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DISC1 has been identified as a schizophrenia susceptibility gene based on linkage and SNP association
studies and clinical data suggesting that risk SNPs impact on hippocampal structure and function. In cell
and animal models, C-terminus-truncated DISC1 disrupts intracellular transport, neural architecture and
migration, perhaps because it fails to interact with binding partners involved in neuronal differentiation
such as fasciculation and elongation protein zeta-1 (FEZ1), platelet-activating factor acetylhydrolase, isoform
Ib, PAFAH1B1 or lissencephaly 1 protein (LIS1) and nuclear distribution element-like (NUDEL). We hypothe-
sized that altered expression of DISC1 and/or its molecular partners may underlie its pathogenic role in
schizophrenia and explain its genetic association. We examined the expression of DISC1 and these selected
binding partners as well as reelin, a protein in a related signaling pathway, in the hippocampus and dorso-
lateral prefrontal cortex of postmortem human brain patients with schizophrenia and controls. We found
no difference in the expression of DISC1 or reelin mRNA in schizophrenia and no association with previously
identified risk DISC1 SNPs. However, the expression of NUDEL, FEZ1 and LIS1 was each significantly
reduced in the brain tissue from patients with schizophrenia and expression of each showed association
with high-risk DISC1 polymorphisms. Although, many other DISC1 binding partners still need to be investi-
gated, these data implicate genetically linked abnormalities in the DISC1 molecular pathway in the patho-
physiology of schizophrenia.

INTRODUCTION

Schizophrenia is a psychiatric disorder characterized by
cognitive impairment, disturbances in emotion and social
functioning, and psychosis. A major genetic component to
schizophrenia has long been assumed based on family and
adoption studies, but this has become a reality with recent evi-
dence for the involvement of multiple genes (1,2). However,
none of the candidate genes has yet been unequivocally

confirmed and their functional roles in the pathophysiology
of the disease are uncertain. Conclusive evidence of causative
genes for polygenic disorders like schizophrenia will likely
require demonstration that genetic variation predicts biolo-
gical effects in brain that bear on the pathogenesis of the
disorder. Although neuropathological and molecular findings
in brains of patients with schizophrenia are subtle and often
controversial, the most replicable findings implicate the
hippocampal formation and the dorsolateral prefrontal cortex
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(DLPFC) (3-6). The onset of schizophrenia is in adolescence
and young adulthood but early childhood is not normal in
many cases, suggesting that the molecular origins of the
disorder involve early neurodevelopmental processes (7—9).

There is strong evidence that DISC1, a gene associated with
schizophrenia in several independent studies, is important for
brain development and, in particular, development and func-
tion of the hippocampal formation. The disruption of the
Disrupted-in-Schizophrenia 1 (DISCI) gene by a balanced
translocation (1;11)(q42;q14) was found to strongly segregate
with major mental illness in a large Scottish pedigree (10—13).
Although no other families have been reported having a
similar chromosomal abnormality, five of six recent studies
support an association between allelic variation in the intact
DISCI gene and risk for schizophrenia, although different
polymorphisms/haplotypes in various regions of the gene
have been implicated in these studies (14—19). In a family-
based association study, Callicott ez al. (18) showed significant
over-transmission of a three marker haplotype containing a
common non-conservative SNP in exon 11 (serine to cysteine
substitution, rs821616) and two intronic SNPs in introns 9 and
10 (hCV219779 and rs821597, respectively) to the affected
offspring (Fig. 1A). The high-risk polymorphisms in this
sample were associated with alterations in hippocampal
structure (reduced hippocampal gray matter volume) and
altered hippocampal activity measured by fMRI during cogni-
tive tests, even in normal subjects. Furthermore, recent reports
have shown associations of high-risk DISC1 polymorphisms
with cognitive function and cognitive aging, suggesting that
DISC1 may contribute to schizophrenia by affecting learning
and memory functions (20—-23).

DISC1 encodes a protein of 854 amino acids, which shows
no homology to other known proteins and little homology
between species (24—26). The amino-acid sequence of
DISC1 predicts that it may act as a scaffolding protein with
multiple binding motifs, facilitating formation of protein
complexes. The N-terminus (amino acid 1-347) contains
nuclear localization signals, whereas the C-terminus (amino
acid 348—854) appears to be important for microtubule and
centrosomal targeting (27-29), although no centrosomal
localization has been detected so far for the native protein.
In cell culture studies, mutant C-terminus-truncated DISCI,
a hypothetical construct not yet detected in human tissue, dis-
rupts intracellular transport, neural architecture and migration,
perhaps because it fails to interact with its binding partners.

DISCI1 is abundant in the nucleus and mitochondria (28,30).
Moreover, a number of DISC1 interactors have been identified
using yeast two-hybrid assays and confirmed in follow-up
cell-based studies, including fasciculation and elongation
protein zeta-1 (FEZ1), platelet-activating factor acetyl-
hydrolase, isoform Ib, PAFAHIBI1 or lissencephaly 1 protein
(LIS1) and nuclear distribution element-like (NUDEL)
(25,27,29,31-35).

It has been speculated that mutations in the C-terminus of
DISC1, which contains the translocation breakpoint and
stretches of coiled-coil forming potential, would disrupt inter-
actions with these other developmental proteins. Indeed, the
DISCl-truncated form showed reduced interaction with
FEZ1, a protein involved in neurite outgrowth that in the
mouse mirrors the neurodevelopmental pattern of DISCI1

expression (32). The C-terminus of DISC1 has been shown
also to be critical in mediating interactions with NUDEL
and LISI1, genes essential for neuronal migration, cortico-
genesis and axonal outgrowth, and binding of these proteins
with DISC1 occurs in a developmentally regulated manner
(25,27,29,31). An aberrant LISI/NUDEL/DISC1 trimolecular
complex formed as a result of mutation in DISC/ might be
predicted to affect essential developmental processes impli-
cated in schizophrenia (31).

We have explored the expression of DISC1 and several of
its molecular partners in brain tissue of patients with schizo-
phrenia and their relationship to risk SNPs in DISCI that
have been associated with the disease in our clinical study
(18). We hypothesized that the mechanism of the genetic
association of DISC/ with schizophrenia involves disruption
of a molecular pathway related to DISC1 function. Specifi-
cally, we tested whether expression of DISC1 binding partners
is abnormal in schizophrenia, and whether schizophrenia
DISCI risk SNPs in the region of the binding domains of
these partners predict their altered expression (Fig. 1A). We
inspected two brain regions strongly implicated in schizo-
phrenia, DLPFC and the hippocampal formation, in a large
collection of brains of patients with schizophrenia and
normal controls. In this study, we have focused on a small
set of those molecules identified through yeast two-hybrid
screening and also confirmed using other methods. Our selec-
tion was based on the evidence that these proteins bind in the
regions of high-risk polymorphisms identified in our clinical
data set and were confirmed to play a role in neuronal
migration and cellular architecture, both candidate develop-
mental mechanisms implicated in schizophrenia. Our results
support the involvement of these binding partners in the
pathogenesis of schizophrenia. We have not performed an
exhaustive study of all potential DISCI binding partners,
which is important future work.

RESULTS

DISC1 mRNA is abundantly expressed in the human
hippocampal formation and its expression varies across
life span

Analysis of films showed that, similar to the non-human
primate (36), DISCI expression was most prominent in the
dentate gyrus (DG) of the human hippocampus (Fig. 2) and
a sense probe showed no signal above background. The stron-
gest signal was detected in the DG throughout the life stages
sampled—from the neonates to the aged individuals. In the
temporal and parahippocampal cortices (PCtx), optical
density was at least an order of magnitude lower than in the
DG in all age groups. Silver-grain analysis revealed that a
majority, but not all, granule cells in the DG express DISC1
transcript and that the level of expression per cell was
modest (Fig. 2A and B). In the cortex, DISCl1 mRNA was
also present only in a subset of cells. Interestingly, some of
the cortical DISCl-expressing cells showed even higher
expression than granule cells in the DG, whereas other neigh-
boring cells were devoid of signal (Fig. 2C). There was also
specific and pronounced expression of DISC1 over a subset
of cells in the white matter (WM) (Fig. 2D).
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Figure 1. (A) A schematic of the DISC1 gene with vertical bars representing exons (1—13) and depicting relative locations of the 12 SNPs (1—12) studied in the
clinical data set (18) and in the current study. SNPs with asterisks were associated with schizophrenia in the clinical study (18). An italicized SNP9 (rs821597)
most markedly predicted the hippocampal expression levels of FEZ1, LIS1 and NUDEL. A long vertical arrow indicates the location of a translocation break-
point. Parentheses indicate approximate location of putative binding sites of FEZ1, NUDEL and LIS1 to the DISC1 protein. (B) A schematic of the DISCI gene
with vertical bars representing exons (1—13) and horizontal lines depicting relative locations of probes for the measurement of the expression of DISC1 transcript
levels. Probes/primers were used to measure expression of four reported isoforms of DISC1 or their combinations by qRT-PCR (short, S; extra short, Es; long, L;
Long variant, Lv) and by in situ hybridization histochemistry (see riboprobes S, Es and full-length).

