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3. Results
3.1. FMRI allele frequency in the general population

For the FMRI (CGG)n allelic expansion, we ana-
lyzed 946 normal Japanese samples (576 males and 370
females). A total of 1161 alleles, (513 male and 324
female samples), were considered appropriate for ampli-
fication of the CGG repeat region of the FMRI gene.
We could not amplify the repeat region from 155 alleles,
(63 males and 46 females). Results indicated there were
no carriers with an allele for full mutation or premuta-
tion. As seen in Table 1 and Fig. 1, all of the detected
alleles were within the normal range (<50 CGGs). The
number of CGG repeats ranged from 8 to 50, with a
modal number of 27 (35.75%), a second peak at 26
(19.29%), and a minor peak at 34 (5.25%). Jointly, 26—
28 repeats were found in 844 alleles (72.61%). Intermedi-
ate size was defined as 40-50 repeats, and a total of 6
alleles were found within this range (5 males and 1
female). The overall normal allele frequency was
99.48% (1155/1161) and the intermediate allele
prevalence was 0.52% (6/1161), ie., 1:194 X
chromosomes. Allele distribution observed in this study
was significantly different from previous analyses that
used the CLUMP software to examine Caucasian [4]
(730.53, p=0.000010), Mexican [22] (563.14, p=
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3.2. Analysis in autistic patients

Among the 109 patients (116 alleles), no expanded or
intermediate alleles with more than 50 repeats were
found (Table 2). All affected children had normal alleles
that ranged from 16 to 36 with the first peak at 26
(38.79%). As compared to the general population, there
were no significant differences noted among the FMR/
allele frequencies. We also analyzed the patient’s parents
(106 mothers and 106 fathers, total 318 alleles), and
found no premutation allele carriers (data not shown).

4. Discussion

In this study, we used the DNA samples from collected
by the Pharma SNP consortium (PSC), a DNA Bank. The
samples were kept relatively longer than the usual DNA
testing. The amplification of the CGG repeat region is
sometimes difficult if the sample is not fresh. Only the lim-
ited DNA samples were available and we could not
amplify the repeat region from 155 alleles.

In previously reported studies, the CGG repeat allele
frequencies differed ethnically [16,22] from the data
reported by Arinami et al. for the normal Japanese pop-
ulation. The data reported by Arinami et al. also differed
from our current results. The modal repeat numbers
reported by Arinami et al. were 28 (40.5%), 29 (30.8%)

0.000010) and other Japanese [16] (505.23, p= and 35 (7.8%) while our numbers were 27 (35.8%), 26
0.000010) populations. (19.3) and 28 (17.6). The reason for this difference might
Table 1
Distribution of FMRI allele in normal Japanese population.
CGG Female Male Y% CGG Female Male Yo
<Normal range>
8 0 1 0.09 30 5 4 0.78
9 0 0 31 5 3 0.69
10 0 0 32 7 5 1.03
11 0 0 33 37 21 5.00
12 0 0 34 29 32 5.25
13 0 1 0.09 35 8 4 1.03
14 0 0 36 6 3 0.78
15 0 0 37 5 4 0.69
16 1 4] 0.09 38 1 0 0.09
17 3 0 0.26 39 0 1 0.09
18 1 6 0.60 <Intermediate>
19 1 1 0.17 40 0 i 0.09
20 11 3 1.21 41 0 i 0.09
21 16 12 2.33 42 0 0
22 9 8 1.55 43 0 0
23 5 1 0.52 44 0 0
24 5 2 0.60 45 0 1 0.09
25 8 4 1.03 46 0 1 0.09
26 145 79 19.29 47 1 0 0.09
27 227 189 35.75 48 0 0
28 100 104 17.57 49 0 0
29 12 20 2.76 50 0 1 0.09
Total 648 513 100
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Fig. 1. Allele frequencies for CGG repeat in FMR/ in 1161 normal Japanese population. Male and female were indicated by black and white column,

respectively. See also Table 1.

Table 2
FMRI allele frequencies in autistic patients and normal controls.

No. of FMRI CGG repeats Autism (n = 116 alleles)

Controls (n = 1161 alleles)

Male (n=102)

Female (n = 14)

Male (n = 513) Female (n = 648)

6-39 (Normal) 102
40-54 (Intermediate) 0
55-200 (Premutation) 0
=200 (Full mutation) 0

14

0
0
0

508 (99%) 647 (99%)
5 (0.97%) 1 (0.15%)
0 0
0 0

be related to the different automated sequencer method-
ology and the PCR slippage. However, the difference
was not simply associated with just the size but also
the pattern, and thus the sample differences could have
influenced the data.

