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Background: Although some core personality variables are known to be characteristic of
unipolar or bipolar depression, few studies have compared the personality profile between
these two disorders.

Methods: Temperament and Character Inventory (TCI) was employed to assess the personality
of 36 depressed patients with bipolar II disorder (BPII), 90 patients with unipolar major
depressive disorder (UP), and 306 healthy controls. The TCl was administered during the
depressive episode in BPIl and UP patients so that the results can be applied in a clinical setting.
Results: Significantly higher scores in harm avoidance (p<0.0001) and lower scores in self-
directedness (p<0.0001) and cooperativeness (p<0.05) were observed in both BPIl and UP
patients compared to controls. Lower novelty seeking in UP patients compared to BPII patients
and controls was observed in females (p<0.0001, p<0.01, respectively). A significant difference
in self-transcendence score was observed between BPIl and UP patients in females (p<0.0005),
with higher scores in BPIl (p =0.009) and lower scores in UP (p = 0.046) patients compared to
controls. A logistic regression model predicted BPII in depressed females based on novelty
seeking and self-transcendence scores with a sensitivity of 89% and a specificity of 73%, but did
not accurately predict BPIIl in males.

Limitations: Patients in our study were limited to those receiving outpatient treatments, and
bipolar patients were limited to those with BPIIL

Conclusions: Novelty seeking and self-transcendence scores of TCI might be useful in the
differentiation of UP and BPII in female patients.
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Personality
Differential diagnosis
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1. Introduction

Differentiating unipolar and bipolar depression is of great
clinical importance since the treatment of the two disorders
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difficult due to the similar depressive symptomatology in
these two disorders. One study reported that 69% of bipolar
disorder (BP) had been misdiagnosed, with the most frequent
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misdiagnosis being unipolar depression (Hirschfeld et al.,
2003). Some clinical characteristics such as hypersomnia and
psychotic features have been suggested to be more common
in bipolar depression than in unipolar depression (Forty et al.,
2008; Mitchell et al., 2001). However, there are no clear-cut
clinical features that distinguish the two disorders, and
clinicians must use all available information to predict the
possibility of bipolarity in depressed patients.

A few studies have attempted to examine differences in
personality between unipolar and bipolar depression. Two
studies (Mendlowicz et al,, 2005; Nowakowska et al,, 2005)
used the Temperament Evaluation of Memphis, Pisa, Paris,
and San Diego-Autoquestionnaire (TEMPS-A) and found that
cyclothymic subscale score was significantly elevated in BP
patients. Another study (Lovdahl et al., 2010), which used
Temperament and Character Inventory (TCI) (Cloninger et al.,
1993) to compare bipolar II disorder (BPII) with recurrent
brief depression (RBD; defined as intermittent depressive
episodes fulfilling the diagnostic criteria for major depressive
episodes except for duration, which is less than 14 days),
failed to find definitive difference between the two disorders.
Evans, et al. (Evans et al., 2005) used both TEMPS-A and TCI to
find higher dysthymic, cyclothymic, irritable, anxious, and
novelty seeking temperaments and lower self-directedness
and cooperativeness characters in BP patients. A study using a
battery including 17 conventional personality scales has
reported sanguine in patients with bipolar I disorder, labile
or cyclothymic in patients with BPII, and subanxious and
subdepressive in patients with unipolar depression (Akiskal
et al.,, 2006).

Although above studies report a number of findings
showing different personality in UP and BP patients, few
have assessed the personality of the two disorders during
depressive state (Mendlowicz et al.,, 2005). Since the severity
of depressive symptoms impact on how the subject describes
their personality (Spittlehouse et al., 2010), it is important
that the mood state at the time of assessment is taken into
account, If the personality assessment is to be used as an aid
for differentiating unipolar and bipolar depression in the real
world setting, studies are required to compare personality
measures during depressed mood.

In the present study, TCI was used to assess the
personality difference between depressed BPII and UP
patients. TCI is a 240 item true/false questionnaire measuring
four dimensions of temperament (novelty seeking (NS), harm
avoidance (HA), reward dependence (RD), and persistence
(P)) and three dimensions of character (self-directedness
(SD), cooperativeness (C), and self-transcendence (ST)),
developed on the basis of a psychobiological model of
personality. Although TCI has been frequently used in the
studies of mood disorders (Akiskal et al., 2005; Celikel et al.,
2009; de Winter et al., 2007; Engstrom et al., 2004; Farmer
et al., 2003; Hansenne et al., 1999; Hirano et al., 2002; Kimura
et al, 2000; Loftus et al, 2008; Marijnissen et al., 2002;
Matsudaira and Kitamura, 2006; Naito et al,, 2000; Richter
et al, 2000; Smith et al, 2005), no studies to date have
compared TCI score profiles of patients with unipolar and
bipolar depression during their depressed states. We aimed
to identify personality profiles specific to either unipolar or
bipolar depression, which could aid in the differentiation of
the two disorders.

2. Methods
2.1. Subjects

Subjects were 36 patients with BPII (18 men, 18 women;
age+S.D. (standard deviation)=36.3+11.1 years), 90
patients with UP (45 men, 45 women; age £5.D.=36.7 +
10.2 years), and 306 healthy volunteers (153 men, 153
women; age+S.D.=36.4411.0 years), matched for age
distribution in each gender group, recruited from the
outpatient clinic of the National Center of Neurology and
Psychiatry Hospital, Tokyo, Japan or through advertisements
in local free magazines, website announcement, notices
posted in the hospital, flyers, and word of mouth. Consensus
diagnoses by at least two research psychiatrists were made
according to the DSM-IV criteria (American Psychiatric
Association, 1994) for BPII or UP for enrollment in the
study. Those recruited from the outpatient clinic (BPII: 24
patients (67%); UP: 66 patients (73%)) were also assessed
with the Structured Clinical Interview for DSM-IV by a trained
psychiatrist to confirm the diagnosis. BPIl and UP patients
with Hamilton Rating Scale for Depression (17-item version)
score greater than 7 were enrolled in the study. Healthy
participants were interviewed using the Japanese version of
the Mini-International Neuropsychiatric Interview (Otsubo
et al., 2005; Sheehan et al.,, 1998) by a research psychiatrist,
and only those who demonstrated no history of psychiatric
illness or contact to psychiatric services were enrolled as
healthy controls. Participants were excluded from both the
patient and control groups if they had a prior medical history
of central nervous system disease or severe head injury, or if
they met DSM-IV criteria for mental retardation, substance
dependence, or substance abuse. All subjects were biologi-
cally unrelated Japanese who resided in the Western part of
Tokyo. Written informed consent was obtained from all
subjects prior to their inclusion in the study and the study
was approved by the ethics committee of the National Center
of Neurology and Psychiatry, Japan.

2.2. Measures

All participants were administered the TCI (Cloninger
et al,, 1993), a 240 item true/false self-report questionnaire
measuring four dimensions of temperament and three
dimensions of character. The Japanese version of the TCI
(Kijima et al, 1996; Kijima et al, 2000) was used in the
present study. Each subject was allowed to take as much time
as needed to complete the questionnaire. Depressive symp-
toms were assessed by an experienced research psychiatrist
using the Japanese version of the GRID Hamilton Rating Scale
for Depression, 17-item version (HDRS) (Hamilton, 1967),
which has been demonstrated to show excellent inter-rater
reliability (Tabuse et al., 2007).

2.3. Statistical analyses

Gender differences concerning the temperament and the
character dimensions have been reported previously (Gutierrez-
Zotes et al., 2004; Hansenne et al., 2005; Pelissolo and Lepine,
2000), and thus is one of the major potential confounding factors
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in TCI studies. Therefore, the data for male and female subjects
were analyzed separately to avoid gender-dependent influence.

Statistical differences of demographic data among groups
were evaluated by the chi-squared test for categorical
variables and one-way analysis of variance (ANOVA) for
continuous variables. Student t-test was used for compar-
isons of clinical variables between BPII and UP patients. The
scores of the dimensions of TCI were compared among the
three diagnostic groups using Kruskal-Wallis test, and
thereafter, pairwise comparisons between each group were
done using Mann-Whitney tests. Bonferroni method was
used to correct for multiple comparisons among the three
diagnostic groups. However, since the scale scores of each TCI
dimension are intercorrelated and thus are not completely
independent measures, we did not apply Bonferroni method
for the number of TCI dimensions. Correlations between TCI
scores and HDRS scores were assessed using Spearman's rank
correlation coefficients. A stepwise logistic regression analy-
sis was used in patients with BPII and UP to determine the
optimal model for the prediction of BPIl in depressive
patients. Prediction models were developed separately for
males, females, and both genders combined. The stepwise
analysis was conducted as a forward stepping procedure
based on a likelihood ratio test, with p<0.05 for variable
inclusion and p>0.2 for exclusion from the model. Variables
used as potential predictor variables were age, gender, HDRS
score, and scores of 7 dimensions of TCL. Nagelkerke's R? was
used to approximate the percent of variance explained by the
model (Nagelkerke, 1991). The area under the receiver-
operating characteristic (ROC) curve (AUC) was also used to
determine the predictive power of the logistic model. The
predicted probability with the highest Youden index was
selected as the optimal cut-off point. Statistical significance
was set at two-tailed p<0.05. Analyses were performed using
the SPSS version 11.0 (SPSS Japan, Tokyo).