Figure 2. An autoradiogram (A) and photomicrographs (B—D) of sections
through the human hippocampal formation showing expression of DISCI
mRNA. (A) Detection of in situ hybridization signal with a DISCI riboprobe
in the DG, temporal cortex (TCtx), WM and PCtx; (B—D) Bright-field views

of neurons after hybridization with a DISC1-labeled probe taken at 200x in
the DG (B), TCtx (C) and WM (D).

In the DG, PCtx and temporal cortices, DISC1 expression
significantly changed across the developmental groups: an
early high rise from the neonatal period to infancy was
followed by a marked reduction by teenage years and a
further gradual decline with aging (Fig. 3). As DISCI1
expression in the DG significantly correlated with pH
(r=10.61, P < 0.001), we used pH as a co-variate in the analy-
sis. In the DG, a one-way ANCOVA showed a significant
effect of age-group on the expression of the full-length
DISC1 mRNA [F(5,38) =5.08; P =0.002]. Post hoc com-
parisons showed that DISC1 expression was increased in the
infant DG when compared with neonates (by 104%), teens
(84%), young adults (103%), adults (128%) and aged adults
(290%), all P < 0.001. Moreover, DISC1 expression in the
teenage group was significantly higher than in the aged
adults (P < 0.05). In the temporal and PCtx, ANCOVA
also showed a significant effect of age on DISCI expres-
sion [F(5,38)=5.25; P=0.001; F(5,38)=5.1; P=0.002,
respectively]. Neonate and infant groups showed significantly
more expression than teens (by 173 and 167% for temporal
and PCtx, respectively), young adults (248 and 225%),
adults (219 and 165%) and aged adults (310 and 276%), all
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Figure 3. DISC1 mRNA expression across life stages in the DG, TCtx, WM
and parahippocampal gyrus (ParahipCtx) expressed as a percentage of the
neonatal levels. Double asterisks denote different from all other groups,
P < 0.001; asterisk denotes different from the specified group, P < 0.001;
ampersand denotes different from all other groups, except neonates,
P <0.001; hash denotes different from all other groups except infants,
P < 0.05; hat denotes different from adults and aged adults, P < 0.001.

P < 0.001. There was a significant positive correlation of
DISC1 expression measured between the regions (r > 0.55,
P < 0.001). Changes in the WM signal were not significant
across age groups [F(5,38) = 1.3; P > 0.2]. There were no
significant changes in cyclophilin expression across the age
groups in the frontal cortex, whereas the changes in the
hippocampal formation were moderate and showed a different
pattern than DISC1 mRNA expression [data not shown here
but reported in (37,38)].

qPCR measurement of DISC1 mRNA in the hippocampus
and DLPFC

Extra short (Es) and Short (S) variants showed no amplification
in the hippocampal RNA extracts and therefore could not be
quantified. We measured DISCI mRNA using ABI probe/
primers (Table 1) for the following combinations of DISC1 var-
iants: (L +Lv +S), (L 4+ Lv) and L, all of which most likely
recognized predominantly full-length DISC1 mRNA (as both
S and Lv were either absent or expressed at very low levels).
To assess the contribution of demographic and diagnostic vari-
ables to the expression levels of the DISC1 transcript combi-
nations, we performed forward stepwise multiple regression
analysis using diagnosis, age, sex, pH, post-mortem interval
(PMI), freezer time, RNA integrity (RIN), smoking history
and agonal state as independent variables in the whole cohort
and then age of onset, age at hospitalization, duration of
illness, daily, life and last CPZ dose and history of substance
abuse in subjects with schizophrenia. The analysis revealed
that the effects were largely negative. There was only a signifi-
cant inverse correlation of the hippocampal expression of L
transcript with PMI and a positive correlation of the expression
of this transcript with an RIN, P < 0.05. Moreover, in samples
from patients with schizophrenia, hippocampal expression of L
transcript significantly inversely correlated with daily dosage of
neuroleptics (P < 0.05). There were no other correlations of
any of the DISCI transcript combinations normalized by
PBGD, GUSB or B2M or a normalizing factor (NF, a geometric
mean of these three housekeeping genes) with any other vari-
able (data not shown).

Most importantly, in the hippocampus and in the DLPFC,
DISC1 expression [as measured using probes recognizing L,
(L+Lv), or (L+Lv+S) transcript combinations] was not

altered in schizophrenia, whether normalized by B2M, GUSB,
PBGD or NF (geometric mean of three housekeeping genes)
or without normalization, all F-values <1.0, all P-values
>0.5, data not shown. There were no effects of diagnosis on
the expression of the housekeeping genes or NF (all F-values
<1.5, all P-values >0.2). Moreover, there were no effects of
the genotypes associated with the disease in the clinical data
set: hCV219779, rs821597, rs821616 (or any other DISC1
SNPs genotyped in the post-mortem cohort) on DISCI
expression in the hippocampus or DLPFC (data not shown).
Thus, expression of the most abundant DISC1 mRNA species
is not altered in brain tissue from patients with schizophrenia,
nor do the risk genotypes that we scored affect this measure.

DISC1 immunoreactivity in the hippocampus

The antibody produced one major band, which detected a
70—75 kDa protein (Fig. 4A). A similar band was shown pre-
viously by mass spectrometry to contain DISC1 sequences
(39). However, the molecular identity of this band has not
yet been fully elucidated. Using this antibody, we found that
DISC1 immunoreactivity was significantly, albeit modestly
(by ~20%), increased in the hippocampus of patients with
schizophrenia [F(1,73) = 3.6; P = 0.05] (either expressed as
percentage of an average signal of control samples per gel
or as a ratio of the DISCI signal to actin) (Fig. 4B). DISC1
protein immunoreactivity, weakly but significantly, correlated
with  mRNA levels measured by RT-PCR (r=0.26,
P =10.04). There were no significant correlations between
DISC1 immunoreactivity and any of the potentially confound-
ing covariates analyzed in this study, including medication.

We next examined the effects of risk SNPs (hCV219779,
rs821597, 1s821616) genotype as independent factors.
Although the groups were too small to meaningfully test for
association of genotype with protein levels, post hoc compari-
sons showed that there was a significant effect of genotype in
patients with schizophrenia, that is, individuals carrying the
high risk G/G allele genotype at rs821597 (n=3) had
higher DISC1 protein signal than subjects carrying a two/
two allele genotype (P = 0.03) (Fig. 4C). No other genotype
showed a significant effect.

Expression of FEZ1, NUDEL and LIS1 mRNA in the
hippocampus

The contribution of demographic and diagnostic variables to
the expression levels of the DISCl-interacting molecules is
presented in Tables 2 and 3. The effect of diagnosis was
apparent for all three genes (Fig. 5). FEZ1 mRNA expression
was significantly and markedly reduced in the hippocampus of
patients with schizophrenia when normalized by any of the
housekeeping genes or NF or without normalization (the geo-
metric mean of the housekeeping genes), [F(1,104) =7.2;
P =0.008 for the latter]. ANCOVA also showed a significant
reduction when age and sex were used as covariates in the
analysis [F(1,104) = 6.1; P = 0.01].

NUDEL mRNA expression was also significantly reduced
in patients with schizophrenia with or without normalization
to the housekeeping genes [F(1,104)=10.2; P =0.001
when normalized by NF]. This reduction remained significant
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Table 1. Probe/primers sequences and catalog numbers of Applied Biosystems Assays-on-Demand used for gene expression by qRT-PCR

Gene/transcript  ABI-cat Exons Forward primer

Reverse primer Probe

GACTGAGAAGAGAAGTGGAGCAC TCCAGGACTCTGCATCACAGTA CAGGAGACTGCCTATGGATAT

GATGTCGAGGCTTCCATGGT TCCAGCTCCATCTGCC

DISC/S 9,10
DISCI1/Es 2,3 GGACTGCCTGCTGAGAAACC
DISCI/L Hs00962129_m1 11,12
DISCI/L +Lv Hs00218680_m1 12,13
DISCI/L+Lv Hs00962128_ml 10,11
DISCI/L +Lv Hs00962133_m1 3,4
+S
FEZI Hs 00192714_m1 2.3
NUDELI Hs 00229366_m1 8,9
LISI Hs00181182_m1 6,7
reelin Hs00192449_m1 19,20
PBGD (HMBS) Hs006009297 1,2
B2M Hs99999907 2,3
GUSB Hs99999908 11,12
A
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Figure 4. DISC1 immunoreactivity assessed using a DISC1 antibody (1:2000)
raised against peptide sequence corresponding to amino acids 601—-854 of the
C-terminus of DISCI. (A) A blot showing a major band at ~75kDa.
(B) DISC1 immunoreactivity in the hippocampus of controls and patients
with schizophrenia expressed as a percentage of controls (means + SD),
*P < 0.05. (C) DISC1 immunoreactivity in controls and patients with schizo-
phrenia homozygous for G or A allele and heterozygous at SNP rs821597
expressed as a percentage of G/G controls. Asterisk denotes schizophrenia
G/G carriers were significantly different from A/A carriers, P < 0.05.

when the data were co-varied by the variables showing signifi-
cant correlations with NUDEL expression, that is, with age as
a covariate [F(1,104) = 7.9; P = 0.005] and with age and RIN
as covariates [F(1,104) = 7.2; P = 0.008].