In a previous screening of the mental retardation (MR)
population in Japan, the prevalence of FXS ranged from
0.8% [15] to 2.4% [17] in males with MR. This result is
slightly lower than that which has been reported for the
Caucasian MR population rates, where it accounted for
2.6-8.7% among male patients with MR {29]. In contrast,
the frequency of FXS in southern Taiwan [23]was 1.9%in
the male MR populations, which is closer to that reported
in Japan. These findings suggest that there is a difference
in the prevalence between other Asian populations. How-
ever, since it is unlikely that all of the fragile X patients
have been completely accounted for in Japan, it is impor-
tant that a wide screening for FXS in the MR population
be undertaken. Therefore, in order to more accurately
study the prevalence of FXS, the frequency of the inter-
mediate and premutation alleles within the normal popu-
lation needs to be determined [5].

This is the first study that has focused on the preva-
lence of FXS by analyzing the intermediate and premu-
tation alleles in the Japanese population. After screening
1161 X chromosomes from non-retarded healthy indi-
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viduals, we found no carriers with the premutation
allele. While the lack of any premutation allele has been
confirmed in other reports in Japan {16,17], the number
of collected samples in those studies was fewer than we
collected in this study. Here, we estimated the frequen-
cies of the intermediate allele (which ranged from 40
to 50 repeats) in normal Japanese subjects to be 1 in
103 males and 1 in 324 females. These frequencies were
lower than the intermediate allele frequencies reported
in the previous studies [10-13]. However, based on our
findings, the prevalence of FXS subjects in Japan can
be estimated to be 1 in about 10,000, which is lower than
the predicted prevalence in Caucasian populations and
in the subsets of Mediterranean and Pakistani popula-
tions (~1 in 4,000 males) [24,25]. Even so, it needs to
be pointed out that the sample numbers used in our sta-
tistical analyses were relatively small and therefore, fur-
ther analyses with sample numbers greater than 10,000
will need to be carried out in order to conclusively dem-
onstrate the FXS prevalence in Japan. The structure of
the CGG repeat may different in Japanese and the pre-
cise sequence study will be necessary.

We also performed an analysis that examined the
length of the CGG repeats in Japanese autistic patients
as a possible candidate locus for autism. The higher
prevalence of autism that is seen in males versus females
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suggests the possible involvement of the X chromosome.
While some earlier studies have reported little or no
association between FXS and autism [26,27], others
have found a high association [28]. In this study, we
did not find any significant difference in the distribution
of the FMRI alleles nor did we find any premutation or
intermediate alleles in any of the autism samples.
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ERERAENRBEHE EHAST
B o#E 2L Fk
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acid alpha-glucosidase, limb-girdle muscular dystrophy, autophagy,
glycogen storage disease type I1
E B BM—DEETH % PompefFIc N LT, BEM
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FEEENHARTIZ 2007 EFET I N, BWESOA
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64 BBl EDRER % & CHEKAERY 2, rabbit
milk 2 5 £ X N7 rhGAA I & D GBI 1Lz fE
PloBHGHRE L RS ROME wETE,
RIFRHELB 27010k & h BEIO SRR SS
DETHHEEILND,



IX. B3 - ABHEE- Pompe IR OBESERISEE (Myozyme)

2. BB PompeR

EFMPompeR 3B FEREHEHL, AR
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Chromatin remodeling may play a role in the neurobiology of schizophrenia and the process, therefore, may
be considered as a therapeutic target. The SMARCAZ2 gene encodes BRM in the SWI/SNF chromatin-remodel-
ing complex, and associations of single nucleotide polymorphisms (SNPs) to schizophrenia were found in
two linkage disequilibrium blocks in the SMARCAZ2 gene after screening of 11 883 SNPs (rs2296212; overall
allelic P = 5.8 x 107°) and subsequent screening of 22 genes involved in chromatin remodeling (rs3793490;
overall allelic P = 2.0 x 107°) in a Japanese population. A risk allele of a missense polymorphism (rs2296212)
induced a lower nuclear localization efficiency of BRM, and risk alleles of intronic polymorphisms (rs3763627
and rs3793490) were associated with low SMARCAZ2 expression levels in the postmortem prefrontal cortex. A
significant correlation in the fold changes of gene expression from schizophrenic prefrontal cortex (from the
Stanley Medical Research Institute online genomics database) was seen with suppression of SMARCAZ2 in
transfected human cells by specific siRNA, and of orthologous genes in the prefrontal cortex of Smarca2
knockout mice. Smarca2 knockout mice showed impaired social interaction and prepulse inhibition.
Psychotogenic drugs lowered Smarca2 expression while antipsychotic drugs increased it in the mouse
brain. These findings support the existence of a role for BRM in the pathophysiology of schizophrenia.
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INTRODUCTION