3. Results

Table 1 shows demographic and clinical characteristics of
the subjects. Age distribution did not differ across the three
diagnostic groups. Although the average years of education
were significantly higher in the male controls, there was no
significant difference between BPII and UP patients. Patients
with BPII and UP did not differ significantly in age at onset or
in HDRS scores.

The mean scores for the 7 dimensions of TCI are presented
in Table 2. Three-group comparisons of BPII, UP patients, and

controls revealed differences in all dimensions except for RD
in both genders, P in females, and ST in males. Significantly
higher HA and lower SD and C scores in BPIl and UP patients
compared with control subjects were observed in both males
and females. Significantly higher P scores in BPIl and UP
patients were detected only in females. Lower NS in UP
patients compared to BPII patients and healthy controls was
observed only in females. ST scores in female subjects showed
the opposite directions between BPII and UP patients, i.e. BPII
patients scored higher and UP patients scored lower in ST
compared to controls. The comparison of ST scores in female
subjects between the UP patients and controls nearly reached
the Bonferroni-corrected significance of p<0.017, and the
comparisons of BPII patients with control subjects and with
UP patients remained significant after Bonferroni correction.

The HDRS scores of UP patients were significantly
correlated positively with P in female patients (rho=0.327,
p<0.05) and negatively with SD in male patients (rho=
—0.407, p<0.01). The HDRS in male BPII patient group was
significantly correlated positively with C score (rho=10.497,
p<0.05). No other significant correlations were found
between TCI and HDRS scores.

Results of the stepwise logistic regression analysis are
shown in Table 3. The Nagelkerke R? values show that 8.7%,
40.3%, and 24.1% of the variance are explained by the models
for males, females, and both genders combined, respectively.
The total AUC was significantly greater than 0.5 in models for
femnales and for both genders combined but not for the model
for males. These results indicate that the logistic regression
model for female patients and for both genders combined
appropriately fit the data while the model for male patients
does not accurately predict BPIl and UP. The following
prediction model for female patients was derived:

Predicted Probability = 1/ {1 + exp (—5.8143 + 0.129601
x (NS score) 4 0.20554 x (ST score))}

At the optimal cut-off point of 0.782 determined by the
Youden index, the sensitivity and the specificity of differen-
tiating BPII from UP were 89% and 73%, respectively.

4. Discussion

The main findings of the present study could be
summarized as follows. Higher HA, lower SD, and lower C
scores were observed in both BPIl and UP patients when
compared with controls. In females, ST scores significantly

Table 1

Demographic and clinical characteristics.
Male Female
Controls BPII up Statistical Controls BPI up Statistical
(n=153) (n=18) (n=45) difference (n=153) (n=18) (n=45) difference

Demographics
Age, years: mean (S.D.)
Education, years: mean (S.D.)

356 (12.0) 36.1(84) 345 (10.8)
167 (29) 161 (25) 155 (24)

Clinical features
Age at onset, years: mean (S.D.) -
HDRS score: mean (S.D.) -

285(8.2) 28.1(7.1)
154 (47) 158 (5.9)

t=0.19, p=085 -
t=020,p=084 -

F=020,p=082 373(9.9) 365(13.6) 390(123) F=0.52, p=060
F=35p=0032 150(1.8) 147 (26)

145(2.1) F=16,p=021

280 (11.7) 305(132) t=0.70, p=0.49
166 (54) 162(58) t=025 p=080

BPII: patients with bipolar disorder, UP: patients with unipolar major depressive disorder, S.D.: standard deviation, HDRS: Hamilton Depression Rating Scale.
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Table 2 .
Comparisons of TCI scores across diagnostic groups.

TCI Number Gender Mean score (S.D.) Kruskal-Wallis Mann-Whitney test (uncorrected P values)
dimension ofitems Ctrl BPIl up fest pvalues BPII vs Ctrl UP vs Ctrl BPIl vs UP
(n=153) (n=18) (n=45)

NS 40 Male 20.8 (4.5) 19.5 (5.0) 17.7 (4.3) <0.001 n.s. <0.0005 ns.
Female 21.0 (4.5) 224 (6.3) 17.2 (5.0) <0.0001 n.s. <0.0001 0.007

HA 35 Male 17.8 (6.3) 254 (6.0) 28.1 (4.0) <0.0001 <0.0001 <0.0001 n.s.
Female 18.8 (6.0) 266 (4.2) 27.6 (4.9) <0.0001 <0.0001 <0.0001 ns.

RD 24 Male 14.7 (3.8) 14.0 (2.6) 14.5 (3.3) ns. ns. ns. ns.
Female 15.8 (3.3) 16.6 (3.2) 152 (3.2) n.s. ns. n.s. ns.

P 8 Male 4.8 (1.8) 49 (1.7) 47 (1.8) n.s. n.s. n.s. n.s.
Female 4.1(1.8) 5.6 (1.7) 52(1.9) <0.0001 0.001 <0.0005 n

SD 44 Male 28.3 (6.5) 18.7 (8.6) 18.8 (7.2) <0.0001 <0.0001 <0.0001 ns.
Female 28.8 (6.7) 173 (7.1) 20.2 (7.6) <0.0001 <0.0001 <0.0001 s,

C 42 Male 28.2 (5.6) 24.4 (6.3) 243 (5.7) <0.0001 0.016 <0.0001 n.s.
Female 289 (4.7) 24.3 (7.5) 26.0 (6.3) 0.002 0.011 0.005 ns.

ST 42 Male 10.2 (5.0) 114 (6.3) 8.7 (4.1) ns. ns. n.s. ns.
Female 11.2 (5.6) 14.9 (5.8) 9.1 (44) 0.002 0.009 0.046 <0.0005

Ctrl: control subjects, BPII: patients with bipolar II disorder, UP: patients with unipolar major depressive disorder, S.D.: standard deviation, NS: novelty seeking,
HA: harm avoidance, RD: reward dependence, P: persistence, SD: self-directedness, C: cooperativeness, ST: self-transcendence.

differed between BPII and UP patients, with higher scores in studies comparing UP patients and controls have shown no

BPII patients and lower scores in UP patients compared to
controls. Patients with UP showed lower NS scores compared
to controls in both genders and also to BP patients in females.
BPIl in depressed females could be predicted using the NS and
ST scores.

Consistent with our results, several previous studies have
shown higher scores on HA and lower scores on SD and C in
patients with UP (Farmer et al., 2003; Hansenne et al., 1999)
or in those with BP (Engstrom et al., 2004; Evans et al., 2005)
compared to healthy controls. Higher NS (Evans et al., 2005;
Nowakowska et al., 2005) and ST (Evans et al.,, 2005; Loftus
et al., 2008; Nowakowska et al, 2005) have also been
reported in BP patients compared to controls, though most

significant difference in these two dimensions (Celikel et al.,
2009; Evans et al., 2005; Farmer et al., 2003; Hansenne et al.,
1999; Kimura et al.,, 2000; Marijnissen et al., 2002; Now-
akowska et al, 2005; Smith et al, 2005). Although the
comparison between BPIl and UP patients showed similar
trends in both genders (ie., higher NS and ST in BPII),
statistical significance between these two disorders was
reached only in females. This suggests that, despite the
similar tendency in both genders, the differences between
diagnostic groups in TCI profiles are more evident in women
than in men.

The mood state affects how the subjects describe their
personality. Therefore, most previous studies on mood

Table 3
Stepwise logistic regression analyses in patients with BPII and those with UP.
Step and Stepwise analysis ROC
variable
Beta S.E. Wald p value OR 95% Cl Nagelkerke R? AUC 95% Cl
Male subjects
Step 1
HA —-0.12 0.06 3.8 0.05 0.89 0.79-1.00 0.09 0.61 0.45-0.78
Constant 2.18 1.60 1.8 0.18
Female subjects
Step 1
ST 024 0.07 11.1 0.0009 1.27 1.10-1.45 0.32
Constant —3.70 0.93 15.7 <0.0001
Step 2
NS 0.13 0.06 44 0.04 1.14 1.01-1.29 0.40 0.83 0.72-0.95
ST 0.20 0.07 7.8 0.005 1.23 1.06-1.42
Constant —5.81 149 153 <0.0001
All subjects
Step 1
ST 0.16 0.04 14.8 0.0001 1.17 1.09-1.28 0.19
Constant —2.70 0.53 26.0 <0.0001
Step 2
NS 0.10 0.04 53 0.02 1.11 1.02-1.20 0.24 0.74 0.64-0.83
ST 0.14 0.05 9.8 0.002 1.15 1.05-1.27
Constant —439 0.95 213 <0.0001

S.E.: standard error, Wald: Wald statistic, OR: odds ratio, ROC: receiver-operating characteristic, AUC: area under the curve, Cl: confidence interval, NS: novelty
seeking, HA: harm avoidance, ST: self-transcendence.
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disorders assessed the personality in euthymic period.
However, in order to be used as an aid for differentiating
unipolar and bipolar depression in a real world clinical
setting, it is required to evaluate TCI scores during depressed
period. It has been reported that depressed individuals
accurately portray their vulnerability to stress, their joyless-
ness, and their lack of motivation, and that depression-caused
changes in the assessed personality trait may reflect their
current condition of the individual (Costa et al., 2005).
Previous studies reported that severity of depression posi-
tively correlates with HA and negatively with SD scores
(Farmer et al., 2003; Hansenne et al., 1999; Naito et al., 2000;
Richter et al., 2000; Spittlehouse et al., 2010). In our study,
however, correlation coefficients of HA and SD scores with
HDRS scores did not reach statistical significance except for
SD in male UP patients. This discrepancy might be due in part
to the fact that we did not include patients with a HDRS score
of 7 or less.