LIS1 expression was similarly reduced in the hippocampus
of patients with schizophrenia with or without normalization
to the housekeeping genes [F(1,104)=6.9; P =0.009,
normalized by NF]. When co-varied by RIN or RIN and
PMI (the factors that significantly correlated with LIS1), the

effect of diagnosis was still significant [F(1,104) =4.9;
P =0.029] and [F(1,104) =3.7; P = 0.05, respectively] but
when pH was added as a covariate, the difference between
controls and patients with schizophrenia reached only trend
level [F(1,104) =2.97; P =0.08]. There were no effects of
diagnosis on the expression of any housekeeping genes (all
Fs <1.5;all P> 0.2).

Logistic regression analysis showed that NUDEL and FEZ1
(but not LIS1) expression were useful predictors of diagnosis,
together contributing 10.6% to the prediction [F(2,102) =
7.17; P <0.001], with NUDEL contributing over 6%
(P =10.01) and FEZ1, the remaining 4% (P = 0.05).

More interestingly, DISC1 genotypes were associated with
low FEZ1, NUDEL and LIS1 expression in the hippocampus
of patients with schizophrenia and the risk alleles consistently
predicted decreased expression (Fig. 6). Two-way ANOVAs
with genotype and diagnosis as independent factors showed a
significant effect of diagnosis, but no main effect of genotype
(hCV219779, rs821597, rs821616), with the exception of geno-
type hCV219779 on LIS1 expression [F = 2.3; P < 0.05]. Most
disease by genotype interactions were also not significant, with
the exception of disease by rs821597 interactions on NUDEL
and LIS1 expression [F = 2.2; P < 0.05]. However, post hoc
testing revealed that, in all comparisons, individuals with
schizophrenia homozygous for the disease-associated SNPs
(C for hCV219779, G for rs821597, A for rs821616) had
significantly lower gene expression of the DISC1 interacting
molecules when compared with all other groups (P < 0.05)
(Fig. 6). In the post hoc testing, none of the other SNPs geno-
typed in this cohort showed significant effects on the levels of
FEZ1, NUDEL or LIS1 (data not shown).

Expression of FEZ1, NUDEL and LIS1 mRNA in the
DLPFC

In the DLPFC, the contribution of demographic and diagnostic
variables to the expression levels of FEZ1, NUDEL and LIS1
are given in Tables 2 and 3. Although, age and duration of
illness were highly correlated (correlation coefficient 0.90),
duration of illness was a much better predictor of expression
levels than age for all three genes (Table 3). There were



1250 Human Molecular Genetics, 2006, Vol. 15, No. 8

Table 2. Contribution of demographic and tissue-related variables to gene expression levels estimated using forward stepwise multiple regression analysis

Adj R? Dx Age Sex RIN pH PMI FT Sm AS
B B B B B B B B B
Hippocampus
FEZ1 0.127%** —0.24** —-0.20* —0.19* n.s. n.s. n.s. n.s. n.s. n.s.
NUDEL 0.30%*** —0.20* —0.34%** n.s. 0.22%* n.s. n.s. n.s. n.s. n.s.
LIS1 0.27**** —0.22* n.s. n.s. 0.29%** 0.27** —0.22* n.s. n.s. n.s.
RLN n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
DLPFC
FEZ1 0.08** —0.26** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
NUDEL 0.11%** n.s. —0.30** n.s. n.s. n.s. n.s. n.s. n.s. n.s.
LIS1 0.19%** n.s. —0.29** n.s. 0.26** n.s. n.s. n.s. n.s. n.s.
RLN n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Adj R?, adjusted coefficient of determination; B, standardized regression coefficient; Dx, diagnosis (1-controls, 2-schizophrenia patients); Sex,
1-female, 2-male; PMI, postmortem interval, FT, freezer time; Sm, smoking history (1-No, 2-Yes); AS, agonal state (1- < 10 min; 2- > 1 h);

RLN, reelin.
*P < 0.05.
*P <0.01.

Table 3. Contribution of disease-related variables to gene expression levels estimated using forward stepwise multiple regression analysis

Adj R? Age onset Age Hosp Duration Daily CPZ Life CPZ Last CPZ Sub Ab
B B B B B B B

Hippocampus

FEZ1 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

NUDEL 0.15% n.s. n.s. —0.43* n.s. n.s. n.s. n.s.

LIS1 0.12* n.s. n.s. —0.40* n.s. n.s. n.s. n.s.

RLN n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
DLPFC

FEZ1 0.37%* n.s. n.s. —0.49** n.s. n.s. 0.39* n.s.

NUDEL 0.68**** n.s. n.s. —0.71%* n.s. n.s. n.s. 0.31*

LIS1 0.49** n.s. n.s. —0.84%** n.s. 0.86" n.s. n.s.

RLN 0.23* n.s. n.s. —0.52%* n.s. n.s. n.s. n.s.

Adj R?, adjusted coefficient of determination; B, standardized regression coefficient; Age onset, age of illness onset; Age Hosp, age at first hospital-
ization; Duration, duration of illness; Daily CPZ, average daily dose of neuroleptics in chlorprpmazine (CPZ) equivalents; Life CPZ, life-time dose of
neuroleptics in CPZ equivalents; Last CPZ, last recorded dose of neuroleptics in CPZ equivalents; Sub Ab, history of substance abuse (1-No, 2-Yes);

RLN, reelin.

*P < 0.05.

*P < 0.01
AP < 0.001.
P < 0.0001.

weak positive correlations between DLPFC and hippocampal
expression of NUDEL (»=0.31; P=0.003), FEZ1
(r=10.27; P=0.01) and LIS1 (= 0.26; P = 0.01).

In the DLPFC, all three DISC1 partners tended to show
reduced expression in the cases (Fig. 5). FEZ1 expression
without normalization or normalized by individual house-
keeping genes or NF was significantly reduced in patients
with  schizophrenia  either  without [F(1,105)=7.7;
P =0.006, normalized by NF] or with age as a co-variate
[ANCOVA: F(1,105)=7.7, P=10.007] (Fig. 5). LIS1
mRNA expression was also significantly reduced without or
with normalization to housekeeping genes [F(1,105) = 5.6;
P =10.02, normalized by NF] but not after co-varying for
age and RIN [F(1,105) =2.6; P = 0.1]. NUDEL expression
was reduced without normalization [F(1,105)=4.9;
P = 0.03] but the effect of diagnosis did not reach significance

after normalization to housekeeping genes [F(1,105) = 2.7;
P = 0.1]. There were no effects of diagnosis on the expression
of any housekeeping genes (all Fs <1.5, all P > 0.4).

Logistic multiple regression analysis showed that of the
three genes, FEZ1 and LIS1 expression were included in the
model [F(2,101) = 5.84; adjusted R”>=0.086; P = 0.003]
but only FEZ1 expression made a significant contribution to
the prediction of diagnosis (6.2%, P = 0.017).

High-risk DISC1 genotypes had less pronounced effects on
the DLPFC expression of DISCI interacting molecules when
compared with the hippocampus. For FEZ1, there appeared
to be an association of the two risk SNPs (rs821597,
rs821616) with the low expression levels in patients with
schizophrenia, that is, post hoc comparisons showed that indi-
viduals with schizophrenia homozygous for the high-risk
allele had significantly lower levels of FEZ1 than all other
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Figure 5. Expression levels of FEZ1, NUDEL, LISI, DISCI (transcripts
L+ Lv+S) and reelin mRNA in the hippocampus and DLPFC of patients
with schizophrenia relative to normal controls (means + SD). Asterisk
denotes significantly different from controls, P < 0.05.

groups (P < 0.05; Fig. 6B). However, there were no signifi-
cant main effects of genotype or significant interactions in
two-way ANOVAs.

Expression of reelin mRNA in the hippocampus
and DLPFC

Reelin is an important protein in cortical development that has
been implicated in schizophrenia (40,41). There is also evi-
dence for genetic and biochemical interactions between the
reelin signaling pathway and Lisl (42). However, because it
is not directly linked to DISC1 as a molecular partner, we
hypothesized that it should not be affected by DISC1 SNPs.
There was no significant effect of diagnosis on reelin expression
in the hippocampus either without or with normalization
[F(1,104) = 0.1; P > 0.5] or in the DLPFC [F(1,105) = 1.4;
P > 0.2] or after co-varying the data for the contributing vari-
ables (Fig. 5). There were also no effects of DISC1 genotypes
on the expression of reelin (Fig. 6E).

Effects of antipsychotic drugs

There were no significant effects of treatment on the expression
of any gene tested [all F(6,62) < 1.0; all P-values >0.5,
normalized to NF, a geometric mean of GAPDH, PBGD and
B2M, or to the individual housekeeping genes or without
normalization] (data not shown). There were also no differ-
ences between drug treatments for any of these housekeeping
genes or NF (all F' < 1.0; all P-values >0.5).

