-PCP CP IlI-VPA Mental Retardation (Vemuin etal 2006)
subunit (p35) 1 PFC IlI-PCP Etoh Hilletal 2004)
VT III-CLZ
® 1222(}0'02) (F: I 2006a)
Sz rzustowicz et al araone et al a
GPR88 éthg g:tt |I|I PFC Cat | BP (Nurnberger et al 2001)
G-protein coupled receptor 88 VT I-CLZ Etoh (Foroud et al 2000). etal 2001), (L inen et al 2004), (Reich et al
1998),(Schuckit et al 2001)
TAC1 P\Iﬁz%i.\ttlll PFC Cat | gz Exena e(7a gulbg(\ran etal 2000)
tachykinin 1 AMY Ill-PCP BP (Melnnis et al 2003),(Ogden et al 2004)
COPG2AS2 HIP Cat |
coatomer protein complex, subunit gamma PFC llI-CLZ PFC lII-Meth 7932
2, antisense 2 VT llI-PCP
FREQ AMY Cat | R q34.11
frequenin homolog (Drosophila) VT IV-CLZ AMY lII-VPA 7 (Kamnasaran et s 2003)
NPY2R HIP Cat |
neuropeptide Y receptor Y2 NAC IV-PCP NAC lil-Meth 4g321
HIP Cat | 4
PTGDS VT Cat Il AMY lll-Meth sz (Ka?fgngnn'ga\ 1998)
prostaglandin D2 synthase (brain) AMYH'I”;z:%P CP RP (Melnnis et al 2003)
RFX3
Regulatory factor X, 3 (influences HLA AMY Cat | PFC lII-VPA 9p24.2
class Il expression)
3g26.2
CLON11 AMY Cat I CP Catll Bp e
Epllepsy ander et al
AMY Cat |
. . MO.BP . . NAC Cat Il CP Cat I . (KlgitPe%e%n'gla\ 1998),{Lewis et al 2003)
myelin-associated oligodendrocytic basic PFC III-PCP VT IV-VPA SZ, BP, Autism i
protein VT IV-CLZ sz (Macgregor et al 2004),(Combi et al 2005)
VT Cat Il 17025.3
NPTX1 CP lll-PCP 7925.
neuronal pentraxin 1 HIP 11I-PCP NAC CP Catll =] (DIEL etal 2003)
1I-PCP Etoh (Hill et al 2004)
PPP1R1B/DARPP-32
—_— == AMY [lI-PCP
protein phosphatase 1, regulatory bep PFC Cat | 17912
(inhibitor) subunit 1B PFCIv-PCP
XA2 15q22.2
aﬁ\nl\:xm A2 VT Cat | CP IV-Meth sz Poue & a 2008)
HIP Cat | 6q16
FUT9 CP IlIl-PCP CP IV-Meth Gz (Caoeral 1997
fucosyltransferase 9 VT II-CLZ B (Dick etal 2003)
GFAP N':%Y”Egtl_lz CP IV-Meth (Lew% 1(31003)
glial fibrillary acidic protein PFC IV-CLZ NAC IV-Meth Autisn (Gantor etal 2005)
NAC cat |
GNB1 AMY Cat Il AMY IVUPA CPIV- 1p36.33
guanine nucleotide binding protein, beta 1 PFC lIIl-PCP Neuroblastoma (Vncent etal 2000)
VT IV-CLZ
HNRPDL 4q13-921
heterogeneous nuclear ribonucleoprotein VT Cat | CP IV-Meth SZ (Paunio et al 2004)
D-like Etoh {Reich et al 1998),(Wyszynski et al 2003)
NRN1 NAC cat | CP IV-VPA (Y4 (Lewis et alezspog),s(l'\ﬂlzlade etal 1997)
neuritin 1

Etoh {Hill et al 2004)

(Continued)



TABLE VIII. (Continued )