Schizophrenia is a chronic, severe and disabling brain disorder
that affects approximately 1% of the world’s population. A
large body of data consistently supports the involvement of
complex genetic components causally linked to schizophrenia.
Association studies including genome-wide scans have ident-
ified many risk alleles that have small effects (1-5). In
addition to genetic studies, altered expression of many genes
and proteins in schizophrenic brains has been documented
(6) and epigenetic regulation in schizophrenia has also been
studied (7). Among epigenetic mechanisms, the role of chro-
matin modification in psychiatric disorders and related fields
has been reported for epilepsy (8), drug addiction (9,10),
depression (11), autism (12), fear (13), learning and memory
(13,14), social cognition (15) and stress-related behaviors
(16,17). Histone modifications may contribute to the patho-
genesis of prefrontal dysfunction in schizophrenia (18).

The SMARCA2 gene encodes BRM, one of the earliest
described chromatin remodeling multiprotein complexes in
the yeast SWI/SNF complex (19-23), and highly conserved
among eukaryotes (24). The SWI/SNF molecules are mutually
exclusive within the complexes and harbor ATPase activity
(25-27). This complex functions by destabilizing the inter-
actions between DNA and histones in the nucleosome in an
ATP-dependent reaction (28,29). Mammalian SWI/SNF com-
plexes are present in biochemically diverse forms, indicating
that they may have specialized nuclear functions (30). ATP-
dependent remodeling complexes involved in chromatin
opening or compaction are important in the regulation of tran-
scriptional processes associated with development, cellular
differentiation and oncogenesis (22,31-35).

BRM interacts with several transcription factors and other
DNA-binding proteins and is involved in chromatin structural
modification in the epigenetic regulation of gene expression
(36). SMARCA?2 expression is induced to a high level during
differentiation to neurons and astrocytes, suggesting an impor-
tant role in neural cell differentiations (37). Because BRM
potentially influences expression of many genes, it is hypoth-
esized that functional changes to SMARCA2/BRM may con-
tribute to gene expression changes reported to occur in
schizophrenia.

RESULTS

SNPs in two linkage disequilibrium blocks within the
SMARCA?2 gene were associated with schizephrenia
in the Japanese population

Initially, in 100 Japanese schizophrenic patients, 11 883 SNPs
were screened for association with schizophrenia. These SNPs
exist on the Illumina Human-1 BeadChip and are also depos-
ited in a Japanese SNP (JSNP) database of 1480 Japanese
control chromosomes (http://snp.ims.u-tokyo.ac.jp/
index.html). The potential impact of population structure on
this association study was evaluated by using the genome-
wide x* inflation factor, N, as a genomic control (38,39).
The estimated value of A was 1.05, by which genome-wide
association P-values were corrected. After correction for mul-
tiple testing of these 11 883 SNPs, no significant association
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was found between them and schizophrenia (Supplementary
Material, Table S1).

In the replication 1 cohort, comprised of 576 Japanese
schizophrenic patients and 576 Japanese control subjects, an
attempt was made to replicate the association of the top 5
SNPs, as ranked by the association P-values, with schizo-
phrenia. A potential association was found for only one,
1s2296212 (one-sided allelic P = 0.009) (Supplementary
Material, Table S1). Subsequent analysis in the replication 2
samples of 1344 Japanese schizophrenic patients and 1344
Japanese control subjects confirmed the association for this
SNP (one-sided allelic P = 0.04). The P-value for the associ-
ation was 5.8 x 107 when the initial genome-wide sample
and the total replication 1+ 2 samples were combined
(Table 1).