DISCUSSION

We have investigated the expression of DISC1 and three of its
binding partners in the human hippocampus and DLPFC and
explored their association with schizophrenia and with
disease-associated DISC1 polymorphisms. We hypothesized
that variations in the DISCI gene shown to be associated
with schizophrenia would impact on the molecular phenotype
of a DISCI pathway in brain regions implicated in the disease.
We report the following principal findings: (i) DISCI
expression varies during life span in the human brain; (ii) the
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expression of three DISC1-interacting molecules, FEZ1, LIS1
and NUDEL, is reduced in the hippocampus and FEZI
expression is reduced in the DLPFC of patients with
schizophrenia; (iii) high-risk DISC1 genotypes predict low
expression levels of FEZ1, LISI and NUDEL in the
hippocampus, and FEZ1 in the DLPFC of patients with schizo-
phrenia. Furthermore, in the same tissue samples, we did not
observe effects of variations in the DISCI gene on DISCI
mRNA levels, suggesting that the mechanism of the genetic
effect on expression of other genes in this pathway is not
based on altered DISC1 mRNA abundance, per se. DISCI
immunoreactivity, however, may be enhanced in the hippo-
campus of patients with schizophrenia. Altogether, these
results implicate genetically driven abnormalities in a DISC1
molecular pathway in the pathophysiology of schizophrenia.

DISC1 expression in the human brain

We found that full-length DISC1 mRNA is expressed in the
human brain and that the expression of DISC1 is relatively
high in a subset of granule cells in the DG as well as in a sub-
population of cells in the temporal and PCtx and the WM.
These data are in accordance with the report in the non-human
primate brain (36). We were unable to amplify cDNA corre-
sponding to two other transcripts of DISC1—short and extra-
short—reported in the literature (26), nor were we able to
detect the signal from the riboprobes designed to hybridize
to these splice variants using in situ hybridization histochem-
istry. We were unable to design probes specific for Lv and thus
did not measure this transcript separately. However, RT-PCR
data obtained using probes recognizing combinations of tran-
scripts L, L +Lv and L + Lv+S suggest that S and Lv are
either absent or in very low abundance in our samples.
Altogether, we conclude that the full-length transcript is the
predominant variant of DISC1 in the adult human brain, unless
our techniques failed to recognize other isoforms of DISCI.
Our immunoblotting with an anti-DISCI1 antibody directed
against the C-terminus of the protein detected one major
band. However, its size does not correspond to the predicted
98 kDa full-length DISC1 protein and cannot be the product
of known DISCI variants, as S and Es transcripts (predicted
sizes: 74 and 39 kDa, respectively) miss C-termini and thus
would not be recognized by this antibody. Moreover, these
mRNA isoforms were not detected in our samples. It has pre-
viously been shown that the 70—75 kDa band contains DISC1
sequences, and thus it was speculated that it may correspond to
a post-translational modification form of the full-length
protein, perhaps arising by N-terminal processing (39). This
pattern of immunoblotting is similar to blots reported by
others in cells, and in animal and human protein extracts
with various C-terminus-directed anti-DISC1 antibodies
(25,30,32,39,42). Given the uncertainty of the function of
this putative DISCl-related protein or the mechanism by
which it is generated, we are unable to comment further on
the evidence for its apparent increased immunoreactivity in
brain tissue from patients with schizophrenia. It also should
be noted that an earlier study in another sample of brains of
patients with schizophrenia using the same antibody found
no evidence of increased immunoreactivity of this putative
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Figure 6. Association of DISC1 genotype (rs821597) with low FEZ1, NUDEL and LIS1 expression in patients with schizophrenia (‘controls G/G’ n = 25, ‘con-
trols G/A” n = 33, ‘controls A/A’ n = 15, ‘patients with schizophrenia G/G’ n = 11, ‘patients with schizophrenia G/A’ n = 14, ‘patients with schizophrenia A/A’
n ="7). Individuals carrying a high-risk G-allele of SNP rs821597 show low levels of expression of FEZ1 in the hippocampus (A), DLPFC (B), NUDEL (C),
LISI (D) but not reelin (E) in the hippocampus. Asterisk denotes different from A-carriers, P < 0.05.

DISC1 species (though that study was relatively under-
powered when compared with ours) (39).

We also report that DISC1 mRNA is developmentally vari-
able in the human brain, showing high levels of expression in
early childhood (neonatal period, infancy) and then declining
rapidly by teenage years and into adulthood. This develop-
mental pattern differs somewhat from observations in the
rodent brain, although different life stages were investigated
in the rodent and human (i.e. we did not explore embryonic
expression and are missing subjects between infant and
teenage years) and the correspondence between rodent and
human brain development has not been fully elucidated.
Nevertheless, in accordance with our data, others reported
higher expression of DISC1 mRNA in the hippocampus of
the mouse during periods of active neurogenesis and during
puberty [at postnatal (P) day 7 (32), at embryonic day (E)

13.5, P35 (43) and at P21 (44)]. In the mouse, DISCI1
mRNA was also seen in the developing cerebral cortex, with
the highest levels of expression observed at E14, E16 and
E18, the stages at which neuronal birth and migration are
active. We report here high expression of DISCI in the
human neonatal period and infancy, that is, times of exuberant
changes in cortical neural architecture and synapse formation.
Together, these data suggest that the overall pattern of DISC1
expression is similar across species and underscore its poten-
tial role in early human brain development, including the
development of the hippocampal formation and the neocortex.

DISC1 mRNA expression in schizophrenia

We did not detect changes in DISC1 mRNA expression levels
in the hippocampus or DLPFC of patients with schizophrenia



nor did we observe the effects of our high-risk variations in the
DISCI gene on its transcriptional activity. This may not be
surprising given the fact that the risk alleles identified in our
clinical study (18) are common and that they are located far
from the transcriptional start sites of the DISC1 variants,
although it is conceivable that SNPs in non-coding regions
or at some distance from 5" or 3’ regulatory regions may be
involved in regulating transcription, splicing or mRNA stab-
ility. Moreover, we have not scored other SNPs in the gene
that have been associated with schizophrenia by other clinical
groups (see introduction), some of which may be closer to
regulatory elements in the gene. Importantly, our failure to
find differences in DISC1 mRNA expression (or in reelin
mRNA expression) in the same samples, in which reduced
expression of DISC1 partners is found, argues that our
results are not caused by a non-specific reduction in transcrip-
tional activity in this tissue.

Expression of genes in the DISC1 molecular pathway

We found that the expression of NUDEL, FEZ1 and LIS1 (but
not reelin or any of the housekeeping genes) was significantly
reduced in the hippocampus of patients with schizophrenia
and associated with high-risk DISC1 polymorphisms. The
findings in the DLPFC implicated FEZ1 and LIS1 but not
NUDEL (though all transcripts tended in the same direction).
We propose that the expression of these molecules is altered in
schizophrenia at least in part as a result of aberrant interactions
with putative mutated forms of DISCI protein or because of
altered processing of DISCI mRNA. These changes may
have important implications for the development and function
of the human nervous system, initiating a cascade of events
leading to psychiatric illness during adult life. Although we
are uncertain as to why the results appear to be stronger in
the patient sample (though absent significant interactions in
a majority of comparisons, this is not clearly the case), it is
not far-fetched to expect that a risk SNP would show greater
biologic effects in the ill sample, having other risk factors
(e.g. other risk genes) that exaggerate the biologic impact of
another biologic risk factor.

FEZ1 (or UNC-76 in Caenorhabditis elegans) is involved in
axonal outgrowth and fasciculation. Its expression levels and
anatomical localization in development curiously mirror
those reported for DISCI1 in the rodent (45). The FEZ1/
DISC1 interaction occurs through the conserved region of
FEZ1 protein (amino acid 247-392) and the region of
DISC1, which covers a stretch well preceding the transloca-
tion breakpoint and immediately following it (amino acid
446—633) (32). Accordingly, it was shown that a truncated
DISCI1 protein lacking a whole region beyond the trans-
location breakpoint (amino acid 597) was still able to form
weak interactions with FEZ1. In light of these findings, it is
unclear how high-risk DISC/ mutations in the region even
further downstream from the critical binding site, even if func-
tional, would affect interactions with FEZI1, unless the vari-
ations mark other polymorphisms in the gene that impair
FEZ1/DISC1 binding. On the other hand, polymorphisms in
the introns can affect gene function by affecting regulatory
motifs within introns or splicing.
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In contrast to FEZ1, both NUDEL and LIS1 bind to an
outmost C-terminal region in DISC1 (amino acid 727-854)
that is close to our high-risk polymorphisms (Fig. 1A) and
lost in a putative protein truncated by the translocation. The
DISCI/NUDEL complex peaks in late embryonic/early
postnatal life (31). Both NUDEL and LIS1, and perhaps also
the trimolecular complex with DISCI1, are important for
various developmental processes, including neuronal migration
(46). One of the recently emphasized subcellular targets of
DISC1/NUDEL complex is mitochondria; in this regard, two
motifs in DISC1 were highlighted as critical for mitochondria
targeting and stabilization: amino acid 440-597 (a binding
site for FEZ1) and 598—-854 (a site for NUDEL and LIS1)
(29). Thus, mutations in DISCI in regions close to the putative
binding sites (Fig. 1A) and ensuing defective interactions with
the binding proteins may have deleterious consequences for
mitochondrial function contributing to the pathophysiology of
schizophrenia. No other DISCI polymorphisms examined in
this study had any effect on the expression of the interacting
molecules and there was no effect on reelin, a molecule in a
related but distinctly separate pathway.