The fact that TCI scores are influenced by the severity of
depression complicates the interpretation of the findings.
However, the prediction model of BPII for female depressed
patients in the present study is unlikely to be greatly biased
by the severity of depression for several reasons. First, the
mean HDRS scores were similar in BPII and UP patients.
Secondly, HA and SD, which are previously reported to be
influenced by depression severity, were not included in the
prediction model for females. Thirdly, the correlation coeffi-
cients relating HDRS scores to each TCI score did not
significantly differ between female patients with BPIl and UP.

The present study is the first to use personality profiles to
create a logistic regression model to predict BPII in depressed
patients. Previously, Perlis, et al. (Perlis et al,, 2006) made a
logistic regression prediction model accurately distinguishing
BP and UP by including age at onset, number of previous
depressive episodes, family history, Montgomery Asberg
Depression Rating Scale (MADRS) scores, and Hamilton Anxiety
Scale scores. Their model predicted bipolarity in depressed
patients with a sensitivity of 69.0% and a specificity of 94.9%,
with the total area under the ROC curve of 0.914. Combining
their model with the present one may result in a more accurate
prediction model with a wide clinical application.

A major strength of this study was that patients with BPII
and UP were both in depressed state with similar severity of
depressive symptoms. To our knowledge, this study is the
first to compare the TCI score profiles in BPIl and UP patients
during depressed states. Knowing the differences in TCI
profiles in their depressed states could help clinicians to
predict bipolarity in depressed patients.

There are several limitations to this study. First, the cross-
sectional design did not allow any definitive conclusions as to
whether the TCI score profiles of the BPIl and UP patients
were premorbid or the results of iliness onset. Whether the
TCI profiles observed here can be generalized to recovered
patients needs further investigation. Some UP subjects in this
study may go on to experience a manic/hypomanic episode
and be rediagnosed as BP, and thus follow-ups are necessary
for accurate diagnosis. Secondly, the subjects were recruited
through methods such as advertisements and notices, and
therefore sampling biases may exist. Thirdly, bipolar patients
in our study were limited to BPIL Larger studies are needed to
compare the TCI scores between different subtypes of BP or

UP. Fourthly, as the BPII and UP patients were limited to those
receiving outpatient treatments, our subjects might have
been overrepresented by milder forms of iliness.

In conclusion, we assessed personality profiles in patients
with BPII and UP during depressed period and confirmed that
both UP and BPII patients have characteristic persenality
profiles in common: higher HA, lower SD, and lower C scores
assessed with TCI when compared to controls. However, BPII
and UP patients differ in some personality profiles, i.e., higher
NS and ST in BPII than in UP patients particularly in female
patients. Logistic regression analyses showed that BPIl and UP
could be predicted based on NS and ST scores in female
patients. On the other hand, TCI scores were not very helpful
for predicting BPIl and UP in male patients. Our findings
suggest that assessment of personality profiles using TCI in
depressed female patients may serve as a useful tool to
conveniently differentiate UP and BPIL
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Background: Our genome-wide association study of
schizophrenia found association signals at the Kalirin
gene (KALRN) and EPH receptor Bl gene (EPHBI) in
a Japanese population. The importance of these synapto-
genic pathway genes in schizophrenia is gaining indepen-
dent supports. Although there has been growing interest
in rare (<1%) missense mutations as potential contributors
to the unexplained heritability of schizophrenia, there are
no population-based studies targeting rare (<1%) coding
mutations with a larger effect size (eg, OR >1.5) in
KALRN or EPHBI. Methods and Results: The present
study design consisted of 3 phases. At the discovery phase,
we conducted resequencing analyses for all exon regions of
KALRN and EPHBI using a DNA microarray—based
method. Seventeen rare (<1%) missense mutations were
discovered in the first sample set (320 schizophrenic
patients). After the prioritization phase based on frequen-
cies in the second sample set (729 cases and 562 controls),
we performed association analyses for each selected muta-
tion using the third sample set (1511 cases and 1517 con-
trols), along with a combined association analysis across all
selected mutations. In KALRN, we detected a significant
association between schizophrenia and P2255T (OR =
2.09, corrected P = .048, 1 tailed); this was supported
in the combined association analysis (OR = 2.07, corrected
P = .006, 1 tailed). We found no evidence of association
of EPHBI with schizophrenia. In silico analysis indicated
the functional relevance of these rare missense mutations.
Conclusion: We provide evidence that multiple rare (<1%)
missense mutations in KALRN may be genetic risk factors
for schizophrenia.

Key words: synaptogenic pathway/rare missense
mutations/GWAS/Japanese population

Introduction

Schizophrenia is a genetically heterogeneous disorder
with heritability estimated at up to 80%.! According to
a recent simulation based on genome-wide association
study (GWAS) datasets, a highly polygenic model involv-
ing a number of common variants of very small effect
may explain more than one- -third of the total variation
in risk of schrzophrema On the other hand, interest
has been growing in rare variants as potential contnbu—
tors to the unexplained heritability of schizophrenia.’

This is partly triggered by recent studies establishing
an important role for rare genomic copy number variants
(CNVs) in the etiology of schizophrenia.* Another poten-
tial genetlc variation to explain the remamlng heritability
is rare missense mutations. Kryukov et al’ reported that
~20% of new (de novo) missense mutations in humans
result in a loss of function, whereas ~53% have mildly
deleterious effects and ~27% are effectively neutral
with respect to phenotype by a combined analysis of
mutations causing human Mendelian diseases, mutations
driving human-chimpanzee sequence divergence, and
systematic data on human genetic varlatron Their results
were supported by an independent study.® Because the
pressure of purifying selection acting on the mildly dele-
terious mutations is weak, their cumulative high fre-
quency in the human population is being maintained
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by “mutation-selection balance.” This provides support
to a speculation that the accumulation of mildly delete-
rious missense mutations in individual human genomes
can be a genetic basis for complex diseases.’ The impor-
tance of rare missense mutations in schizophrenia is dem-
onstrated by a study of the 4BCAI3 gene in which
multiple rare (<1%) coding variants were associated
with schizophrenia.’

We recently performed a GWAS for schizophrenia in
a Japanese population.® Although single locus analysis
did not reveal genome-wide support for any locus,
a shared polygenic risk of schizophrenia between the Jap-
anese and the Caucasian samples was confirmed. In our
GWAS, association signals were detected at the regions
of the Kalirin gene (KALRN) on 3q21.2 and the EPH re-
ceptor Bl gene (EPHBI) on 3q21-q23, both of which are
in the same synaptogenic pathway’ (supplementary
figure S1). Associations of each gene with schizophrenia
have recently received support from independent
GWASs in different populations.’®!" Furthermore,
a rare de novo CNV overlapping with the EPHBI
gene locus was detected in a patient with schizophrenia.'?

KALRN is a large neuronal dual Rho guanine nucle-
otide exchange factor (GEF) that activates small guano-
sine triphosphate-binding proteins of the Rho family,
including Racl.'® This activation enables KALRN to
regulate neurite initiation, axonal growth, dendritic mor-
- phogenesis, and spine morphogenesis. Consistent with its
biological function, KALRN is a key factor responsible
for reduced densities of dendritic spines on pyramidal
neurons in the dorsolateral prefrontal cortex (DLPFC)"
observed in postmortem brains from schizophrenic
patients. The messenger RNA expression level of
KALRN is significantly reduced in DLPFC of patients
with schizophrenia and strongly correlated with spine
density.'> In addition, KALRN-knockout mice not
only exhibit spine loss and reduced glutamatergic trans-
mission in the frontal cortex but also schizophrenia-like
phenotypes including robust deficits in working memory,
sociability, prepulse inhibition, and locomotor hyperac-
tivity reversible by clozapine, an atypical antipsychotic.'¢
These synaptic and behavioral dysfunctions are apparent
during young adulthood in mice (12 weeks old), which
coincides with the onset of schizophrenia in patients. No-
tably, Disrupted-in-Schizophrenia 1, a prominent schizo-
phrenia risk factor, was shown to be involved in the
maintenance of spine morphology and function by regu-
lating access of KALRN to Racl.!” EPHBI belongs to
a receptor tyrosine kinase family and controls multiple
aspects of neuronal development, including synapse for-
mation and maturation, as well as synaptic structural and
functional plasticity. In neurons, activation of EphB
receptors by its ligand B-type ephrins induces the rapid
formation and enlargement of dendritic spines, as well
as rapid synapse maturation. One of the downstream
effectors of ephrinB/EphB signaling is KALRN. In

2

young hippocampal neurons, KALRN is reported to
play an important role in the maturation of synapses in-
duced by trans-synaptic ephrinB/EphB signaling.'®

According to the above-mentioned study,'5 most mis-
sense mutations with a frequency of <1% are mildly del-
eterious, indicating that a low frequency of missense
mutation per se can serve as a strong predictor of a del-
eterious effect of variants. Therefore, the working hy-
pothesis of the present study is that rare (<1%)
missense or nonsense mutations with a larger effect
size (eg, OR >1.5)in KALRN and EPHBI may be genetic
risk factors for schizophrenia. Recently, a DNA
microarray-based resequencing method has been devel-
oped to enable accurate and rapid resequencing analysis
of candidate genes.'” Using this system, we conducted
resequencing analyses for all exon regions of KALRN
and EPHBI in 320 schizophrenic patients and found ev-
idence that rare (<1%) missense mutations in KALRN
are significantly associated with schizophrenia using
the 3-phase study design.

