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A B S T R A C T

22q11.2 heterozygous multigene deletions confer an increased risk of schizophrenia with marked impairment of
cognition. We explored whether genes on 22q11.2 are associated with cognitive performance in patients with
idiopathic schizophrenia. A total of 240 schizophrenia patients and 240 healthy controls underwent the
Japanese-language version of the Brief Assessment of Cognition in Schizophrenia (BACS) and were genotyped for
115 tag single-nucleotide polymorphisms (tag SNPs) at the 22q11.2 region using the golden gate assay
(Illumina®). Associations between z-scores of the BACS cognitive domains and SNPs and haplotypes were ana-
lyzed using linear regression in PLINK 1.07. An additional set of 149 patients with bipolar disorder were in-
cluded for cognitive assessment and selected SNPs were genotyped using real-time PCR. Patients with schizo-
phrenia and bipolar disorder showed qualitatively comparable profiles of cognitive impairment across BACS
subdomains, as revealed by significant correlation between the two groups in the resulting cognitive effect sizes
relative to controls. rs4819522 (TBX1) and rs2238769 (UFD1L) were significantly and nominally associated,
respectively, with symbol coding in patients with schizophrenia. Haplotype analyses revealed that haplotypes
containing the A allele at rs4819522 and G allele at rs2238769 showed significant negative associations with
symbol coding in patients with schizophrenia. There was no effect of any haplotypes on cognition in patients
with bipolar disorder. Our results have implications for the understanding of the role of haplotypes of UFD1L and
TBX1 genes associated with symbol coding in patients with schizophrenia. Further replication studies in a cohort
of newly diagnosed patients and other ethnicities are warranted.

1. Introduction

Growing evidence shows that a broad range of cognitive impairment
is a hallmark of patients with schizophrenia. High heritability was
found from studying the cognitive phenotypes of relatives of schizo-
phrenia probands (Dickson et al., 2014; Scala et al., 2012; Schulze-
Rauschenbach et al., 2015). Cognitive impairments, albeit less severe,
are also present in a substantial number of patients with bipolar dis-
order in a euthymic state (Arts et al., 2008; Mann-Wrobel et al., 2011;
Robinson et al., 2006). Patients with schizophrenia and bipolar disorder
also show qualitatively similar patterns of cognitive impairment across
different cognitive areas (Hill et al., 2013; Reichenberg et al., 2009;
Sanchez-Morla et al., 2009; Schretlen et al., 2007; Zanelli et al., 2010),
implying that the molecular underpinning of these traits may be shared

by these two disorders. However, recent studies have suggested that
multiple cognitive subgroups (almost intact, impaired in selective
cognitive area, and globally impaired) are distributed among patients
with bipolar disorder (Burdick et al., 2014; Russo et al., 2017) and even
across diagnostic categories (Bora, 2016; Lewandowski et al., 2014).

Recent advances in genome-wide association studies (GWAS) have
boosted our understanding of the molecular mechanisms behind the
cognitive status of patients with schizophrenia and controls (Ohi et al.,
2015). Here, we focus on the chromosomal segment spanning ~3.0Mb
or nested 1.5Mb in size on the q11.2 band of chromosome 22, a region
known as 22q11.2, with a tendency to undergo heterozygous multigene
deletion, which in turn markedly increases the risk for neuropsychiatric
disorders (Gur et al., 2017; Jonas et al., 2014). Several lines of linkage
study suggesting the involvement of 22q11.2 region in psychosis
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(Hamshere et al., 2005; Williams et al., 2003) were preceded by studies
in the early 1990s showing the link between 22q11.2 hemizygous de-
letion and schizophrenia (Driscoll et al., 1992; Pulver et al., 1994;
Scambler et al., 1992; Shprintzen et al., 1992). A recent large-scale
collaborative study showed that schizophrenia and a broad range of
psychotic disorders were present in 30% and 41% of adults, respec-
tively, among 1402 participants with 22q11.2 deletion (22q11.2 D)
syndrome (Schneider et al., 2014). Moreover, a recent genome-wide
study on the contribution of copy number variants to the risk has
ranked 22q11.2D as one of the loci involved in the highest known ge-
netic risk for the development of schizophrenia (Marshall et al., 2017).
Regarding cognition, several studies have suggested that decline in full-
scale intelligence quotient (IQ) (Vorstman et al., 2015) and cognitive
functions, despite once being attained (Antshel et al., 2017), during
childhood and adolescence are potential markers for the emergence of
overt psychosis in carriers of 22q11.2D between late adolescence and
early adulthood.