Because the SMARCA2 gene encodes BRM in SWI/SNF
chromatin remodeling, SNPs within genes that encode
proteins potentially involved in chromatin remodeling were
re-evaluated for association with schizophrenia. CREBBP,
DNMTI, DNMT2, DNMT34, DNMT3B, HATI, HDAC2,
HDAC3, HDAC4, HDAC7, HDACY9, HNMT34, MYSTI,
MYST2, MYST4, SIN3A, SIN3B, SMARCA3, SMARCA4,
SMARCAS and SMARCCI were selected in addition to the
SMARCA?2 genes, with a less stringent criteria of association
used (P-values of less than 0.05). For this screen, SNPs
from the same 100 schizophrenia patients were screened
with an Illumina HumanHap370 BeadChip and compared
with those in 1868 chromosomes of Japanese volunteers
listed in the JSNP database [deposited October 2007, (http://
snp.ims.u-tokyo.ac.jp/index.html)]. Although potentially sig-
nificant association was observed in the SMARCCI and
DNMT3B genes, this did not exist after correction for multiple
testing (Supplementary Material, Table S2). An attempt was
made to replicate the associations of rs13063042 and
rs17079785 in SMARCCI and 1s2424932 in DNMT3B with
schizophrenia in the replication 1 sample. However, no signifi-
cant results were obtained (Supplementary Material,
Table S2).

The SMARCA?2 gene is located at chromosome 9p24.3 and
spans 178282 bp comprising 34 exons. The SNP of
1s2296212 was non-synonymous, D1546E, in exon 33. Sub-
sequent genotyping of 34 tag SNPs in the SMARCA2 gene
in the replication 1 + 2 samples identified a significant associ-
ation with schizophrenia for three SNPs [rs2066111 in intron
12 (allelic P = 8.2 x 107%), 133763627 in intron 12 (allelic
P=12x107% and rs3793490 in intron 19 (allelic P =
3.0 x 107%, Fig. 1 and Table 1]. Resequencing of the
coding region of SMARCA?2 in 24 Japanese patients with
schizophrenia identified no non-synonymous mutations
except for D1546E.

The distance between DIS5S46E and 153793490 was
95 351 bp and these two SNPs were not in linkage disequili-
brium (# =0, D' = 0-0.16). The three intronic SNPs were
in modest linkage disequilibrium with each other; the r
squares were 0.59 between 152066111 and 1s3763627, 0.52
between rs206111 and 1s3793490 and 0.85 between
183763627 and 1s3793490. Therefore, SNPs in two linkage dis-
equilibrium blocks in the SMARCA?2 gene, one in the middle
and one in the 3’ region of the gene, were found to be associ-
ated with schizophrenia in our Japanese population.
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Figure 1. Association of tag SNPs in SMARCA?2 with schizophrenia in the replication samples. Linkage disequilibrium in the HapMap data is also shown with
red indicating high linkage disequilibrium and white denoting low linkage disequilibrium. Exons are shown in the middle.

Risk alleles of intronic SNPs were associated with lower
SMARCA2 gene expression level in the postmortem
prefrontal cortex

Transcription level in the postmortem prefrontal cortex, as
measured by TagMan real-time PCR, was not significantly
different by diagnosis, ethnicity, age, sex, postmortem inter-
vals (PMI) or pH of brain samples. Linear multiple regression
analysis including sex, age, PMIL, pH, ethnicity, diagnosis and
genotypes of the SNPs present resulted in a significant associ-
ations of 1s3763627 (P =0.005) and rs3793490 (P = 0.01)
with SMARCA2 expression level. The difference in
SMARCA2 expression level between the genotypes is shown
in Figure 2. Alleles observed more frequently in the schizo-
phrenia group were associated with a low expression level
of SMARCA? in the prefrontal cortex. When Australian and
Japanese schizophrenic subjects, or schizophrenia patients
and controls were separately analyzed, there were no signifi-
cant differences seen in SMARCA2 expression level.
SMARCA2 expression level was not significantly different
between the genotypes of 12066111 and rs2296212.

The risk allele E1546 causes lower nuclear localization
efficiency of BRM

BRM has several domains highly conserved among species,
such as yeast (23), Drosophila (40) and mammals (27).
Although D1546E is located downstream to the bromodomain,
the polymorphism is in the highly conserved region among
mammalian species, and glutamic acid (E) at the 1546 bp
site in human is commonly found among mammalian
species (Fig. 3A).

BRM is localized in the nucleus (19). In order to analyze
any functional difference of BRM between the two allele
types, localization of BMR was investigated by EGFP fusion
protein (Fig. 3B) transfected into the human glioblastoma
cell line T98G. The D1546 type of EGFP fused BRM
(EGFP/BRM*D) localized to the nucleus; however, the
E1546 type of EGFP fused BRM (EGFP/BRM*E) existed
both in the cytoplasm and nucleus (Fig. 3C and D). Cells
transfected with the two different alleles had a different
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morphology (Fig. 3C). This finding indicates lower nuclear
localization efficiency of the E1546 isoform (BRME) in
transfected cells, and it is hypothesized that the E1546
isoform has less functionality than the D1546 type (BRM*D).