Methods and Materials

Subjects

Three sample sets were used in this study. The first sample
set, comprising 320 schizophrenic patients (mean age,
54.2 = 14.1 years, 49.1% male), with long-term hospital-
ization for severe symptoms, was used to search for rare
missense or nonsense mutations. We used the first sample
set for mutation screenings because patients with extreme
phenotypes (severe symptoms) can be expected to carry
more deleterious mutations.?® The second sample set, in-
cluding 729 cases (45.4 = 15.1 years, 52.2% male) and 562
controls (44.0 = 14.4 years, 49.8% male), was used to pri-
oritize detected functional variants for subsequent asso-
ciation analyses. The third sample set, including 1511
cases (45.9 = 14.0 years, 49.6% male) and 1517 controls
(46.0 = 14.6 years, 49.6% male), was used for association
analyses. Age and gender were matched in the second and
third sample sets, respectively. All patients were diag-
nosed according to Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition, criteria, and controls
were evaluated using unstructured interviews to exclude
individuals with history of mental disorders. Detailed in-
formation regarding diagnostic procedures is available
elsewhere.>! All subjects were ethnically Japanese and
provided written informed consent. This study was
approved by the ethics committees at each participating
university.

Array Design for Resequencing Analyses

We used the Affymetrix GeneChip CustomSeq Rese-
quencing Array (Affymetrix, Santa Clara, California)
for exon sequencing in the first sample set. These arrays
rely on allele-specific hybridization for determining DNA
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sequence.'? Each individual nucleotide of both the sense
and the antisense DNA strands is interrogated with four
25-mer probes that differ only with respect to the central
position (A, C, G, and T). According to Affymetrix’s
Custom-Seq Array Design Guide, we designed arrays
covering all exon regions of KALRN and EPHBI
(Ensembl release 52 [Human CCDS set]; Tran-
script: ENSTO00000360013, ENST00000240874, and
ENST00000291478 for KALRN; ENST00000398015
for EPHBI). Because the principle of the resequencing
arrays is based on hybridization, it is necessary to avoid
cross-hybridization for accurate resequencing. For this
purpose, we removed repetitive elements and highly
homologous sequences from the array design.

Array-Based Resequencing

The experiments were conducted according to the man-
ufacturer’s instructions (supplementary figure S2). Geno-
mic DNA was extracted from peripheral blood using
standard methods. To generate enough target-enriched
subject material for hybridization to the arrays, we gen-
erated 47 and 14 amplicons per sample for KALRN and
EPHBI, respectively, using long-range polymerase chain
reaction (PCR). The PCR conditions were as follows:
94°C for 2 minutes followed by 30 cycles consisting of
94°C for 15 seconds, 68°C for 3 minutes, followed by a fi-
nal extension of 68°C for 8 minutes, using TaKaRa LA
Taq™ (Takara Bio, Otsu, Shiga, Japan). Each PCR prod-
uct was quantified using PicoGreen (Molecular Probes,
Eugene, Oregon), pooled in an equimolar fashion. The
PCR products were then purified, fragmented, labeled,
and hybridized to the arrays, following the protocol. Fi-
nally, the arrays were washed and stained using the Gen-
eChip Fluidics Station 450 (Affymetrix) and scanned
using the GeneChip Scanner 3000 (Affymetrix). The
data were analyzed using the GeneChip Operating Soft-
ware (GCOS; Affymetrix), the GeneChip Sequence
Analysis Software (GSEQ; Affymetrix), and SeqC
(JSI Medical Systems, Kippenheim, Germany; http:/
www.jsi-medisys.de/html/products/SeqC/SeqC.htm) to
automate the generation of sequence and genotype calls
from the intensity data. In this study, around 17 kb was
sequenced per sample, meaning that more than 5.4 Mb
was sequenced in total. All missense mutations presented
in this study were confirmed using both Sanger sequenc-
ing and Custom TagMan SNP genotyping assays
(Applied Biosystems, Foster City, California).

Association Analysis of Each Missense Mutation

Although the rare (<1%) missense mutations were orig-
inally discovered among 320 schizophrenic patients, it
was possible that a portion of them might have neutral
or protective effects.” In addition, it was necessary to re-
duce the number of statistical tests for multiple compar-
ison problems. To accomplish this, we prioritized rare

69

Rare Missense Mutations in Schizophrenia

(<1%) deleterious variants for subsequent association
analyses based on the frequencies in the second case-
control sample set because rare deleterious variants
relevant to schizophrenia can be assumed to have higher
frequency in cases than in controls. The criteria for pri-
oritization were as follows: (1) frequencies of mutations
were <1% in controls and (2) frequencies of mutations
were higher in cases (ie, OR > 1). Mutations not detected
in the second sample set were not followed up in this anal-
ysis. The frequencies of such mutations can be so low
(<0.0005) that the results of association analyses are un-
likely to be statistically significant in our sample size. For
mutations meeting the above criteria, we conducted asso-
ciation analyses with schizophrenia using the third sam-
ple set. Genotyping was conducted by Custom TagMan
SNP genotyping assays (Applied Biosystems). For qual-
ity control, samples with missing call rates of 10% or
higher were excluded from the analyses.

Combined Association Analyses

In general, it is difficult to establish an association of
a rare mutation with a phenotype because statistical
power is limited by low population frequency and
because the number of rare variants requires a strict mui-
tipie test correction. Therefore, we conducted combined
association analyses across rare mutations observed in
each gene in the third sample set, comparing the number
of mutations in cases with the number in controls. The
criteria for mutations included in these analyses were
same as the above criteria with 1 exception: Mutations
not detected in the second sample set were included in
the combined association analyses.

In Silico Analysis

The potential influence of missense mutations was eval-
uvated using PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2/) and** PMut (http:// mmb2.pcb.ub.es:8080/
PMut/)** softwares. PolyPhen-2 uses 8 sequence-based
and 3 structure-based predictive features and compares
a property of the wild-type allele and the corresponding
property of the mutant allele. PolyPhen-2 trained on
HumDiv datasets is reported to achieve true positive pre-
diction rates of 92% with a false-positive rate of 20%.%>
A mutation is appraised qualitatively as benign, possibly
damaging, or probably damaging based on naive Bayes
posterior probability that a given mutation is damaging.
PMut also allows the fast and accurate prediction (~80%
success rate in humans) of the pathological character of
missense mutations based on the use of neural networks.
The final output is a pathogenicity index ranging from
0 to 1 (indexes >0.5 signal pathological mutations).

We also examined evolutionary conservation of the
mutated residues and surrounding amino acids. Multiple
sequence alignment of human KALRN or EPHBI with 6
orthologs was performed for this purpose.
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Power Calculation

Power calculation was performed with a power calculator
called CaTS (http://www.sph.umich.edu/csg/abecasis/
CaTS$/).** Power was estimated under the following pa-
rameter assumptions with respect to association test sta-
tistics: genetic relative risk = 2, prevalence of disease =
0.01, risk allele frequency = the values frequency observed
in controls, and o = .05; a multiplicative model was used.

Statistical Analysis

For the association analysis of each variant, Fisher exact
test was used to examine whether rare deleterious var-
iants were significantly overrepresented in the patient
group rather than the control group.

A combined association test was performed following
a previous study.” In brief, to account for variable sample
size, sample size was adjusted to N=n/() (1/Ni)), where
Niis the sample size at the ith variant, and # is the number
of variants. The number of observed variants was ad-
justed as ) (pi)xN, where pi is the frequency of the ith
variant. Fisher exact test was used in this test as well
to examine an overrepresentation of rare deleterious mis-
sense mutations in the patient group rather than control
group.

All statistical tests were 1 tailed, and a P value less than
0.05 was considered significant. Bonferroni correction
was used for solving multiple testing problems.

Results

Discovery of Mutations

We detected 12 and 6 missense mutations with a fre-
quency of <5% in KALRN and EPHBI, respectively,
among 320 cases in the first sample set (table 1). All
but 2 mutations (N2973S in KALRN and T981M in
EPHBI) were novel. All mutations were validated by
both Sanger sequencing and Custom TagMan SNP gen-
otyping assays. In the first sample set, 2 patients were
compound heterozygotes for rare missense mutations
in the 2 genes. One patient had R410H in KALRN and
R905C in EPHBI. The other had A2382V in KALRN
and D375N in EPHBI. There were no clinical character-
istics shared between these patients. No nonsense muta-
tions were identified in this study.