Limitations

An obvious limitation of our study is the use of human post-
mortem brain tissue for quantification of gene expression
that can be complicated by an array of confounding factors.
Although we have collected extensive information about the
subjects and the samples, assessed the effect of multiple pre-
and postmortem factors on RNA by multivariate analysis
and used a large number of samples from controls and patients
with schizophrenia, it is still possible that some of these
factors caused bias in our data.

It also should be noted that we have performed many
statistical tests on the same tissue samples, and some of the
significant findings would not survive arbitrary correction
for the multiple tests performed. We believe that with our
approach, which underscores testing biologically meaningful
relationships predicted on the basis of previous basic and clini-
cal studies and our prior evidence of clinical association with
specific SNPs and not others, supports the validity of our
results. Moreover, corrections for multiple testing of SNPs
and molecules that are not strictly independent variables is
not straightforward and how best to do this is not obvious.
For example, arbitrary correction could lead to increased
type two error. Rather than loosing power in an already low
power (relatively small sample size) analysis and risking not
detecting a true difference using Bonferroni’s corrections, an
ultimate test should be an independent replication of the
data using a separate collection. Nevertheless, after correcting
for five tests, the diagnostic differences in hippocampal
NUDEL mRNA and FEZ1 mRNA expression and prefrontal
FEZ mRNA expression would still remain significant.

There are also many unanswered questions that require
further research. The most important one is related to the
identification of the putative altered DISCI protein or proces-
sing of a DISCI transcript and clarification of its role in the
molecular pathway. It will be of interest to test whether
mutations in the interacting molecules predispose to schizo-
phrenia [there has been recently one report suggesting weak
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association of FEZI1 variants with schizophrenia (47) and
whether epistatic effects between these genes exist]. It is
also plausible that a balanced translocation disrupts other
genes as suggested by a recent report that the gene encoding
phosphodiesterase 4B (PDE4B) is disrupted in a subject
diagnosed with schizophrenia and a relative with chronic
psychiatric illness (48). Moreover, the role of DISCI-
interacting genes in human brain development is unknown.
This may shed light on the importance of DISCI pathway in
neurodevelopmental disorders, such as schizophrenia, and
perhaps explain regional differences in the expression of
these genes in the disorder. It is also of interest whether our
findings extend to other patient cohorts and to other major
mental illnesses. We are currently investigating these issues.

Summary

Susceptibility genes for psychiatric disorders represent basic
mechanisms of disease and identify pathogenic molecular
pathways. DISCI has been a promising candidate suscepti-
bility gene for schizophrenia and affective psychosis with
molecular effects presumably related to development and neu-
roplasticity. Our results suggest that a putative abnormality in
DISCI biology in individuals carrying high-risk mutations,
impacts on the regulation of specific binding partner genes
and causes abnormalities in a DISC molecular pathway
involved in cortical development, mitochondrial transport
and synaptic development and plasticity (49). These subtle
molecular events may represent a pathogenic pathway
related to schizophrenia.

MATERIALS AND METHODS
Human postmortem tissue

Postmortem hippocampal and DLPFC tissue samples were
collected at the Clinical Brain Disorders Branch, NIMH
from 79 normal controls and 43 patients with schizophrenia.
The hippocampus was identified on frozen coronal slabs
from the medial temporal lobe and dissected using a dental
drill (Cat UP500-UG33, Brasseler, USA). The lateral ventricle
and the fimbria fornix were used as the medio-dorsal boundary
and the subiculum and underlying WM as the ventral bound-
ary. The adjacent PCtx was not included in the dissection. For
the DLPFC, gray matter tissue from the middle frontal gyrus
was obtained from a coronal slab corresponding to the
middle one-third immediately anterior to the genu of the
corpus callosum. WM was trimmed off.

On the basis of the assessment of the regional RIN, two
subcohorts were selected for comparisons of mRNA expression
levels in the hippocampus and DLPFC (Table 4). There were 68
overlapping controls and 25 subjects with schizophrenia in the
hippocampal and DLPFC cohorts. A smaller subgroup was
selected from the initial cohort for protein experiments
(Table 4). Expression of DISC1 mRNA was also examined at
several stages of brain development and aging, in tissue slices
through the posterior hippocampus from 38 normal controls
aged 5 weeks through 86 years (Table 5).

All brain tissue used in this study was obtained with
informed consent from the legal next of kin under NIMH

protocol 90-M-0142. Diagnoses were determined by indepen-
dent reviews of clinical records by two Board Certified psy-
chiatrists using DSM-IV criteria. Normal subjects have been
screened with a psychological autopsy (at least 30 items) by
interviews with the next of kin by our staff in addition to
being interviewed by medical examiner investigators. More-
over, all brain tissue from normal controls has been screened
by macro and microscopic neuropathological examinations
and toxicology screening.

Total daily, lifetime and last dose of neuroleptic medication
was calculated for each patient with schizophrenia and
converted to chlorpromazine equivalents (CPZ; mean daily
dose 480 + 267 mg/day; mean lifetime CPZ equivalent
3.20mg x 10° 4+ 0.5 x 10° mean last recorded CPZ dose
468 + 81 mg/day). Smoking and substance abuse history
was also recorded. When information was missing, smoking
was verified through toxicological analysis of nicotine and
cotinine levels in blood or brain. Toxicological analysis was
conducted for every case by a forensic toxicologist. Non-
psychiatric cases with toxicology screenings positive for
ethanol above the American Medical Laboratory Inc.
(0.05 g/dL) or positive for any medication above therapeutic
levels or any illicit drugs were excluded from the control
group. Positive toxicology was not an exclusion criterion for
cases with schizophrenia.

RNA extraction and reverse transcription

Tissue was pulverized and stored at —80°C. Total RNA was
extracted from 300 mg of tissue using the TRIZOL Reagent
(Life Technologies Inc., Grand Island, NY, USA). The yield
of total RNA was determined by absorbance at 260 nm.
RNA quality was assessed with a high-resolution capillary
electrophoresis (Agilent Technologies, Palo Alto, CA, USA)
and samples showing clearly defined, sharp 18S and 28S
ribosomal peaks, 28S/18S ratios >1.2 and RIN >3.8 were
included. Total RNA (4 pg) was used in 50 pl of reverse tran-
scriptase reaction to synthesize ¢cDNA, using a SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad, CA, USA).

Oligonucleotide and primers design

Commercial Tagman probes/primer sets were used for DISC1
(Applied Biosystems, Foster City, CA, USA Assays-on-
Demand), as well as for NUDEL, FEZI, Reelin and three
endogenous control genes: porphobilinogen deaminase
(PBGD), B-2-microglobulin (B2M) and [-glucuronidase
(GUSB) (Table 1). In particular, the sequence of the
NUDEL probe was specific for NUDEL and not for Ndel, a
structurally and functionally similar protein, or any other
sequence. In addition, custom-made primers/probes were
designed using PRIMER EXPRESS software, to amplify
specific transcripts based on the unique exon structure of
each DISCI isoform (25) (Fig. 1A).

Quantitative real-time PCR

Expression levels of mRNAs were measured by real-time
quantitative (RT-PCR), using ABI Prism 7900 sequence
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Table 4. Characteristics of subject cohorts used for mRNA expression and immunoreactivity measurements
n Race Sex Age PMI pH RIN

Hippocampus- mRNA

Controls 73 44AA/2A/3H/24C 19F/54M 41.6 + 14.8 314 + 144 6.61 + 0.26 57+ 1.0

Schizophrenia patients 32 17AA/1H/14C 9F/23M 463 + 152 352+ 152 6.53 +0.27 54+ 1.1
DLPFC- mRNA

Controls 70 41AA/3A/4H/22C 19F/51M 41.7 + 152 32.6 + 14.1 6.61 + 0.24 6.7+ 1.3

Schizophrenia patients 36 17AA/3H/16C 1SF/21M 49.8 + 18.3 36.1 +16.8 6.51 +0.27 6.5+ 1.6
Hippocampus- protein

Controls 53 31AA/1A/3H/18C 16F/37M 41.6 + 163 304 + 143 6.61 +0.24 57+04

Schizophrenia patients 22 10AA/12C SF/17M 42.6 + 159 36.6 + 14.7 6.52 + 0.26 55+ 0.6

AA, African American; A, Asian; H, Hispanic; C, Caucasian; F, female; M,

(on a scale 1-10).