17p12
_PMP22 ) AMY Cat CP IV-Meth SZ,BP ot aizons
peripheral myelin protein Bp (Liv et a1 2003)
RPS27 1921.3
ribosomal protein S27 Rps27 HIP Cat1 AMY IV-VPA SZ (Brzustowicz et al 2000)
SATB1 3p24.3
special AT-rich sequence binding protein 1 HIP Cat CP IV-VPA gz (Lewis etal 2003)
NAC Cat |
AMY Cat I
SGK VT Cat Il VT IV-VPA 57 (GLgv?e:?élz2005)
serum/glucocorticoid regulated kinase CP lll-PCP P (Venken stal 2005}
HIP Cat lll-PCP
PFC IV-PCP
SOX11 2p25.2
SRY-box containing gene 11 Amy Catl NAC IV-Meth Sz (Breustowicz etal 2000)
AMY Cat |
TTR CP Catll 18g21.1
transthyretin NAC Cat Il CP IV-Meth sz (Goodman 19@8 Maziade et al 2005)
VT Cat Il
NAC Cat | 3024
ZIC1 AMY Cat Il q
Zing finger protein of the cerebellum 1 CP Cat I VT IV-VPA gz (Bulayeva etal 2005)
{Zic1), mMRNA Pl-;lg |ﬁaé|l_|z BP,SZA (Badenhap et al 2002)
a 18g11.2
AQP‘_!- AMY Cat | A(";APYI\I/YIOI/ePt: BP (Delera-V\c/]adleigh et al 1999)
aquaporin 4 PFC IV-Meth Etoh (Hill et al 2004)
ATP1B2
ATPase, Na+/K+ transporting, beta 2 NAC cat| CP IV-VPA 17p13.1
SEPTS8 5g23.3
seplin 8 AMY Cat Il CP Il VPA s7 (s"g.,b etal 1997)
AGT CP Cat I ! 1%42.2 )
angiotensinogen (serpin peptidase NAC Cat Il NAC IlI-Meth (Y4 (Ekelund et al 2001), (Paunio et al 2004),(Blackwood et al 2001), (Paunio et al 2004)
inhibitor, clade A, member 8) AMY IlI-PCP gp(Macgregor etal 2004)
4 GNG7 . 19p13.3
guanine nucleotide binding protein (G PFC Cat Il PFC lll-Meth Sz, Bp Kleiderlein etal 1998)
protein), gamma 7 subunit >
PLP1 b AMY 1l-vPA Xq22.2
proteolipid protein (myelin) 1 VT V-CLZ CP IV-VPA, Gz (@in etal 2005¢)
11g23.3
_ SCN4B ngé gaai Illl PFC Ill-Meth g7 (Gurling et al 2001) (Demirhan B Tastemir 2003), (Golimbet et al 2003)
sodium channel, type IV, beta VT IV-PCP Etoh (Wyszynski etal 2003), (Sun etal 1999)
N
o (Sklaretal 2004)5q33(Devlin et al 2002), (Gurling et al 2001) {Suzuki et
SPARC NAC Cat I SZ, BP, Psychosis SZ
o SEARY ) a NAC Ill-Meth al 2003
secreted acidic cysteine rich glycoprotein AMY IlI-PCP Epilepsy (€nov et al 2003)
Etoh ﬁjickaaYZOOZa)‘ (Sun et al 1999)
AMY 1lI-PCP CP Cat |l
BTBD3
BTB (POZ) domain containing 3 (\:’g ol Q',\:"g VA 20p12.2
CCK AMY |1I-PCP CP Catll 3p22.1
cholecystokinin NAC IV-PCP NAC IV-Meth pze.
CNOT?7
CCR4-NOT transcription complex, subunit AMY |1I-PCP CP Catll 8p22
7
GORASP2
golgi reassembly stacking protein 2 VTi-CLz AMY Cat i 29311
HRMT1L2 AMY |lI-CLZ
heterogeneous nuclear ribonucleoproteins PFC lII-PCP NAC Cat Il 19g13.33
methyliransferase-like 2 VT II-CLZ
NCALD CP Catll
neurocalcin delta AMY lll-PCP AMY IV-VPA 8022.3
PITPNB AMY [II-PCP
phosphatidylinositol transfer protein, beta VT III-CLZ CP Catll 22q121
PSME1
proteasome (prosome, macropain) 28 VT lI-CLZ AMY Cat | 14qg11.2
subunit, alpha
AMY 1lI-PCP CP CP Cat |l
SYT1 li-pCP AMY IV-VPA 129212
synaptotagmin | VT llI-CLZ VT IV-VPA
TBR1 v CP Cat I 54942
T-box brain gene 1 CP IV-PCP NAC IV-VPA G
CAMKK2
calcium/calmodulin-dependent protein PFC IV-PCP CP Cat| BP ?Bza%grit%ﬂzooe)