While 22q11.2 encompasses approximately 40–50 genes (Gur et al.,
2017; Jonas et al., 2014), most clinical studies on the association be-
tween this genomic region and cognitive dysfunction in schizophrenia
have been confined to catechol-O-methyltransferase gene (COMT)
(Barnett et al., 2008; Bilder et al., 2002; Bruder et al., 2005; Dickerson
et al., 2007; Egan et al., 2001; Lopez-Garcia et al., 2013). In contrast,
specific genes mapped to the mouse ortholog of human 22q11.2 have
been explored to elucidate the role of these genes in cognition and af-
fective behaviors (Boku et al., 2018; Hiramoto et al., 2011; Hiroi, 2018;
Hiroi et al., 2013; Hiroi et al., 2005; Paylor et al., 2006; Takahashi
et al., 2016). We thus aim to determine whether the genetic archi-
tecture of cognitive dysfunction in schizophrenia may involve multiple
adjacent genes on 22q11.2.

The Brief Assessment of Cognition in Schizophrenia (BACS) is a
battery including six major cognitive domains (Keefe et al., 2004). It
has been widely used as a portable and acceptable instrument with high
reliability to assess the cognitive impairment of subjects with schizo-
phrenia and affective disorder by other research groups (Bralet et al.,
2007; Chianetta et al., 2008; Keefe et al., 2004) and ourselves (Akiyama
et al., 2016; Kuratomi et al., 2013; Saito et al., 2017). The purpose of
this study was to explore if genetic variants at 22q11.2 are associated
with cognitive impairment in patients with schizophrenia and bipolar
disorder with the latter being added to investigate the disease-specific
aspects of our findings, in comparison with controls from the Japanese
population.

2. Materials and methods

2.1. Sample collection of patients and control subjects

Participants consisted of 240 control subjects [143 males and 97
females; age: mean ± standard deviation (SD), 48.0 ± 13.0 years],
240 patients with schizophrenia (140 males and 100 females; age,
48.2 ± 12.6 years), and 149 patients with bipolar disorder (84 males
and 65 females; age, 51.6 ± 11.6 years; Table 1). Patients with schi-
zophrenia and bipolar disorder, diagnosed according to the Diagnostic
and Statistical Manual of Mental Disorders fifth edition (American
Psychiatric Association, 2013), were recruited from Dokkyo Medical
University School of Medicine Hospital and affiliated hospitals. All
patients had been clinically stable for at least 4 weeks before the present
study. The control subjects were volunteers from among mainly non-
professional university/hospital staff, unrelated to the patients, and
were free of any mental disorders. All subjects lived in the Kanto region
of Japan, and some of them had been included in our previous studies
(Akiyama et al., 2016; Kuratomi et al., 2013; Saito et al., 2013; Saito
et al., 2017). Exclusion criteria included a history of neurological dis-
order, significant head injury, or substance dependence or abuse with
the exception of nicotine. Dosages of individual antipsychotics were
gauged based on the equivalent milligram dosage of haloperidol as Ta
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reported previously (Inada and Inagaki, 2015) and were summed to
obtain cumulative dosages. The objective of the present study was
clearly explained, and written informed consent was obtained from all
subjects in accordance with the Declaration of Helsinki (http://www.
wma.net). The whole study was formally approved by the Institutional
Review Board of the Ethical Committees of Dokkyo Medical University
School of Medicine and affiliated hospitals.