Association Analysis of Each Missense Mutation

In the prioritization phase using the second sample set,
T1207M and P2255T in KALRN and R637C and
R905C in EPHBI showed a higher frequency in cases
than in controls (table 1). Seven missense mutations
(R410H, Q770K, and A2382V in KALRN and F1518S,
D375N, D577N, and T981M in EPHBI) were not
detected. The frequency of P1695Q was more than 4%
both in cases and in controls. Based on our criteria,
we selected 4 missense mutations (T1207M and

4

P2255T in KALRN and R637C and R905C in EPHBI)
for subsequent association analyses using the third
sample set.

In the third phase, P2255T showed a nominally signif-
icant association with schizophrenia (OR = 2.09, P =
.012) in the third sample set (table 2). This remained sig-
nificant after correction for multiple testing of 4 variants
(corrected P=.048). T1207M in KALRN and R637C and
R905C in EPHBI were also more frequent in cases, al-
though differences were not significant.

We excluded mutations not detected in the second sam-
ple set from this analysis. This was supported by a power
analysis showing that the third sample set had only 10%
power in analysis of very rare mutations.

Combined Association Analysis

In addition to 4 mutations (T1207M and P2255T in
KALRN and R637C and R905C in EPHBI), 7 very
rare mutations (R410H, Q770K, and A2382V in KALRN
and F151S, D375N, D577N, and T981M in EPHBI),
which were not detected in the second samples set, were
included in the combined association analysis. A global
comparison of the frequencies of 5 selected mutations
in KALRN between cases and controls in the third sample
set showed a significant increase in frequency in schizo-
phrenic patients (OR = 2.07, P = .003) (table 3). This
remained significant after correction for multiple testing
(corrected P =.006). On the other hand, a global compar-
ison of the frequencies of 6 selected mutations in EPHBI
did not show a significant difference (OR = 1.09, P = .438).

In Silico Analysis

Results of in silico analysis are shown in table 4. All
missense mutations but A2382V in KALRN were
predicted to have functional relevance by PolyPhen-2
or PMut software.

A multiple alignment of the region of KALRN or
EPHBI containing rare missense mutations with 6
orthologs is shown in table 4. Most of the rare missense
mutations showed a high degree of amino acid
conservation in different species.

Discussion

In this study, we conducted resequencing analyses for the
2 synaptogenic pathway genes (KALRN and EPHBI) in
schizophrenia using a DNA microarray—based method.
After resequencing more than 5.4 Mb, we discovered
17 rare (<1%) missense mutations in KALRN or
EPHBI and detected a significant association between
schizophrenia and P2255T in KALRN, as well as in
the combined association analysis for KALRN. These
findings are consistent with an estimation that most
rare (<1%) missense mutations are mildly deleterious
and are associated with a heterozygous fitness loss.’

70



Rare Missense Mutations in Schizophrenia

Table 1. KALRN And EPHBI Missense Mutations Identified in The First Sample Set And Their Frequencies in The Second Sample Set

First Sample Set

Second Sample Set

Genotype Counts Mutation Frequency

Gene Genomic  Base dbSNP AA

Position Change Reference Change Homo  Hetero SCZ CONT SCzZ CONT OR >1
KALRN 125527659 G — A ss250607852 R410H O 1 0/0/701  0/0/541 0 0
KALRN 125531474 T — A 85250607853 1452Q 0 1 0/1/709  0/2/541  0.0007 0.0018
KALRN 125600376 C — A 55250607854 Q770K 0 1 0/0/706  0/0/544 0 0
KALRN 125656787 C — T ss250607855 T1207M 0 1 0/2/705  0/1/542  0.0014 0.0009 +
KALRN 125764534 C — A ss250607856 P1695Q 0 1 0/59/636  1/44/492  0.0425 0.0428
KALRN 125764599 A — T ss250607857 MI1717L 0 1 0/0/705  0/1/540 0 0.0009
KALRN 125860927 G — A 35250607858 R2049K 0 1 0/1/696  0/1/540  0.0007 0.0009
KALRN 125873259 C — A ss250607859 P2255T O 7 1/14/684  0/7/536 0.0114 0.0064 +
KALRN 125873289 C — T 250607860 P2265S 1 0 0/6/701  0/7/533 0.0042 0.0065
KALRN 125873382 G — T 5250607861 G2296C 0 1 0/1/703  0/1/542  0.0007 0.0009
KALRN 125876103 C — T ss250607862 A2382V 0 1 0/0/697  0/0/540 0 0
KALRN 125920964 A — G rs16835896 N2973S 0 3 0/3/698  0/6/538 0.0021 0.0055
EPHB! 136153231 T — C 85252863894 F151S 0 1 0/0/710  0/0/543 0 0
EPHB! 136334407 G — A ss252863895 D375N 0 1 0/0/708  0/0/544 0 0
EPHBI 136368508 G — A 55252863896 DS577N 0 l 0/0/707  0/0/544 0 0
EPHBI 136394134 C — T 5252863897 R637C 0 2 /1707 0/2/541  0.0021 0.0018 +
EPHB! 136450890 C — T 55252863898 R905C 0 3 0/9/695  0/1/543  0.0064 0.0009 +
EPHB1 136460639 C — T rs56186270 T981M 0 2 0/0/706  0/0/541 0 0

Note: Genomic position based on NCBI build 36, chromosome 3. Amino acid changes based on NCBI Reference Sequence
NP_001019831.2 (2986 aa) for KALRN and NP_004432.1 (984 aa) for EPHBI1. All but N2973S (rs16835896) and T981M (rs56186270)
are novel. AA change, amino acid change; dbSNP, Single Nucleotide Polymorphism Database; Homo, homozygote; Hetero,
heterozygote; SCZ, schizophrenia; CONT, control; NCBI, National Center for Biotechnology Information.

Schizophrenia is a genetically heterogeneous disorder,
with both very rare variants with a high effect size (eg,
CNVs in 1g21.1, 15q13.3) and common variants with
a low effect size (eg, rs1344706 in ZNF804A4) involved
in its genetic architecture. In this frequency-effect size
spectrum, P2255T (OR: ~2, risk allele frequency in con-
trols: ~0.005) is located between the CNV in 1q21.1 (OR:
~10, frequency in controls: ~0.0001)* and rs1344706[T]
in ZNF8044 (OR: ~1.1, risk allele frequency in controls:
~0.6),%% both of which have been recently associated with
schizophrenia. The relatively modest effect size of
P2255T compared with that of the above CNVs can be
attributable to the difference in the effect of each variant
on gene(s): Although CNVs strongly influence the

expression of multiple genes, missense mutations in
KALRN are presumed to have limited effects on KALRN
function. P2255T is located in the evolutionally con-
served proline-rich region between the C-terminal GEF
and SH3 domains®’ and is surrounded by 2 nearby phos-
phorylation sites (52237 and S2262), according to Hu-
man Protein Reference Database (http://www.hprd.org/
index_html)?® (figure 1). In silico analysis with Phospho-
Motif Finder®® shows that T2255 itself can be recognized
and phosphorylated by many kinases, suggesting func-
tional implications of P2255T (figure 1). In addition, in
silico analysis predicts that phosphorylation of T2255
will induce that of nearby S2253. Thus, P2255T may
greatly change the phosphorylation status in a narrow

Table 2. Association Analyses of Each Missense Mutation in the Third Sample Set

Third Sample Set

Genotype Counts

Mutation Frequency

AA Change SCz CONT SCZ CONT OR P Value
KALRN T1207M 0/7/1477 0/3/1482 0.0024 0.0010 2.34 171
KALRN P2255T 0/31/1448 0/15/1473 0.0105 0.0050 2.09 012
EPHBI R637C 0/4/1477 0/4/1478 0.0014 0.0014 1.00 .636
EPHBI1 R905C 0/15/1458 0/12/1466 0.0051 0.0041 1.26 .347
Note: Abbreviations are explained in the first footnote to table 1. P values were calculated by Fisher exact test (1 tailed).
5
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Table 3. Combined Association Analysis in The Third Sample Set

Third Sample Set

Combined Analysis

G Genotype Counts Mutation Frequency Gene Based
ene
AA Change SCz CONT SCz CONT OR P value
KALRN R410H 0/0/1481 0/0/1484 0 0 2.07 .003
KALRN Q770K 0/0/1486 0/0/1490 0 0
KALRN T1207M 0/7/1477 0/3/1482 0.0024 0.0010
KALRN P2255T 0/31/1448 0/15/1473 0.0105 0.0050
KALRN A2382V 0/7/1473 0/4/1480 0.0024 0.0013
EPHBI1 F1518 0/0/1478 0/0/1484 0 0 1.09 438
EPHBI D375N 0/0/1483 0/0/1490 0 0
EPHBI D577N 0/0/1486 0/2/1483 0 0.000673
EPHBI1 R637C 0/4/1477 0/4/1478 0.0014 0.0014
EPHBI R905C 0/15/1458 0/12/1466 0.0051 0.0041
EPHBI1 T981M 0/5/1481 0/4/1484 0.0017 0.0013

Note: Abbreviations are explained in the first footnote to table 1. P values were calculated by Fisher exact test (1 tailed).

region between the C-terminal GEF and SH3 domain. A
protein with multiple phosphorylated sites like KALRN
can be assumed to have an exponential number of
phospho-forms, and individual phospho-forms may
have distinct biological effects. The diffuse distribution
of these phospho-forms at steady state enables the phos-
phoproteome to encode information and flexibly respond
to varying demands.*° Thus, it is conceivable that P2255T
may influence such plasticity in KALRN by changing the
number of phosphorylated sites. Interestingly, detailed
examination of clinical information from the first sample
set, which was uniquely available to us, revealed that con-

Table 4. Results of In Silico/Conservation Analysis

genital or early-onset vascular disease was observed in
5 of 7 cases with P2255T (supplementary table S1). Be-
cause KALRN may represent a candidate gene for vascu-
lar diseases,'*? it is tempting to speculate that P2255T
may be a potential risk factor for vascular disease.