Lower function of the E1546 form of BRM was supported
by transcriptional changes seen in transfected cells

The functional capability of BRM*E was evaluated by com-
parisons of gene expression changes that were introduced by
SMARCAZ*E, SMARCA2*D and siRNA targeted towards
SMARCA2. pDEST26 expression vectors were constructed
with SMARCAZ2*E or SMARCA2*D and introduced into
T98G cells. Transcription of SMARCA2*E and SMARCA2*D
was 50-folds higher than that of control cells (Fig. 4A). The
siRNA targeted against the SMRACA2 gene was introduced
into the same cell lines and translation level decreased to
approximately 1/10 of that from control cells (Fig. 4A). Tran-
scription levels of SMARCA2 were comparable to the level of
translation seen after the immunoblot analysis (Fig. 4A). After
transfection of the pDEST26 with SMARCAZ2*E, the pDEST26
with SMARCA2*D, and siRNA in T98G cells, gene expression
level was measured using Sentrix Human WG-6 BeadChips
(Illumina, CA, USA). Expression changes introduced by
SMARCA2*E, compared with that of SMARCA2*D, were sig-
nificantly correlated with those of the siRNA treatment, com-
pared with that of mock-treated cells (Fig. 4B, P < 0.0001),
again supporting a lower functionality of BRM*E compared
with BRM*D. When outliers defined as values exceeding
two standard deviations from the mean in SMARCA2*E
against SMARCA2*D, and from that in siRNA were excluded,
the correlation was more significant (P < 0.00001).

Gene expression changes seen after suppression
of SMARCA? in transfected human cells were

correlated with those found in the postmortem

prefrontal schizophrenic brains

To evaluate the relationship between lower functioning of
SMARCA?2 and the gene expression profile seen in schizo-
phrenia, gene expression changes after introduction of
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Figure 2. SMARCA?2 expression levels in the postmortem prefrontal region by
genotype [rs3763627 (intron 12) and rs3793490 (intron 19)]. The symbols *
and ** indicate P < 0.05 and P << 0.01, respectively, by Student’s r-test.
The A allele of rs3763627 (P = 0.005) and the T allele of 13793490 (P =
0.01) were associated with lower expression level, when genotype was
coded as 0, | or 2 depending on the number of copies of the risk allele
present, and multiple a simple regression model was fitted. The vertical
scores show average (SEM) of relative expression in each of the three geno-
type groups, compared with mean gene expression in the total samples.

siRNA to T98G cells were compared with those from the post-
mortem prefrontal cortex of schizophrenia patients. Data from
all frontal cortex studies were utilized to determine the mean
expression of each gene. Among 1051 genes with significant
expression changes seen in schizophrenic patients from
the SMRI database (P <<0.05, SMRIDB, https:/
www.stanleygenomics.org/), 445 genes could not be evaluated
due to their low expression level in T98G cells. The fold
change of expression of the remaining 606 genes from the
SMRIDB was significantly correlated with expressional
changes seen after siRNA treatment in T98G cells (P <
0.0009) (Fig. 5A). When outliers defined as mean values
exceeding 10-folds in siRNA against mock were excluded,
the correlation was still significant (P << 0.003).

Gene expression profiles from Smarca2 knockout mice
prefrontal cortex were correlated with those seen in the
postmortem prefrontal schizophrenic brains

To evaluate the relationship between lower functionality of
BRM and the gene expression profile of schizophrenia, gene
expression profiles from the prefrontal cortex of Smarca2
knockout mice (41) were compared with those from the post-
mortem prefrontal cortex of schizophrenic patients in the
SMRIDB. Gene expression in the prefrontal cortex of three
pairs of Smarca? —/— mice and littermate wild-type mice
(Smarca? +/+) at 8 weeks of age were measured with
MouseWG-6 BeadChips (Illumina, CA, USA). Expression
level of 586 genes was significantly different between
Smarca? —/— mice and Smarca? +/+ mice (t-test, P <
0.05). Fifty-two orthologous genes were found between these
586 genes and the 1051 genes with significant expression
changes seen from schizophrenic patients compared with con-
trols in the SMRIDB (Table 2). The fold change in expression
of these 52 genes in Smarca? —/— mice compared with
Smarca? +/4 mice was significantly correlated with the fold
changes of orthologous genes in schizophrenia compared with
controls in the SMRIDB (P < 0.002) (Fig. SB). When outliers
defined as mean values in Smarca? —/— mice exceeding
2-folds from the mean in Smarca2 +/+ mice were excluded,
the correlation was more significant (P < 0.001).
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Confirmation of genes interacting with BRM
by ChIP assay