2.2. Assessments

2.2.1. Japanese version of the BACS
All participants were administered Version A of the Japanese ver-

sion of the BACS, as per previous reports (Akiyama et al., 2016; Kaneda
et al., 2007). This includes brief assessment of verbal memory (list
learning), a digit sequencing task, a token motor task, a verbal fluency
test (category instances and controlled oral word association test),
symbol coding, and a Tower of London (TOL) task. The primary scores
for each BACS subtest were transformed into z-scores whereby the
mean for healthy control subjects was set to zero and the standard
deviation (SD) to one.

2.2.2. Premorbid intelligence quotient assessment
All participants were assessed with the Japanese Adult Reading Test

(JART) (Akiyama et al., 2016), a Japanese version of the National Adult
Reading Test that provides a valid means of estimating premorbid in-
telligence in schizophrenia patients (Crawford et al., 2001).

2.2.3. Positive and negative symptom scale
Patients were assessed according to their clinical rating of sympto-

matology of schizophrenia using the Positive and Negative Symptom
Scale (PANSS), a 30-item scale (Kay et al., 1987). Positive symptoms
(items P1 to P7), negative symptoms (items N1 to N7), and general
psychopathology (items G1 to G16) were evaluated with summed
scores of each category being used as separate variables (subscales).

2.2.4. Assessment of euthymia
To ensure that we only selected bipolar patients with moods within

the euthymic range, we primarily recruited patients who had scores of
10 points or less on the 17-item Hamilton Depression Rating Scale
(HAM-D) and scores of 10 points or less on the Young Mania Rating
Scale (YMRS), based on the findings of a previous meta-analysis
(Robinson et al., 2006).

2.2.5. Assessment of the social functioning scale (SFS)
Patients (136 patients with schizophrenia and all patients with bi-

polar disorder) were assessed by the Japanese version of the SFS (Chino
et al., 2009), a self-reported questionnaire. This included the following
items: withdrawal, interpersonal communication, independence per-
formance, recreational activities, pro-social performance, independence
competence, and employment (Birchwood et al., 1990).

2.3. Tag SNP selection and quality control

We first consulted the existing HapMap genotyping database
(http://www.hapmap.org/index.html.ja, release 27/phase II, popula-
tion: Japanese) as a general map to select our tag SNPs to reduce the
number of redundant markers (Crawford and Nickerson, 2005) and
found SNPs mapped to 3Mb corresponding to the 22q11.2 genomic
region. The registered SNPs were categorized into the following four
groups: class 1, non-synonymous exonic SNPs causing amino acid
substitution; class 2, synonymous exonic SNPs, SNPs located in the
untranslated regions (UTRs), SNPs located in the promoters up to 2 kb
upstream, and intronic SNPs in close proximity to exon–intron bound-
aries of< 50 bp; class 3, other intronic SNPs; and class 4, intergenic
SNPs. Tag SNPs representing other SNPs in the same linkage dis-
equilibrium (LD) were identified using the Tagger function im-
plemented in Haploview (Barrett et al., 2005) with the criterion of an r2

threshold> 0.8 in “pairwise tagging only” mode. SNPs were pre-
ferentially selected from those belonging to class 1 and class 2 when
identified as tag SNPs. Even those that were assigned to class 3 and class
4 were selected unless there was a single class 1 or class 2 tag SNP
within an LD. Additionally, clinically relevant SNPs, which were not
included in the HapMap database, were manually included in ac-
cordance with the literatures. SNPs with a minor allele frequency
of< 0.01 were excluded. Validation of the selected SNPs was per-
formed to check for consistency with the manufacturer's algorithm that
defines eligibility for golden gate assay (Illumina®). The 131 SNPs were
finally selected, with each being mapped per 17 kb on average over
1.95Mb for genotyping for the controls and patients with schizo-
phrenia.