Table 5. Characteristics of subjects used for mRNA expression measurement
across life stages

Group n Race Sex Age PMI pH

Neonates 5 AA SF/OM 2.65 + 1.35(m) 399 +21.0 6.46 + 0.27
Infants 5 AA 2F3M 74 +30(m) 453 + 134 653 +0.18
Teens 9 AA O0F9M 168 + 1.68 (y) 32.24+229 6.39 +0.33
Young adults 5 AA OF/5M 223 + 1.63 (y) 30.1 +10.1 6.35 + 0.43
Adults 9 AA O0F9M 414 +65(y) 3254129 6.38 +0.28
Aged 5 AA O0F/5M 767 £ 69 (y) 458+ 151 6.32 4+ 0.26

Age of neonates and infants given in months (m), other groups in years
(y). AA, African American; F, female; M, male; PMI, postmortem
interval (h).

detection system with 384-well format (Applied Biosystems).
Each 10—20 wl reaction contained 900 nM of primer, 250 nM
of probe and Tagman Universal PCR Mastermix (Applied
Biosystems) containing Hot Goldstar DNA Polymerase,
dNTPs with dUTP, uracil-N-glycosylase, passive reference
and 100—-200 ng of cDNA template. PCR cycle parameters
were 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C
for 15 s and 59°C or 60°C for 1 min. PCR data were acquired
from the Sequence Detector Software (SDS version 2.0,
Applied Biosystems) and quantified by a standard curve
method using serial dilutions of pooled cDNA derived from
RNA obtained from hippocampi or DLPFC of 10-12
normal control subjects. In each experiment the R*-value of
the curve was more than 0.99, the slope was between —3.2
and —3.5 (amplification efficiency 96—101%) and controls
comprising no-template cDNA resulted in no detectable
signal. All samples were measured in a single plate for each
gene, and their cycles at threshold (Cy) values were in the
linear range of the standard curve. All measurements were per-
formed in triplicates. The data were normalized to control
genes and a geometric mean of these genes (50).

DISC1 mRNA in situ hybridization in the human
hippocampus

To assess the relative temporal, regional and cellular distri-
bution of the DISCI1 signal in the human hippocampal
formation and the overlaying neocortex, we examined

male; PMI, postmortem interval (h); RIN, Agilent RNA integrity number

normal control individuals from a separate brain collection
using riboprobe in situ hybridization. Coronal sections (two
anatomically matched slices per brain) were cut from blocks
dissected from the caudal third of the medial temporal lobe.
A riboprobe recognized a 1172 bp fragment of human
DISC1 (accession no. NM_018662) corresponding to nucleo-
tides 915-2087 (exons 2—10) (36) (Fig. 1B). A cDNA
template was generated by subcloning the DISCI1 insert into
a pCRII vector (Invitrogen). Sense and antisense riboprobes
were then synthesized using a T7 promoter and a HindIII lin-
earized vector (sense strand) and SP6 promoter with the Notl
linearized vector for the antisense riboprobe. >>S-UTP-labeled
probes for DISC1 with specific activity of 7.4 x 10® cpm/pg
were synthesized and purified by ethanol precipitation.
Hybridization was performed overnight at 55°C using a
hybridization buffer (200 pl) containing DISCI1 riboprobe
(5 ng/ml). Slices and the '*C standards were exposed to
Kodak BioMax film for 8 weeks and analyzed using NIH
Image. Slides were then dipped in emulsion, exposed for
additional 12 weeks, counterstained with Nissl substance and
used to evaluate silver grain distribution. In addition, to
assess transcript-specific expression of Es and S variants,
T7/T3 promoter-tagged DISC1 riboprobe templates were
designed by PCR as described previously (51). Outer/inner
primers for two rounds of amplification were chosen in exon
3 for the transcript Es (outer: 5 GGAATCATTTTCCCCTT
GGT 3’ and 5 GGCACTGGGCACAATAAACT 3, inner:
5" ccaagcctteattaacccteactaaagggaga AAAGTCGGCCCTC
CATATCT 3’ and 5 cagagatgcataatacgactcactatagggaga
TTCTGGAAGCAAGGGAAGAA 3') and in exon 107 for
the transcript S (outer: 5 ACTTCTCTGTACTACAGTGT
TAT 3’ and 5 ATATAAGTACTGTGATGCAGAGT 3/,
inner: 5" ccaagccttcattaaccctcactaaagggagaCCTGGACACA
GAGAAGTCAGC 3 and 5 cagagatgcataatacgactcactata
gggaga TGTCTCTTCAATGCCCTTTCA 3') (Fig. 1B).
However, in pilot studies no signal was detected in slices by
ISHH using Es or S probes (data not shown).

Immunoblotting

Human hippocampal tissue samples (100—130 mg; 1 g tissue:
10 ml buffer) were homogenized in a protease inhibitor—Tris-
glycerol extraction buffer (AEBSF 0.024%, aprotinin 0.005%,
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leupeptin 0.001%, pepstatin A 0.001%, glycerol 50%, Tris
0.6%). Protein concentration was determined using the
Bradford assay. Homogenates (4 pg of total protein/10 l)
were diluted with water, XT sample buffer and 1X antioxidant
(Bio-Rad Laboratories Inc., Hercules, CA), and heated to 80°C
for 5 min. Ten microlitres of sample was loaded onto precast
10% Bis—Tris polyacrylamide gels (Bio-Rad Laboratories
Inc.), and proteins were separated by electrophoresis at
200V for 1h. Each gel contained a molecular weight
marker ladder SeeBlue Plus 2 (Invitrogen), a pooled sample
from 10 normal controls at three concentrations (2, 4 and
6 pg of total protein content per 10 pl), and 20 samples
from patients with schizophrenia and controls. A total of
four separate gels were used in one experiment (n =75
samples). Gels were transferred onto nitrocellulose mem-
branes at 85V for 30 min, membranes blocked for 1 h in
10% goat serum in Tris-buffered saline (TBS) with 0.1%
Tween-20 (TBS-T), and incubated with an anti-DISC1 anti-
body (1:2000) raised against peptide sequence corresponding
to amino acid 601-854 of the C-terminus of DISC1 (25,39)
and anti-actin (1:3000 dilution) antibody. Blots were rinsed in
TBS-T, incubated in a peroxidase-conjugated rabbit or mouse
(actin) secondary antibody (1:10 000 dilution, Chemicon,
Temecula, CA) for 2 h in 5% normal goat serum in TBS-T,
rinsed in TBS-T and developed in ECL-plus (Amersham/GE
Healthcare, Buckinghamshire, UK). The values were expressed
as the percentage of a mean of controls on the same gel and as a
ratio to actin.

DISC1 genotype determination

DNA was extracted from cerebellar brain tissue of subjects
used in the RT-PCR and immunoblotting experiments
(n = 122) using a protocol by PUREGENE (Gentra Systems,
MN, USA). Twelve SNPS were genotyped: (1) rs751229,
(2) 1s1572899, (3) 71s1934909, (4) 131538976, (5)
hCV1650667, (6) rs4079841, (7) rs999710, (8) hCV219779,
(9) rs821597, (10) rs821616, (11) and (12) rs1411776, based
on an earlier report from our laboratory (18) (Fig. 1B).
Three of these SNPs, (8) hCV219779, (9) rs821597, (10)
rs821616, showed evidence of association with schizophrenia
in our earlier report (18), and one (10) rs821616, a non-
synonomous SNP in exon 11, was particularly strongly
associated. Thus, we made an a priori prediction that these
three SNPs, and not the others, would show an effect on
gene expression. Genotyping was performed using the
Tagman 5'-exonuclease allelic discrimination assay (details
available on request). Genotype reproducibility was routinely
assessed by re-genotyping all samples for selected SNPs and
was generally >99%.

Determination of the effects of antipsychotic drugs in rats

To test whether chronic exposure to antipsychotic drugs might
have contributed to changes in the expression levels observed
in patients with schizophrenia, we measured the expression of
NUDEL, FEZ1 and DISC1 mRNA in the frontal cortex of rats
treated chronically with clozapine and haloperidol. All
procedures were performed in accordance with the National
Institutes of Health Guidelines for use and care of laboratory

animals. Male Sprague—Dawley rats (weight 250 g) were on
a 12-h light/dark cycle (lights on/off 6:00 AM/6:00 PM) in a
temperature-controlled environment and with ad lib access
to food and water. Rats were randomly assigned to drug
treatment groups (8—10 per dose) and given intraperitoneal
injections of haloperidol (0.08, 0.6 and 1 mg/kg), clozapine
(0.5, 5, 10 mg/kg) or vehicle (0.02% lactic acid) once daily
for 28 days. Haloperidol (Research Biochemicals Inc.,
Natick, MA, USA) (20 mg/ml) was prepared in 1% lactic
acid, then further diluted with water and 1 M NaOH added
to obtain pH 5.3. Clozapine (a gift from Sandoz Research
Institute Berne Ltd., Berne, Switzerland) (100 mg) was dis-
solved in 0.1 M HCI, diluted with water and neutralized to
pH 5.2. Rats were killed 7 h after the last injection. Frontal
cortex without WM was dissected and frozen at —80°C.
RNA was extracted as described earlier for human tissue
and mRNA measured by RT-PCR using the following
Tagman ABI assays: for FEZ1 (Rn00579248), DISCI1
(Rn00598264_m1), NUDEL (Rn00502723_ml), GAPDH
(Rn99999916_s1), PBGD/HMBS (Rn00565886_m1), B2M
(Rn00560865_m1).