Although transcriptional changes were observed in many genes
by down- or up-regulation of the SMACAZ2 gene in cultured
T98G cells or in the Smarca2 knockout prefrontal brain, they
were direct or indirect consequences of interaction with the
BRM-containing SWI/SNF chromatin remodeling factors. To
confirm the association of endogenous BRM with the promoters
of these transcriptionally influenced genes, ChIP assay was
carried out using an antibody against BRM. DNA regions that
interacted with BRM were collected and the sequence for
—1163 to — 1026 bp up-stream of the HOMFER I gene confirmed
by PCR. The HOMER] gene was selected because, among the
genes in Table 2, it exhibited a more than 10-fold reduction in
the expression in T98G cells after transfection by the siRNA
targeted towards SMARCA2, and a more than 10-fold increase
after transfection of the pDEST26 with SMARCA2*E or the
pDEST26 with SMARCA2*D. These regions were also detected
after ChIP assay using an antibody against MeCP2, which
interacted with BRM (Fig. 6).

Impaired social interaction and prepulse inhibition
in Smarca2 knockout mice

To evaluate schizophrenia-related behaviors in Smarca2
knockout mice, social interaction and prepulse inhibition
(PPI) of the acoustic startle reflex was measured. Male and
female data were combined for the analysis because no sex
differences were observed. Smarca2 —~/— mice spent a sig-
nificantly shorter time when making contact with an unfami-
liar intruder mouse compared with mice of the other
genotypes (Fig. 7A, P=0.03). There was no significant
difference in novelty seeking behavior between genotypes
(data not shown). Smarca2 —/— mice showed significant
disturbance of PPI at 78 dB (P =0.02) and a trend toward
disturbance of PPI at 82 dB and 86 dB (P = 0.07) compared
with the other genotypes (Fig. 7B).

Smarca2 gene expression in the mouse brains was
decreased by psychotogenic drugs treatments and
increased by antipsychotic drug treatments

The involvement of aberrant NMDA receptor signaling and a
hyperdopaminergic state has been assumed in the pathophy-
siology of schizophrenia. Smarca2 expression was evaluated
in the mouse brain using the MK-801 non-competitive
antagonist of NMDA receptors, the indirect dopamine receptor
agonist methamphetamine and the antipsychotic drugs
haloperidol and olanzapine. The expression of Smarca2 was
significantly decreased after the administration of MK-801
or methamphetamine and increased by administration of
haloperidol and olanzapine (Fig. 7C).

DISCUSSION

SNPs in two linkage disequilibrium blocks in the SMARCA?2
gene were associated with schizophrenia in Japanese popu-
lations and the risk alleles are likely to confer a lower
functioning of SMARCA2/BRM through altered gene
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Figure 3. Nuclear localization efficiency of BRM between alleles of 152296212 (D1546E). (A) Domains in BRM and evolutional comparisons of sequences
around human D1546E. QLQ, Gln-Leu-Gln motif; HAS, Helicase/SANT-associated, DNA binding; TCH, associated with TFs and helicases; DNA/RNA helicase

C; Bromodomain, an acetyl-lysine binding domain. Arrow indicates the position

of the D1546E polymorphism. (B) Plasmid construction for the fusion proteins.

CMYV pro., cytomegalovirus promoter; 6H, 6 histidine; EGFP, enhanced green fiuorescence protein; SMARCA2; SV40 poly A, SV40 polyadenylation signal. (C)
Different cell morphology and intracellular localization of EGFP-SMARCA2 fusion protein between D1546 and E1546 forms in transfected T98G human glio-
blastoma cells. Control: a cell transfected with pDEST26 vector; EGFP: cells transfected with pDEST26 with EGFP; EGFP/SMARCA2*D: a cell transfected

with pDEST26 EGFP-SMARCA?2 (D1546); EGFP/SMARCA2*E: cells transfec

ted with pDEST26 EGFP-SMARCA2 (E1546). One hundred cells were visual-

ized for each sample. (D) Quantification of BRM expression in nucleus and cytosol of cells by western blot analysis. Protein expression level is shown as a mean