2.4. Genotyping

We collected peripheral blood from all of the subjects, and extracted
genomic DNA using a QIAamp DNA Blood Maxi Kit (Qiagen, Valencia,

Fig. 1. Part A: The z-scores for six BACS subdomains for patients with schizophrenia (Sch, solid line) and those with bipolar disorder (BP, dotted line) relative to the
healthy control subjects for which the mean and standard deviation were set to zero and one, respectively. Ⓐ,verbal memory (list learning); Ⓑ, digit sequencing task;
Ⓒ, token motor task; Ⓓ, verbal fluency test; Ⓔ, symbol coding; Ⓕ, Tower of London (TOL) task.
Part B: Plots of Cohen's d effect sizes of the cognitive performance for patients with both disorders relative to that of controls (Ctrl). There was a significant correlation
(r=0.886, P= 0.019) between the two groups in the cognitive effect sizes across the BACS domains that are abbreviated as described above.
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CA, USA). Genotyping was performed using golden gate assay
(Illumina®) in Riken Genesis (Yokohama, Japan) for the controls and
patients with schizophrenia. For patients with bipolar disorder, nine
SNPs (8 SNPs shown in Table 4 and rs10160) were selected and gen-
otyped using Taqman SNP Genotyping Assay (Applied Biosystems,
Foster City, CA, USA).

2.5. Statistical analyses

Statistical analyses involving factors other than genetics were im-
plemented in SPSS (version 23.0; IBM Japan, Tokyo, Japan). The sex
ratio between patients and healthy controls was analyzed using a chi-
squared test. Age, JART-estimated premorbid IQ, education duration,
and BACS z-scores were regarded as continuous variables and were
assessed for a normal distribution using a Shapiro–Wilk test, and if
appropriate, standardized and normalized across all of the subjects with

a mean of zero and SD of one using rank transformation, as described
previously (Kuratomi et al., 2013).

Deviations of each SNP from Hardy–Weinberg equilibrium were
analyzed for each of the control and schizophrenia groups by the exact
test implemented in PLINK version 1.0.7 (Purcell et al., 2007). SNPs
with P values < 0.001 were considered to indicate departure from the
Hardy–Weinberg equilibrium, as described by Saito et al. (Saito et al.,
2013). The standard measures of pairwise LD, denoted as Dʹ, were es-
timated in Haploview 4.2 (Barrett et al., 2005) based on our genotype
data from the controls and patients with schizophrenia.

Associations between genotypes and individual z-scores of the BACS
cognitive domains were analyzed using a linear regression model im-
plemented in PLINK version 1.0.7 (Purcell et al., 2007), as previously
reported (Kuratomi et al., 2013). Sex and appropriately normalized
values of age, years of education, and JART-estimated premorbid IQ
were used as a common set of covariates in this linear regression for

Fig. 2. Part A: Association between 115 SNPs mapping to 22q11.2 and BACS cognitive subdomains in patients with schizophrenia.
Part B: Association between 115 SNPs mapping to 22q11.2 and BACS cognitive subdomains in controls.
Vertical lines represent P-values depicted on a logarithmic scale. SNPs were arranged on the horizontal lines in order of chromosomal position. P-values were
determined by running 10,000 permutations using the max (T) procedure adjusted for multiple tests implemented in PLINK version 1.0.7. The significance level was
set at 0.00833 (0.05/6) to correct for the six BACS subdomains. SNPs that showed at least a nominally significant level (P < 0.05) were denoted over P value peaks.
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patients and controls. For the controls and patients with schizophrenia,
associations between each SNP and cognitive domains were tested
under the following three genetic models: dominant (comparing minor
allele carriers with the major allele homozygotes), recessive (comparing
minor allele homozygotes with major allele carriers), and additive
(assuming an allelic dosage effect by coding none, one, and two copies
of the minor allele as 0, 1, and 2, respectively).

Haplotype blocks were defined based on the pairwise values of Dʹ in
accordance with the work of Gabriel et al. (Gabriel et al., 2002). As-
sociations between haplotypes and the BACS z-scores were assessed
using a linear regression model implemented in PLINK version 1.0.7
(Purcell et al., 2007), in which a sliding-window approach was adopted
to generate two-SNP and three-SNP, and, if appropriate, four-SNP
haplotypes, each shifted by one SNP within defined haplotype blocks.
For the control, the haplotype association was calculated after adjust-
ment for the common set of covariates (see above). For patients with
schizophrenia and bipolar disorder, it was calculated after adjustment
for two alternative sets of covariates, that is, the common set of cov-
ariates and the other composed of the common set and PANSS scores.
When an omnibus P value for a constructed haplotype was significant
(P < 0.00833, see below), estimated frequencies and β values for

specific haplotypes were calculated. For both individual SNPs and
haplotypes, P values were determined by running 10,000 permutations
using the max (T) procedure adjusted for multiple tests. The sig-
nificance levels were set at 0.00833 (0.05/6) to correct for the six BACS
subdomains.