Tagman assays for LIS1 or reelin were not available, so
we did not quantify mRNA of these genes in the rat tissue.
The expression data of target genes were normalized to a geo-
metric mean of the three previously described control genes.

Statistical analyses

Statistical analyses were conducted using Statistica [StatSoft
Inc., 2005, STATISTICA (data analysis software system)]
version 7.1., www.statsoft.com. Multiple regression analyses
were used for determining the contribution of demographic,
tissue- and disease-related variables to the gene expression
levels and logistic regression for determining the diagnostic
prediction. Comparisons between diagnostic groups were
made using ANCOVA for each mRNA with diagnosis as the
independent variable and continuous variables as covariates.
Covariates were those variables, which were significantly
impacting the expression of a particular gene. Thus, not
surprisingly, covariates were not identical for each gene
assay. Effects of genotype variation on gene expression were
examined using ANOVA with genotype and diagnosis as
independent variables. A co-variate analysis was used in
case of significant contributions of the variable to the gene
expression levels.

ACKNOWLEDGEMENTS

We would like to thank Dr Llewellyn L. Bigelow and Mrs
Amy Deep-Soboslay for their contribution to procurement of
brain tissue and postmortem clinical characterization of sub-
jects, Drs Koko Ishizuka and Naoya Sawamura for their
help with DISC1 antibody characterization and purification,
Mrs Yeva Snitkovsky, and Mr Robert Fatula for their excellent
technical assistance. Most importantly, we thank the families
of the deceased for the donations of brain tissue, and their
time and effort devoted to the consent process and interviews,
and the staff of the Offices of the Chief Medical Examiner
of District of Columbia and of Northern Virginia for their



assistance. This research was supported by the Intramural
Program of the National Institutes of Health, NIMH.

Conflict of Interest statement. None declared.

REFERENCES

1.

1.

13.

14.

Harrison, P.J., and Weinberger, D.R. (2005) Schizophrenia genes, gene
expression, and neuropathology: on the matter of their convergence. Mol.
Psychiat., 10, 40—68.

. Craddock, N., O’Donnovan, M.C. and Owen, M.J. (2005) The genetics of

schizophrenia and bipolar disorder: dissecting psychosis. J. Med. Genet.,
42, 193-204.

. Weinberger, D.R. (1999) Cell biology of the hippocampal formation in

schizophrenia. Biol. Psychiat., 45, 395—402.

. Lewis, D.A., Glantz, L.A., Pierri, J.N. and Sweet, R.A. (2003) Altered

cortical glutamate neurotransmission in schizophrenia: evidence from
morphological studies of pyramidal neurons. Ann. NY Acad. Sci., 1003,
102-112.

. Harrison, P.J. (2004) The hippocampus in schizophrenia: a review of the

neuropathological evidence and its pathophysiological implications.
Psychopharmacology (Berl)., 174, 151-162.

. Weinberger, D.R., Egan, M.F., Bertolino, A., Callicott, J.H., Mattay, V.S.,

Lipska, B.K., Berman, K.F. and Goldberg, T.E. (2001) Prefrontal neurons
and the genetics of schizophrenia. Biol. Psychiat., 50, 825—844.

. Cannon, M., Caspi, A., Moffitt, T.E., Harrington, H., Taylor, A.,

Murray, R.M. and Poulton, R. (2002) Evidence for early-childhood,
pan-developmental impairment specific to schizophreniform disorder:
results from a longitudinal birth cohort. Arch. Gen. Psychiat., 59,
449-456.

. Niemi, L.T., Suvisaari, J.M., Haukka, J.K. and Lonnqvist, J.K. (2005)

Childhood predictors of future psychiatric morbidity in offspring of
mothers with psychotic disorder: results from the Helsinki High-Risk
Study. Br. J. Psychiat., 186, 108—114.

. Weinberger, D.R. (1995) From neuropathology to neurodevelopment.

Lancet, 346, 552—-557.

. St Clair, D., Blackwood, D., Muir, W., Carothers, A., Walker, M.,

Spowart, G., Gosden, C. and Evans, H.J. 1990. Association within family
of a balanced autosomal translocation with major mental illness. Lancet,
336, 13—-16.

Millar, J.K., Wilson-Annan, J.C., Anderson, S., Christie, S., Taylor, M.S.,
Semple, C.A, Devon, R.S., Clair, D.M., Muir, W.J., Blackwood, D.H. and
Porteous, D.J. (2000) Disruption of two novel genes by a translocation
co-segregating with schizophrenia. Hum. Mol. Genet., 9, 1415—1423.

. Millar, J.K., Christie, S., Anderson, S., Lawson, D., Hsiao-Wei Loh, D.,

Devon, R.S., Arveiler, B., Muir, W.J., Blackwood, D.H. and Porteous,
D.J. (2001) Genomic structure and localisation within a linkage hotspot of
Disrupted In Schizophrenia 1, a gene disrupted by a translocation
segregating with schizophrenia. Mol. Psychiat., 6, 173—178.
Blackwood, D.H., Fordyce, A., Walker, M.T., St Clair, D.M.,

Porteous, D.J. and Muir, W.J. 2001. Schizophrenia and affective
disorders—cosegregation with a translocation at chromosome 1q42 that
directly disrupts brain-expressed genes: clinical and P300 findings in a
family. Am. J. Hum. Genet., 69, 428—433.

Devon, R.S., Anderson, S., Teague, P.W., Burgess, P., Kipari, T.M.,
Semple, C.A., Millar, J.K., Muir, W.J., Murray, V., Pelosi, A.J. et al.
(2001) Identification of polymorphisms within Disrupted in Schizophrenia
1 and Disrupted in Schizophrenia 2, and an investigation of their
association with schizophrenia and bipolar affective disorder. Psychiatr.
Genet., 11, 71-78.

. Ekelund, J., Hovatta, 1., Parker, A., Paunio, T., Varilo, T., Martin, R.,

Suhonen, J., Ellonen, P., Chan, G., Sinsheimer, J.S. et al. (2001)
Chromosome 1 loci in Finnish schizophrenia families. Hum. Mol. Genet.,
10, 1611-1617.

. Ekelund, J., Hennah, W., Hiekkalinna, T., Parker, A., Meyer, J.,

Lonngvist, J. and Peltonen, L. (2004) Replication of 1q42 linkage in
Finnish schizophrenia pedigrees. Mol. Psychiat., 9, 1037—1041.

. Hennah, W., Varilo, T., Kestila, M., Paunio, T., Arajarvi, R., Haukka, J.,

Parker, A., Martin, R., Levitzky, S., Partonen, T. et al. (2003) Haplotype
transmission analysis provides evidence of association for DISCI1 to
schizophrenia and suggests sex-dependent effects. Hum. Mol. Genet.,
12, 3151-3159.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Human Molecular Genetics, 2006, Vol. 15, No. 8 1257

Callicott, J.H., Straub, R.E., Pezawas, L., Egan, M.F., Mattay, V.S.,
Hariri, A.R., Verchinski, B.A., Meyer-Lindenberg, A., Balkinssoon, R.,
Kolachana, B. et al. (2005) Variation in DISC1 affects hippocampal
structure and function and increases risk for schizophrenia. PNAS, 102,
8627-8632.

Hodgkinson, C.A., Goldman, D., Jaeger, J., Persaud, S., Kane, J.M.,
Lipsky, R.H. and Malhotra, A.K. 2004. Disrupted in schizophrenia 1
(DISC1): association with schizophrenia, schizoaffective disorder, and
bipolar disorder. Am. J. Hum. Genet., 75, 862—872.

Cannon, T.D., Hennah, W., van Erp, T.G., Thompson, P.M., Lonnqyvist, J.,
Huttunen, M., Gasperoni, T., Tuulio-Henriksson, A., Pirkola, T., Toga,
A.W. et al. (2005) Association of DISCI/TRAX haplotypes with
schizophrenia, reduced prefrontal gray matter, and impaired short- and
long-term memory. Arch. Gen. Psychiat., 62, 1205—1213.

Burdick, K.E., Hodgkinson, C.A., Szeszko, P.R., Lencz, T., Ekholm, J.M.,
Kane, J.M., Goldman, D., Malhotra, A.K. DISCI and neurocognitive
function in schizophrenia. Neuroreport, 16, 1399—1402.

Hennah, W., Tuulio-Henriksson, A., Paunio, T., Ekelund, J., Varilo, T.,
Partonen, T., Cannon, T.D., Lonngvist, J. and Peltonen, L.A. (2005) A
haplotype within the DISC1 gene is associated with visual memory functions in
families with a high density of schizophrenia. Mol. Psychiat., 10, 1097—1103.
Thomson, P.A. Harris, S.E., Starr, .M., Whalley, L.J., Porteous, D.J. and
Deary, 1.J. 2005. Association between genotype at an exonic SNP in
DISC1 and normal cognitive aging. Neurosci. Lett., 389, 41—-45.