In addition to P2255T, we detected multiple rare
(<1%) missense mutations in KALRN or EPHBI.
Such variants are not sufficiently frequent to be covered
by GWAS nor do they have sufficiently large effect sizes
to be detected by linkage analysis in family studies. For
modest effect sizes, it is suggested that association testing
may require composite tests of overall mutational load,

KALRN
Analysis R410H Q770K T1207M P2255T A2382V
PolyPhen-2 Probably Probably Probably Benign Benign
damaging damaging damaging
PMut Pathological Neutral Pathological Pathological Neutral
Conservation Human (NP_001019831.2) LDERSTI IFLQLRI IHATEIR RSQPARL SILAPLT
analysis Chimpanzee (XP_516703.2) LDERSTI IFLQLRI IHATEIR RSQPARL SILAPLT
Dog (XP_535768.2) LDERSTI IFLQLRI IHATEIR RSQPSRV SVLAPLT
Cattle (XP_001790302.1) LDERSTI IFLQLRI IHATEIR RSQPARV SILTPLT
Mouse (XP_001481079.1) LDERSTI IFLQLRI THATEIR RSQPPRV SILAPLA
Rat (NP_114451.1) LDERSTI IFLQLRI IHATEIR RSQPPRV SILAPLT
EPHBI1
Analysis F1518 D375N D577N R637C R905C T981M
PolyPhen-2 Benign Probably Possibly Probably Probably Probably
damaging damaging damaging damaging damaging
PMut Pathological Neutral Neutral Pathological Pathological Pathological
Conservation Human (NP_004432.1) QVDFGGR RCDDNVE VYSDKLQ YKGRLKL LLDRSIP QSPTAMA
analysis Chimpanzee QVDFGGR RCDDNVE LLVEQWQ YKGRLKL LLDRSIP QSPTAMA
(XP_001150963.1)
Dog (XP_542791.2) QVDFGGR RCDDNVE VYSDKLQ YKGRLKL LLDRSIP QSPTTMA
Cattle (XP_614602.4) QVDFGGR RCDDNVE VYSDKLQ YKGRLKL LLDRSIP QSPTAMA
Mouse (NP_775623.2) QVDFGGR RCDDNVE AYSDKLQ YKGRLKL LLDRSIP QSPSVMA
Rat (XP_217250.1) QVDFGGR RCDDNVE VYSDKLQ YKGRLKL LLDRSIP QSPSVMA

Note: The bold are the mutated amino acids.

6

72

PR R

[ -SSR S

[

PR U



QTHK

TI200d

Rare Missense Mutations in Schizophrenia

RI49K
PIREET
P1695Q P2265S N29738
a7 G2296C
l Ansv

SenThr
RhoGEE,~” SH3 RhoGEF SH3 IGa Fn3  Protn
\ Kinase

Wild type (P2285):

SPIEYQREKERSTAVMRSQIARLPQAS

SPIEYQRKERSTAVMREQIARLPQAS
Nintant type (T225

Fig. 1. Rare Missense Mutations in KALRN and Change in Phosphorylation Status by P2255T.

comparing frequencies of mutations of potentially similar
functional effect in cases and controls. Thus, we also per-
formed combined association analyses for KALRN or
EPHBI and found evidence that multiple rare (<1%)
missense mutations in KALRN as a whole are associated
with schizophrenia. This finding is supported by in silico
analyses showing that most of the mutations are pre-
dicted as being of functional relevance and that they
are located in evolutionally conserved regions. In con-
trast, there were no significant differences in the cumula-
tive frequencies of rare missense mutations in EPHBI.
This might be due to a type Il error. The cumulative fre-
quency of rare mutations of EPHBI in controls is almost
same as the one of KALRN in controls (0.0075 vs 0.0073),
indicating that cumulative effect size of rare missense
mutations in EPHBI may be smaller than the one in
KALRN. In the mammalian genome, there are 5 different
EphB receptors (EphBl1, EphB2, EphB3, EphB4, and
EphB6), with a high similarity at the amino acid level.
Analysis of double and triple knockout mice lacking
EphBl1, EphB2, and EphB3 in different combinations
revealed that EphBs have functional redundancy even
though all these EphBs are responsible for spine morpho-
genesis and synapse formation to varying degrees.>> This
is in contrast with the drastic phenotypes observed in
KALRN-knockout mice.'® Therefore, biological effects

73

of rare missense mutations in EPHBI may be compen-
sated for by other intact EPHBs. This might lower the
ORs of rare missense mutations in EPHBI. Given that
all the mutations detected in EPHBI were predicted to
have pathogenicity by PolyPhen-2 or PMut, a larger-
scale case-control study with sufficient power may pro-
vide a significant result in a combined analysis for
EPHBI.

One important aspect of the present study is that we
found rare mutations associated with schizophrenia in
the KALRN gene, in which GWASs detected association
signals for schizophrenia. Several studies have recently
reported the 1 gene may harbor both rare and common
variants associated with the same diseases, including
schizophrenia,* type 2 diabetes,>® and hypertriglyceride-
mia.>® Given that the cost of whole-genome sequencing is
still high to search for rare mutations, resequencing anal-
yses for genes with support from GWAS might be a better
strategy for detection of rare mutations with larger effect
size.

There are several limitations to this study. First, we
could not conduct segregation analyses for mutations
due to limited access to family members. Furthermore,
given the modest risk (OR ~2), these mutations would
show incomplete penetrance. In fact, it is reported that
penetrance estimates of CNVs at 1g21.1 and 15q13.3,

7
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both of which show higher ORs, are 0.061 and 0.074, re-
spectively.?® Therefore, a population-based study is a bet-
ter choice to evaluate genetic associations for missense
mutations with modest risk.*” The second limitation is
population stratification. Although a Japanese popula-
tion is considered relatively homogenous, small popula-
tion stratifications may have influenced our findings.*®
However, we believe that the recruitment of subjects in
local regions minimized this concern. Third, we did
not conduct functional analyses for detected missense
mutations. The detailed effects of these mutations on
the pathophysiology of schizophrenia need to be exam-
ined in a future study. Fourth, our resequencing analyses
were not comprehensive in terms of the kind of variants
and the number of genes. In other words, the present
study did not cover indels or CNVs because of the meth-
odological limitation of the DNA microarray-based
method. Because these classes of variants could have
a more profound effect on protein function, their genetic
contribution to schizophrenia might be revealed in future
studies. Also, as shown in EPHBI, it is assumed that a va-
riety of molecules or pathways have a role in spine for-
mation or synapse plasticity, which are impaired in
patients with schizophrenia, to compensate for each
other. A combined analysis of a large number of genes
relevant for synaptic function might provide more robust
evidence that rare missense mutations as a whole contrib-
ute to pathomechanisms of schizophrenia.

In conclusion, we provide the first evidence that mul-
tiple rare (<1%) missense mutations in KALRN may be
genetic risk factors for schizophrenia. Further studies will
be needed to examine the pathogenicity of these muta-
tions from a biologic point of view.
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Several investigations have reported associations between serotonin 1A (5-HT1A) receptor and major
psychiatric disorders, such as schizophrenia and bipolar disorder (BP), making the 5-HT1A receptor gene
(HTR1A) a good candidate gene for the pathophysiology of schizophrenia and BP. To evaluate the association
between HTRIA and schizophrenia and BP, we conducted a case-control study of Japanese population
samples with two single- nucleotide polymorphisms (SNPs), including rs6295 (C-1019G) in HTRIA. In
addition, we conducted a meta-analysis of rs6295, which has been examined in other studies. Using one
functional single- nucleotide polymorphism (SNP; rs6295) and one tagging SNP (rs878567), we conducted a
genetic association analysis of case-control samples (857 schizophrenic patients, 1028 BP patients and 1810
controls) in the Japanese population. Two association studies for schizophrenia and three association studies
for BP, including this study, met our criteria for the meta-analysis of rs6295. We found an association
between HTRIA and Japanese BP in a haplotype-wise analysis, the significance of which remained after
Bonferroni correction. In addition, we detected an association between rs6295 and BP in the meta-analysis
(fixed model: P(Z)=0.000400). However, we did not detect an association between HTRIA and
schizophrenia in the allele/genotype-wise, haplotype-wise or meta-analysis. HTR1A may play an important
role in the pathophysiology of BP, but not schizophrenia in the Japanese population. In the meta-analysis,
rs6295 in HTR1A was associated with BP patients.

Crown Copyright © 2010 Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Some antipsychotic drugs, such as aripiprazole, clozapine and perospir-
one, have partial agonist effects on 5-HT1A receptors (Meltzer et al,,

Altered serotonergic neural transmission is hypothesised to be a
susceptibility factor for schizophrenia (Meltzer et al., 2003; Geyer and
Vollenweider, 2008).