(SEM) ratio of the protein expression level in the nucleus. Data from triplicate

expression or intracellular localization. Although the study did
not find significant differences in SMARCA2 transcription
levels in the postmortem prefrontal cortex between schizo-
phrenic patients and controls (data not shown), the SMRI data-
base showed a non-significant trend toward decreased
SMARCA2 transcription levels in schizophrenics compared
with controls (P = 0.07). Additionally, a disruption of the
SMARCA2 gene in a patient with schizophrenia has been
reported (42). BRM is involved in the modification of
chromatin structures in epigenetic regulation of gene

experiments were normalized to the expression of B-actin.

expression (36). Therefore, it was hypothesized that low func-
tionality of SMARCA2/BRM is associated with schizophrenia
through its pleiotropic effects on transcriptional regulation of
many genes. This hypothesis is supported by gene expression
profiles from the prefrontal cortex and behavioral observations
in Smarca2 knockout mice.

From an evolutionary perspective, the amino acid residue
corresponding to human D1546E in SMARCA2 (Smarca2) of
dog, mouse, rat, horse, cow and chimpanzee is E. Therefore,
E1546 is probably the ancestral type in humans (Fig. 3A).
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Figure 4. Evaluation of the E1546 and D1546 forms of BRM by gene expression profiles. (A) The expression levels of SMARCA2 in T98G cells transfected by
the pSMARCA2*E and *D constructs detected by northern blotting (upper-left) and real-time PCR (upper-right). For real-time PCR, the expression ratio is
shown using the transcription level of a control as 1. The expression levels of SMARCA2 gene knocked down with siRNAs by northern blotting (lower-left)
and real-time PCR (lower-right). The data from triplicate experiments were normalized to the expression of B-actin or GAPDH gene. (B) Regression analysis
between fold difference in expression in T98G cells transfected with pDEST26 with SMARCA2*E, cells transfected with pDEST26 with SMARCA2*D and
cells transfected with siRNA compared with mock transfected cells. Gene expression after transfection was measured with Sentrix Human WG-6 BeadChips

(Illumina).

Because the allele frequencies of D1546 were 0.85 in
Japanese, 0.75 in Yoruba and 0.9 in CEPH families (according
to the HapMap data), it might be assumed that D1546, the pro-
tective allele for schizophrenia, arose during the human evol-
utionary process and spread due to its positive selection
pressure against schizophrenia.

The second finding of the present study is that BRM is a
potential key protein in schizophrenia. Functional differences
between alleles in humans are likely to be small, as indicated
by the relatively small odds ratios of the risk alleles observed
in Japanese populations (1.18 to 1.27). Therefore, the contri-
bution of genetic variations in the SMARCAZ2 gene region to
the development of schizophrenia may be small. However,
the present study suggests a greater role of the SMARCA2
gene than the genetically determined role in the pathophysiol-
ogy and amelioration of schizophrenia because psychotogenic
drugs (well-established pharmacological models of schizo-
phrenia) decreased Smarca2 expression and an antipsychotic
drug increased expression in the mouse brain. These findings
support the hypothesis of BRM as being a potential key mol-
ecule involved in schizophrenia. The hypothesis is that various
psychotogenic factors including genetic ones decrease BRM,
which further affects expression of various other genes that
then contribute to the development of schizophrenia.

BRM is involved in the epigenetic mechanisms of psycho-
togenic and antipsychotic drugs. As for the relationship of
these drugs with epigenetic mechanisms, the influences of
methamphetamine on DNA methyltransferase mRNA levels
(43,44) and that of D2-like antagonists and MK-801 on the
phosphorylation of histone H3 at serine 10 and the acetylation
of H3-lysine 14 (45) have been reported. The present study
also indicates the involvement of the SNE/SWI family
protein in the epigenetic mechanisms through which psychoto-
genic and antipsychotic drugs act.
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The statistical evidence in the present study should be con-
sidered cautiously given that genotyping was based upon
different platforms performed in different laboratories for
screening with the Illumina BeadChips. This could likely
result in false positives. Therefore, importance was placed
on real statistical support from the replication performed.
However, the initial screening using 11 883 SNPs and 100
schizophrenia patients is far from a complete genome cover-
age and has an extremely low power to detect a true associ-
ation. This may affect the credibility of the results.
Confirmation of associations in populations other than
Japanese is necessary.