Ma, L., Liu, Y., Ky, B., Shughrue, P.J., Austin, C.P. and Morris, J.A.
(2002) Cloning and characterization of Discl, the mouse ortholog of
DISCI (Disrupted-in-Schizophrenia 1). Genomics, 80, 662—672.

Ozeki, Y., Tomoda, T., Kleiderlein, J., Kamiya, A., Bord, L., Fujii, K.,
Okawa, M., Yamada, N., Hatten, M.E., Snyder, S.H. et al. (2003)
Disrupted-in-Schizophrenia-1 (DISC-1): mutant truncation prevents
binding to NudE-like (NUDEL) and inhibits neurite outgrowth. Proc. Natl
Acad. Sci. USA, 100, 289-294.

Taylor, M.S., Devon, R.S., Millar, J.K. and Porteous, D.J. (2003)
Evolutionary constraints on the Disrupted in Schizophrenia locus.
Genomics, 81, 67-77.

Morris, J.A., Kandpal, G., Ma, L. and Austin, C.P. (2003) DISC1
(Disrupted-In-Schizophrenia 1) is a centrosome-associated protein that
interacts with MAP1A, MIPT3, ATF4/5 and NUDEL: regulation and loss
of interaction with mutation. Hum. Mol. Genet., 12, 1591-1608.

Millar, J.K., James, R., Brandon, N.J. and Thomson, P.A. (2004) DISC1
and DISC2: discovering and dissecting molecular mechanisms underlying
psychiatric illness. Ann. Med., 36, 367—378.

Brandon, N.J., Schurov, I., Camargo, L.M., Handford, E.J.,
Duran-Jimeniz, B., Hunt, P., Millar, J.K., Porteous, D.J., Shearman, M.S.
and Whiting, P.J. (2005) Subcellular targeting of DISC1 is dependent on a
domain independent from the Nudel binding site. Mol. Cell. Neurosci., 28,
613-624.

James, R., Adams, R.R., Christie, S., Buchanan, S.R., Porteous, D.J. and
Millar, J.K. (2004) Disrupted-in-Schizophrenia 1 (DISC1) is a
multicompartmentalized protein that predominantly localizes to
mitochondria. Mol. Cell. Neurosci., 26, 112—122.

Brandon, N.J., Handford, E.J., Schurov, 1., Rain, J.C., Pelling, M.,
Duran-Jimeniz, B., Camargo, L.M., Oliver, K.R., Beher, D., Shearman,
M.S. and Whiting, P.J. (2004) Disrupted in Schizophrenia 1 and Nudel
form a neurodevelopmentally regulated protein complex: implications for
schizophrenia and other major neurological disorders. Mol. Cell.
Neurosci., 25, 42-55.

Miyoshi, K., Honda, A., Baba, K., Taniguchi, M., Oono, K., Fujita, T.,
Kuroda, S., Katayama, T. and Tohyama, M. (2003)
Disrupted-In-Schizophrenia 1, a candidate gene for schizophrenia,
participates in neurite outgrowth. Mol. Psychiat., 8, 685—694.

Miyoshi, K., Asanuma, M., Miyazaki, I., Diaz-Corrales, F.J., Katayama, T.,
Tohyama, M., Ogawa, N. (2004) DISCI localizes to the centrosome by
binding to kendrin. Biochem. Biophys. Res. Commun., 317, 1195—1199.
Millar, J.K., Christie, S. and Porteous, D.J. (2003) Yeast two-hybrid
screens implicate DISC1 in brain development and function. Biochem.
Biophys. Res. Commun., 311, 1019-1025.

Hayashi, M.A., Portaro, F.C., Bastos, M.F., Guerreiro, J.R., Oliveira, V.,
Gorrao, S.S., Tambourgi, D.V., Sant’anna, O.A., Whiting, P.J., Camargo,
L.M. et al. (2005) Inhibition of NUDEL (nuclear distribution
element-like)-oligopeptidase activity by disrupted-in-schizophrenia 1.
Proc. Natl Acad. Sci. USA, 102, 3828-3833.



1258

36.

37.

38.

39.

40.

41.

42.

43.

44.

Human Molecular Genetics, 2006, Vol. 15, No. 8

Austin, C.P., Ma, L., Ky, B., Morris, J.A. and Shughrue, P.J. (2003)
DISC1 (Disrupted-in-Schizophrenia 1) is expressed in limbic regions of
the primate brain. Neuroreport, 14, 951-954.

Webster, M.J., Weickert, C.S., Herman, M.M. and Kleinman, J.E. (2003)
BDNF mRNA expression during postnatal development, maturation and aging
of the human prefrontal cortex. Brain Res. Dev. Brain Res., 139, 139—150.
Law, A.J., Weickert, C.S., Webster, M.J., Herman, M.M., Kleinman, J.E.
and Harrison, P.J. (2003) Changes in NMDA receptor subunit mRNAs
and cyclophilin mRNA during development of the human hippocampus.
Ann. NY Acad. Sci., 1003, 426-430.

Sawamura, N., Sawamura-Yamamoto, T., Ozeki, Y., Ross, C.A. and
Sawa, A. (2005) A form of DISC1 enriched in nucleus: altered subcellular
distribution in orbitofrontal cortex in psychosis and substance/alcohol
abuse. Proc. Natl Acad. Sci. USA, 102, 1187—-1192.

Guidotti, A., Auta, J., Davis, J.M., Di-Giorgi-Gerevini, V., Dwivedi, Y.,
Grayson, D.R., Impagnatiello, F., Pandey, G., Pesold, C., Sharma, R. et al.
(2000) Decrease in reelin and glutamic acid decarboxylase 67 (GAD67)
expression in schizophrenia and bipolar disorder: a postmortem brain
study. Arch. Gen. Psychiat., 57, 1061—1069.

Costa, E. Davis, J., Pesold, C., Tueting, P. and Guidotti, A. (2002) The
heterozygote reeler mouse as a model for the development of a new
generation of antipsychotics. Curr. Opin. Pharmacol., 2, 56—62.
Assadi, A.H., Zhang, G., Beffert, U., McNeil, R.S., Renfro, A.L., Niu, S.,
Quattrocchi, C.C., Antalffy, B.A., Sheldon, M., Armstrong, D.D. et al.
(2003) Interaction of reelin signaling and Lisl in brain development. Nat.
Genet., 35, 270-276.

Schurov, I.L., Handford, E.J., Brandon, N.J. and Whiting, P.J. (2004)
Expression of disrupted in schizophrenia 1 (DISC1) protein in the adult
and developing mouse brain indicates its role in neurodevelopment. Mol.
Psychiat., 9, 1100—1110.

Austin, C.P., Ky, B., Ma, L, Morris, J.A. and Shughrue, P.J. (2004)
Expression of Disrupted-In-Schizophrenia-1, a schizophrenia-associated

45.

46.

47.

48.

49.

50.

S1.

gene, is prominent in the mouse hippocampus throughout brain
development. Neuroscience, 124, 3—10.

Honda, A., Miyoshi, K., Baba, K., Taniguchi, M., Koyama, Y.,

Kuroda, S., Katayama, T. and Tohyama, M. (2004) Expression of
fasciculation and elongation protein zeta-1 (FEZ1) in the developing rat
brain. Brain Res. Mol. Brain Res., 122, 89-92.

Shu, T., Ayala, R., Nguyen, M.D., Xie, Z., Gleeson, J.G. and

Tsai, L.H. (2004) Ndell operates in a common pathway with LIS1 and
cytoplasmic dynein to regulate cortical neuronal positioning. Neuron, 44,
263-277.

Yamada, K., Nakamura, K., Minabe, Y., Iwayama-Shigeno, Y., Takao, H.,
Toyota, T., Hattori, E., Takei, N., Sekine, Y., Suzuki, K. ef al. (2004)
Association analysis of FEZ1 variants with schizophrenia in Japanese
cohorts. Biol. Psychiat., 56, 683—690.

Millar, J.K., Pickard, B.S., Mackie, S., James, R., Christie, S.,
Buchanan, S.R., Malloy, M.P., Chubb, J.E., Huston, E., Baillie, G.S. et al.
(2005) DISC1 and PDE4B are interacting genetic factors in schizophrenia
that regulate cAMP signaling. Science, 310 (5751), 1187—-1191.
Kamiya, A., Kubo, K., Tomoda, T., Takaki, M., Youn, R.,

Ozeki, Y., Sawamura, N., Park, U., Kudo, C., Okawa, M. et al. (2005)
A schizophrenia-associated mutation of DISC1 perturbs cerebral cortex
development. Nat. Cell Biol., 7, 1067—1078.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N.,
De Paepe, A. and Speleman, F. (2002) Accurate normalization of
real-time quantitative RT-PCR data by geometric averaging of multiple
internal control genes. Genome Biol., 3, RESEARCH0034.

Matsumoto, M., Weickert, C.S., Akil, M., Lipska, B.K., Hyde, T.M.,
Herman, M.M., Kleinman, J.E. and Weinberger, D.R. (2003) Catechol
O-methyltransferase mRNA expression in human and rat brain:
evidence for a role in cortical neuronal function. Neuroscience, 116,
127-137.