The serotonin 1A (5-HT1A) receptor is present in various regions of
the brain, including the cortex, hippocampus, amygdala, hypothalamus
and septum (Barnes and Sharp, 1999; Aznar et al,, 2003; Varnas et al.,
2004; Le Francois et al, 2008), and several post-mortem studies
reported increased 5-HT1A receptor in the prefrontal cortex of
schizophrenic patients (Hashimoto et al, 1991; Hashimoto et al,
1993; Burnet et al., 1996; Simpson et al,, 1996; Sumiyoshi et al., 1996).

* Corresponding author. Tel.: 481 562 93 9250; fax: +81 562 93 1831.
E-mail address: tarok@lujita-hu.ac.jp (T. Kishi).

2003; Meltzer and Sumiyoshi, 2008; Sumiyoshi et al., 2008).

Sumiyoshi and colleagues conducted several studies of the effects of
the addition of tandospirone, a 5-HT1A receptor agonist, on cognitive
function in patients with schizophrenia being treated with antipsycho-
tics (Sumiyoshi et al., 2001a,b). The addition of tandospirone
(30 mg day™"), but not placebo, to antipsychotic drugs for 4-6 weeks,
was found to improve executive function in one study and verbal
learning and memory in another (Sumiyoshi et al, 2007).

Mason and Reynolds reported that one of the major pharmacological
therapeutic targets of clozapine is 5-HT1A receptors on cortical
glutamatergic neurons (Mason and Reynolds, 1992). These authors
suggested that clozapine binding to 5-HT1A receptors may contribute to
the mechanism of the unique efficacy of clozapine in schizophrenic
patients (Mason and Reynolds, 1992). Recent pharmacogenetics studies

0165-1781/$ - see front matter. Crown Copyright © 2010 Published by Elsevier ireland Ltd. All rights reserved.
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reported that a SNP (C-1019G: rs6295) in the promoter region of the 5-
HT1A receptor gene (HTRI1A), which regulates HTR1A transcription
(Lemonde et al, 2003; Le Francois et al, 2008), is associated with
improved response in negative symptoms with antipsychotics such as
risperidone (Reynolds et al., 2006; Wang et al., 2008; Mossner et al,,
2009).

These findings suggest a crucial relationship between the 5-HT1A
receptor and schizophrenia, and that HTR1A is a good candidate for the
aetiology of schizophrenia. HTR1A (OMIM * 109760, one exon in this
genomic region spanning 2.069 kb) is located on 5q11. This genomic
region has been shown to be a susceptibility region for schizophrenia
(McGuffin et al, 1990; Amos et al, 1991; Hallmayer et al, 1992;
Macciardi et al., 1992; Kalsi et al., 1999). Huang and colleagues reported
that rs6295 in HTRIA was associated with Caucasian schizophrenia
patients (108 schizophrenic patients and 107 controls) (Huang et al,
2004). However, their study had a small number of samples. We
calculated the statistical power in this research using a genetic power
calculator (Purcell et al., 2003), and obtained more than 80% power for
the detection of association when we set the genotype relative riskat 2.4
in schizophrenia for rs6295 in HTRIA under a multiplicative model of
inheritance. On the other hand, Kawanishi and colleagues reported no
association between HTRIA and Japanese schizophrenic patients
(Kawanishi et al., 1998). This study also had a small number of samples
(61 schizophrenic patients and 100 controls). In addition, they
performed a mutation scan with HTRIA and an association analysis
between rare variants and schizophrenia. In a power analysis, we
obtained more than 80% power for the detection of association when we
set the genotype relative risk at 4.8-7.4 in schizophrenia for HTR1A
under a multiplicative model of inheritance. Thus, it is difficult to
evaluate the association of such extremely rare variants from the
viewpoint of power (Kawanishi et al, 1998). Several whole genome
association studies (GWAS) reported no association between HTR1A and
schizophrenia in the Caucasian population (O'Donovan et al., 2008; Ng
et al,, 2009). However, to obtain adequate statistical power in GWAS
between common variants and common complex disease, it is thought
that more than 10 000 cases and control samples are necessary (Kong et
al., 2009; Manolio et al., 2009). Therefore, we examined the association
between HTRIA and Japanese schizophrenic patients using a sample
larger than that in the two original studies (Kawanishi et al., 1998;
Huang et al,, 2004).

Several investigations reported that the translin-associated factor X
gene (TSNAX)/disrupted-in-schizophrenia-1 gene (DISC1) was associ-
ated with schizophrenia and bipolar disorder (BP) (Hennah et al., 2003;
Hennah et al., 2005; Thomson et al,, 2005; Zhang et al., 2005; Hashimoto
et al., 2006; Palo et al, 2007; Schosser et al., in press). We considered
that BP and schizophrenia might have common susceptibility genes.
Schizophrenia and BP have approximately 80% heritability. Recent
whole genome studies have showed that a number of susceptibility
regions overlap in schizophrenia and BP (132, 10p11-15, 13q32,
18p11.2 and 22q11-13). Schizoaffective disorder is known to be a
disorder with both characteristics of schizophrenia and BP. The evidence
for this is discussed in more detail in four reviews (Ivleva et al., 2010;
Moskvina et al, 2009; O'Donovan et al, 2009; Purcell et al., 2009).
Recent GWAS reported that zinc Wnger binding protein 804A
(ZNF804A) and calcium channel, voltage-dependent, L type, alpha 1C
subunits (CACNAIC) were associated with schizophrenia and BP
(Consortium, 2007; O'Donovan et al, 2008; Green et al, in press;
Moskvina et al., 2009; Purcell et al., 2009). This evidence is discussed in
more detail in a review by O'Donovan (O'Donovan et al., 2009). A recent
GWAS reported that BP and schizophrenia have common susceptibility
genes (Moskvina et al, 2009). Another GWAS using Japanese BP
samples did not include HTRIA (Hattori et al,, 2009). When GWAS
between common variants and common complex disease are per-
formed, it is thought that more than 10 000 cases and control samples
are necessary to obtain adequate statistical power (Kong et al., 2009;
Manolio et al, 2009). Because the main problem of these past
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association studies between HTRIA and schizophrenia and BP was
small sample sizes, we conducted an analysis of the association of HTR1A
with schizophrenia and BP using the recently recommended strategy of
‘gene-based’ association analysis (Neale and Sham, 2004) and larger
samples than the original studies (Huang et al, 2004; Sullivan et al.,
2009). Recently, it has been suggested that meta-analysis, in which
larger samples are examined, is required for conclusive results in genetic
studies (O'Donovan et al,, 2008). Therefore, we conducted a meta-
analysis of rs6295, which has been examined in other genetic research.

2. Materials and methods
2.1. Subjects

715 schizophrenic patients and 1017 BP patients were diagnosed according to
Diagnostic and Statistical Manual for Mental Disorders (DSM)-IV criteria with the
consensus of at least two experienced psychiatrists on the basis of unstructured
interviews and a review of medical records. As many as 142 schizophrenic patients and
11 BP patients underwent the Structured Clinical Interview for DSM-IV disorders
(SCID-1). Schizophrenic patients were grouped according to the following DSM-IV sub-
types of schizophrenia: paranoid type (n=221), disorganised type (n= 224), Catatonic
type (n=29), residual type (n=143) and undifferentiated type (n=125). A total of
1633 controls were also diagnosed according to DSM-IV criteria with the consensus of
at least two experienced psychiatrists on the basis of unstructured interviews, of which
46 and 131 controls underwent the Mini-International Neuropsychiatric Interview
(MINI) and SCID-1, respectively. None had severe medical complications such as liver
cirrhosis, renal failure, heart failure or other Axis-I disorders according to DSM-IV.
Controls included hospital staff and medical students. Yamaguchi-Kabata and
colleagues reported that different proportions of individuals from different regions of
Japan in case and control groups can lead to statistical error (Yamaguchi-Kabata et al,,
2008); however, another recent study confirmed that there is no population
stratification in our control samples (Ikeda et al., 2010). However, our control samples
may not be representative of the general population. The study was described to
subjects and written informed consent was obtained from each. This study was
approved by the Ethics Committee at Fujita Health University and Nagoya University
School of Medicine.

2.2. SNPs selection and linkage disequilibrium (LD) evaluation

We first consulted the HapMap database (release#23.a.phase2, Mar 2008, www.
hapmap.org, population: Japanese Tokyo: minor allele frequencies (MAFs) of more
than 0.05) and included three SNPs (rs6449693, rs878567 and rs1423691) covering
HTR1A (5'-flanking regions including about 1 kb from the initial exon and about 2 kb
downstream (3’) from the last exon: HapMap database contig number chr5:
63287418-63291774). Then, one tagging SNP was selected with the criteria of an r?
threshold greater than 0.8 in ‘pair-wise tagging only’ mode using the ‘Tagger’ program
(Paul de Bakker, http://www/broad.mit.edu/mpg/tagger) of the HAPLOVIEW software
(Barrett et al., 2005).