There are many questions yet to be answered. The mechan-
isms of influences of psychotogenic and antipsychotic drugs
on SMARCA?2 expression and the mechanisms of regulation
of each gene listed in Table 2 involving BRM are unknown.
An interaction between the promoter region of the
HOMER! gene and BRM was confirmed using the ChIP
assay. HOMER proteins provide constitutive forms of
Homer (also known as CC-Homers) and immediate early
gene products. Homer proteins interact with both group 1
metabotropic glutamate receptors (mGluRs) of mGluR1 and
mGIluR5 (46) and Shank-GKAP-PSD95-NMDA receptor
complexes, as well as with proteins that regulate intracellular
calcium signaling. Homerl knockout mice also show behav-
ioral and neurochemical phenotypes relevant to schizophrenia
(47,48).

The finding that psychotogenic drugs decreased Smarca2
expression can be interpreted as suggesting that changes in
SMARCA?2 are consequences of schizophrenia rather than
causes. Although genetic association in humans and altered
behavior in Smarca2 knockout mice may support causation
at least in part, the experiments from this study indicate the
existence of factors that influence SMARCA2 expression
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and may be related to schizophrenia. Further studies exploring
such factors are warranted.

Frequent loss of BRM expression has been reported in lung
cancers (49) and gastric cancer (50) and a lower average level
of BRM expression in prostate cancers (51). Controversy con-
cerning the incidence of cancer in schizophrenia exists;
however, lower respiratory (52) and prostate cancers (53) in
schizophrenia patients have been reported. A recent
meta-analysis indicated a slightly increased incidence of
lung cancer in schizophrenic patients, but after the data were
adjusted for smoking prevalence, this was not seen (54).

In conclusion, the present study identifies BRM as poten-
tially a key molecule in a wide range of pathophysiology
associated with schizophrenia.

MATERIALS AND METHODS

Human subjects

Subjects of schizophrenia for screening, replication 1 and
replication 2 were 100 (mean age + SD: 57.5 + 14.9 years,
58 males and 42 females), 576 (mean age + SD: 51.6 +
14.8 years, 322 males and 254 females) and 1344 (mean
age + SD: 46.7 + 14.4 years, 733 males and 611 females)
and control subjects in replications 1 and 2 were 576 (mean
age + SD: 46.8 + 12.5 years, 268 males and 322 females)
and 1344 (mean age + SD: 47.8 + 13.8 years, 783 male and
561 female). The replication samples were independent from
the sample set used for screening. For every possible paring
of individuals, the mean and variance in number of alleles
shared identity-by state (IBS) across markers was estimated
using the GRR tool (55). All subjects were of Japanese
descent and were recruited from the main island of Japan.
All schizophrenic subjects were given a best-estimate lifetime
diagnosis according to DSM-1V criteria with obtained consen-
sus from at least two experienced psychiatrists on the basis of
all available sources of information, including unstructured
interviews, clinical observations and medical records.
Control subjects were mentally healthy and had no family
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history of mental illness within second-degree relatives as self-
reported. The study was approved by the Ethics Committees of
the University of Tsukuba, Niigata University, Fujita Health
University, Nagoya University, Okayama University and
Seiwa Hospital, and all participants provided written informed
consent.

Postmortem brains

Brain specimens were from European-descent Australian
individuals and Japanese individuals. The Australian sample
comprised 10 schizophrenic patients and 10 age- and gender-
matched controls (56). The diagnosis of schizophrenia had
been made according to the Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV) criteria (American
Psychiatric Association 1994) by a psychiatrist and a senior
psychologist. Control subjects had no known history of psy-
chiatric illness. Tissue blocks were cut from gray matter in
an area of the prefrontal cortex referred to as Brodmann’s
area 9 (BA9). Japanese samples of BA9 gray matter were
from 6 schizophrenic patients and 11 age- and gender-matched
controls (56). In addition, postmortem brains of 37 deceased
Japanese patients with schizophrenia were also analyzed
(56). The Japanese subjects met the DSM-III-R criteria for
schizophrenia. The study was approved by the Ethics Commit-
tees of the Central Sydney Area Health Service, University of
Sydney, Niigata University, University of Tsukuba, Tokyo
Metropolitan Matsuzawa Hospital and the Tokyo Institute of
Psychiatry.

Genotyping

Association screening was performed using the Illumina
Sentrix Human-1 Genotyping 109 k BeadChip and Human-
Hap370 BeadChip according to the manufacturer’s instruc-
tions (Illumina, San Diego CA, USA). All DNA samples
were subjected to rigorous quality control to check for frag-
mentation and amplification. Approximately 750ng of