kinase kinase 2, beta

PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral tegmentum; SZ,
schizophrenia; BP, bipolar disorder; MDD, major depressive disorder; AD, Alzheimer; HD, Huntington Disease. Roman numerals in the multiple brain
region data column represent the Category of the gene.
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Notably, existing drugs approved for other indications, such as
disulfiram, baclofen, benzodiazepines, anticonvulsants (dival-
proex, topiramate), and lipid lowering agents (gemfibrozil,
nicotinic acid) are potential augmentation options for existing
first-line anti-psychotics and merit careful exploration as such.
Moreover, our datasets of the effects of PCP and clozapine on
gene expression in different key brain regions (Tables I-III)
may be used as a source of new targets for drug development.
Individual genes involved in the response to PCP could be of
relevance for developing faster acting antipsychotic agents, in
addition to agents for the treatment of hallucinogenic drug
abuse. Individual genes involved in the response to clozapine
may be of relevance for developing next generation anti-
psychotic agents as well as in pharmacogenetic and pharma-
coimaging testing of responders versus non-responders.

Third, our work documents an apparent overlap between
candidate genes for schizophrenia and candidate genes for
bipolar disorder identified through Convergent Functional
Genomics (Tables V and VIII) [Ogden et al., 2004]. This has
been a topic of ongoing interest and debate in the field
[Berrettini, 2000; Craddock et al., 2006]. A recent study by us
has shown significant heterogeneity and overlap of phenotypic
aspects of schizophrenia and bipolar disorder [Niculescu et al.,
2006]. Moreover, the clinical literature has long abounded in
examples of mood symptoms in schizophrenia patients, and the
use of antidepressants and anticonvulsant mood stabilizers for
symptom improvement in schizophrenia has been explored in
both human studies [Kremer et al., 2004] and pre-clinical
models [Ong et al., 2005]. It seems possible that nature has
recruited more primitive mechanisms related to mood regula-
tion for participation in higher functions such as cognition
[Eisenberger et al., 2003]. The utility of regulating mood in
relationship to cognition is of speculative evolutionary inter-
est, and of pragmatic clinical importance. Specifically, treating
schizophrenia proactively with mood regulating agents, and
mood disorders with cognition modulating agents, warrants
pursuit at the level of both drug development and clinical
trials. Of note, we also see overlap with a recently published
Convergent Functional Genomics dataset for alcoholism [Rodd
et al., 2006] (data not shown)—see also Table VI, which may
point to a more general issue of shared genes between major
psychiatric disorders, including substance abuse disorders,
perhaps in a Lego-like fashion [Niculescu et al., 2006].

Fourth, the model that emerges out of the Gene Ontology
analysis of our data is that of schizophrenia as a disorder of
disrupted connectivity: primary brain cellular malfunctioning
and altered intercellular communication, of a developmental
origin, impacting the brains’ ability to integrate organismal
physiology, have appropriate external behavior responses, and
react appropriately to environmental stimuli (Fig. 5b). The
cybernetic-like simplicity of the model should not overshadow
the important fact that it is the result of the empirical
coalescence of data in a non-hypothesis driven, discovery type
approach. The implications for understanding the pathophy-
siology and treatment of schizophrenia and related disorders
are profound. One needs to correct brain cell functioning and
communication, body physiology, behavioral output, and
reactivity to the environment, in the treatment of these
disorders. It is a place where psychopharmacology, manage-
ment of medical problems, behavioral therapy and social
rehabilitation can and should go hand in hand. Moreover, the
strong developmental component indicates a critical need for
early intervention to prevent difficult to reverse, full-blown
brain infrastructure changes and mitigate the course of the
illness.

In conclusion, we propose that our comprehensive Conver-
gent Functional Genomics approach is a useful starting point
in helping unravel the genetic code and neurobiology of

schizophrenia and related disorders, and generates a series
of leads for both future research and clinical practice.
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