HTR1A has also been reported to have one biologically functional SNP (C-1019G:

~ 156295) (Albert et al,, 1996; Lemonde et al., 2003; Albert and Lemonde, 2004). Rs6295

(C-1019G) in the promoter region regulates HTR1A transcription (Lemonde et al., 2003;
Le Francois et al., 2008). The C allele is a part of a 26-letter palindrome that connects
transcription factors (Deaf-1, Hesl and Hes5) by nuclear deformed epidermal
autoregulatory factor (NUDR), whereas the G allele abolishes repression by NUDR
(Lemonde et al,, 2003; Le Francois et al., 2008). This would lead to elevated levels of 5-
HT1A receptor in the presynaptic raphe nucleus in GG genotypes, compared with CC
genotypes (Lemonde et al., 2003; Le Francois et al,, 2008). Since no information about
r$6295 was shown in the HapMap database, we included this SNP. These two SNPs were
then used for the following association analysis.

2.3. SNPs genotyping

We used TagMan assays (ABI: Applied Biosystems, Inc., Foster City, CA, USA) for all
SNPs. One allelic probe was labelled with FAM dye and the other with fluorescent VIC
dye. The plates were heated for 2 min at 50 °C and 95 °C for 10 min, followed by 45
cycles of 95 °C for 15 s and 58 °C for 1 min. Please refer to ABI for the primer sequence.
Detailed information is available on request.

2.4. Statistical analysis

2.4.1. Case-control study

Genotype deviation from the Hardy-Weinberg equilibrium (HWE) was evaluated
by chi-square test (SAS/Genetics, release 8.2, SAS Japan Inc., Tokyo, Japan). Marker-trait
association analysis was used to evaluate allele- and genotype-wise association with
the chi-square test (SAS/Genetics, release 8.2, SAS Japan Inc, Tokyo, Japan). The
distribution of patient characteristics in the schizophrenia group, BP group and healthy
control group was analysed using a ¢ test or a chi-square test. We found significant
differences in gender distribution among these groups (Pschizophrenia=0.00110 and
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Pgp=0.512); however, there was no difference in age among them (Pschizophrenia<0.001
and Pgp<0.001). We therefore performed logistic regression analysis to compare the
phenotype of each of the examined SNPs genotypes to adjust for possible confounding.
The phenotype (each disorder or healthy control) was the dependent variable, and
gender, age at the time of recruitment and each of the examined SNP genotypes were
set as the independent variables. The statistical package JMP for Windows was used for
logistic regression analysis (JMP 5.0.1 J, SAS Japan Inc., Tokyo, Japan). A haplotype-wise
association analysis was done with a likelihood ratio test using the COCAPHASE2.403
program (Dudbridge, 2003). This software uses the expectation-maximisation (EM)
algorithm to estimate the haplotype frequencies of unphased genotype data and
standard unconditional logistic regression analysis, applying the likelihood-ratio test
under a log-linear model to compare haplotype frequencies between cases and healthy
controls. In order to avoid misleading results caused by rare haplotypes, all haplotypes
with a frequency <5% in both the cases and the controls were declared rare and
clumped together for a test of the null hypothesis, using the command line option ‘rare
0.05". This analysis was adjusted for age and gender. To avoid spurious results and
correct for multiple testing, we used the permutation test option as provided in the
haplotype-wise analysis. Permutation test correction was performed using 10 000
iterations (random permutations). In addition, Bonferroni's correction was used to
control inflation of the type I error rate in the marker trait association analysis. For
Bonferroni correction, we employed the following numbers of multiple tests: three for
each sample set in allele, genotype and haplotype-wise analysis (two examined SNPs),
and two for marker-trait association analysis (chi-square test and logistic regression
analysis). Therefore, we performed 12 Bonferroni correction tests (3x2x2) to all P
values. Power calculation was performed using a genetic power calculator (Purcell et
al., 2003). We set each item in each value in the Genetic Power Calculator as follows:
Prevalence: 0.01 in schizophrenia and BP, and user-defined: 0.025 (Two SNPs were
examined in this study. Bonferroni's correction was used to control inflation of the type
I error rate). When we calculated the statistical power using the genetic power
calculator, we substituted MAFs of cases and healthy controls and number of cases and
healthy controls (the MAFs used to calculate the statistical power are shown in Table 1).
The significance level for statistical tests was 0.05.

2.4.2. Meta-analysis

To identify studies eligible for the meta-analysis, we searched PubMed citations through
March 2009 using the terms ‘HTRIA, ‘serotonin 1A receptor gene,’ ‘schizophrenia,’ ‘bipolar
disorder,’ or ‘BP' as keywords. In cases when we could not obtain detailed information about
allele frequencies in the article, we referred to the ‘SzGene database’ (http://www.
schizophreniaforum.org/res/sczgene/default.asp) (Allen et al, 2008).

We used the following criteria for selection of eligible studies: (1) be published in
peer-reviewed journal, (2) contain independent data, (3) have distribution of
genotypes in the control population that was in HWE, (4) have schizophrenia or BP
patients diagnosed according to DSM and (5) use healthy individuals as controls in
case-control studies.

Cochran's chi-square-based Q-statistic test was applied to assess between-study
heterogeneity. The significance of the pooled odds ratio (OR) was determined using a Z-
test. Overall ORs and their 95% confidence intervals (CIs) were estimated under both
the Mantel-Haenszel fixed-effects (Mantel and Haenszel, 1959) and DerSimonian-
Laird random-effects models (DerSimonian and Laird, 1986). The random-effects
model is more conservative than the fixed-effects model and produces a wider ClL
When there is no evidence of heterogeneity, the random-effects model will give results
similar to the fixed-effects model. Therefore, if it is confirmed that there was no
heterogeneity, we could calculate pooled ORs and P-values according to the Mantel-
Haenszel fixed-effects model. If there was evidence of heterogeneity, we could
calculate pooled ORs and P-values according to the DerSimonian and Laird random-
effects model. Publication bias was evaluated using a funnel plot asymmetry with
Egger's test. The statistical significance was set at 0.05. All data were analysed using
Comprehensive Meta-Analysis (Ver 2.0). More detailed information about the meta-

Table 1
Association analysis of HTR1A with schizophrenia and bipolar disorder.

T. Kishi et al. / Psychiatry Research 185 (2011) 20-26

analysis method is given in our previous articles (Kawashima et al,, 2009; Okochi et al.,
2009). The significance level for all statistical tests was 0.05.

3. Results
3.1. Case-control study

715 schizophrenic patients, 1017 BP patients and 1633 healthy
controls did not undergo structured interviews (more detailed
characteristic information about subjects can be seen in Section 2.1.).
However, in this study, patients were carefully diagnosed according to
DSM-IV criteria with consensus of at least two experienced psychia-
trists on the basis of a review of medical records. In addition, when we
found a misdiagnosis in a patient, we promptly excluded the
misdiagnosed case to maintain the precision of our sample. Because
the diagnosis of one patient in our BP sample was changed to
schizoaffective disorder, we excluded this patient from the BP sample.
There were no schizophrenia patients whose diagnoses were
changed. Detailed information on our samples was provided in
previous articles (Kishi et al.,, 2008a, b, 2009a).

We added 5 randomly selected samples that were genotyped again
as a measure of genotyping quality control, and the genotype
consistency rates for all two SNPs were 100%.

The LD from rs6449693, rs878567 and rs1423691 was tight in
from the HapMap database samples (*=1.00). However, the LD
structure of rs6295 (functional SNP) and rs878567 (tagging SNP) in
our healthy control samples was not tight (> =0.160). Further, the
MAFs in our healthy control samples were similar to those in the
HapMap database. The LD of rs6295 and rs878567 in our BP samples
was looser than in the healthy controls and schizophrenia samples (r?
value: healthy controls=0.160, schizophrenia=0.101 and
BP =0.00600).

3.1.1. Schizophrenia

Genotype frequencies of all SNPs were in HWE. We detected an
association between rs878567 and schizophrenia in the allele-wise
analysis (Table 1). However, this significance disappeared after
multiple testing (Table 1). We did not detect a significant association
between HTR1A and schizophrenia in the genotype-wise analysis or
haplotype-wise analysis with logistic regression adjusted for age and
gender (Table 2 and 3). In the power analysis, we obtained power of
more than 80% for the detection of association when we set the
genotype relative risk at 1.25-1.33 in schizophrenia for HTR1A, under
a multiplicative model of inheritance.

3.1.2. Bipolar disorder
Genotype frequencies of all SNPs were in HWE. We detected a
significant association between HTR1A and BP in the allele/genotype-

SNP? Phenotype MAF" N Genotype distribution® P-value®® Corrected P-value®f
M/M M/m m/m HWE. Genotype Allele Genotype Allele

156295 Controls 0.247 1810 1024 678 108 0.762 :
C>G Schizophrenia 0.229 857 518 286 53 0.113 0.120 0.146

Bipolar disorder 0.283 1028 524 427 77 0.433 ko.ﬂl‘lﬁ 0.00337 0.139 0.0404
rs878567 Controls 0.174 1810 1242 506 62 0.240 !
C>T Schizophrenia 0.149 857 619 220 18 0.764 0.0606 0.0238 0.286

Bipolar disorder 0.225 1028 621 350 57 0.407 0.00000183 0.00000212 0.0000220 0.0000254

a
b

<

Major allele>minor allele.

MAFs: minor allele frequencies.

M: major allele, m: mimor allele.
Hardy-Weinberg equilibrium.

Bold numbers represent significant P-value.
Calculated by Bonferroni correction (12 times).
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