2.6. In silico analysis

The functional consequences of missense mutations were predicted
by Polymorphism phenotyping (PolyPhen-2) (Adzhubei et al., 2010)
(http://genetics.bwh.harvard.edu/pph2), and by Sorting Intolerant
From Tolerant (SIFT) (Kumar et al., 2009) (http://sift.jcvi.org/).

2.7. Power analysis

A power analysis for linear regression was performed by G*Power
3.1.9 using linear multiple regression: Deviation of a Subset of Linear
Regression Coefficients From Zero (Fixed Model) providing power
analysis for testing the null hypothesis that a certain type of predictor
does not increase the proportion of explained variance (Faul et al.,
2009). According to Faul et al. (Faul et al., 2009), an effect size (f2) was

Fig. 2. (continued)
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calculated as follows: (R2 accounted for by A−R2 accounted for by B)
divided by (1−R2 accounted for by A), where B is the common set of
covariates (see above, for patients, PANSS scores were added as an
option) and A includes B plus genotypes of a relevant SNP. By using
multiple regression analysis implemented in SPSS, R2 was calculated to
ask for the extent to which z-scores of BACS subdomain of interest were
explained by these covariates. Power (1–β) was calculated by assuming
an α error of 0.0083, a sample size of 240 (for each of controls and
patients with schizophrenia), and the obtained value of the f2.

3. Results

3.1. Demographic data

Descriptive data of the participants are shown in Table 1. Patients
with schizophrenia and bipolar disorder had significantly (P < 0.0001,
Mann−Whitney test) lower z-scores for all of the six BACS subdomains
than controls. Further patients with schizophrenia had significantly
lower z-scores for five BACS subdomains (P < 0.0001, Man-
n−Whitney test), with the exception of the TOL task (P=0.295,
Mann−Whitney test), than those with bipolar disorder (Fig. 1A). Co-
hen's d effect sizes of the performance difference among cases and
controls were computed, which resulted in a significant correlation
(r=0.886, P=0.019) being identified between the two case groups in
cognitive effect sizes relative to controls (Fig. 1B).

3.2. LD block constructed using SNP data of all of the controls and patients
with schizophrenia

Sixteen SNPs were not called among the selected 131 SNPs.
Subsequent analysis was performed for the remaining 115 SNPs, which
were genotyped with a success rate over 99% across the 480 partici-
pants of controls and patients with schizophrenia. No hemizygosity was
found for the used SNPs across the groups. Irrespective of diagnostic
group (the controls, patients with schizophrenia and combined sam-
ples), all of the 115 SNPs were in Hardy–Weinberg equilibrium (all
P > 0.001), and they had minor allele frequencies> 3%. We com-
pleted the self-constructed LD map that ensures the capture of haplo-
types for the population under study (van den Oord and Neale, 2004).
The observed LD block length varied from 3 to 83 kb with an average of

28 kb.

3.3. Association between SNP and BACS cognitive subdomains in the
controls and patients with schizophrenia

P values for the associations between SNPs and cognitive domains
for the patients with schizophrenia and controls are shown in Fig. 2. In
patients with schizophrenia, rs2238769 (UFD1L) was nominally
(P < 0.041) associated with symbol coding under the additive model,
and rs4819522 (TBX1), which is a missense variant, was significantly
associated with symbol coding under the additive and dominant models
(P < 0.0076 and P < 0.0075, respectively). In patients with schizo-
phrenia, the calculated effect size (f2) of rs4819522 in explaining the z-
scores of the symbol coding task was 0.0815, resulting in a power (1–β)
of 0.960. When PANSS scores were included in covariates, this effect
size (f2) of rs4819522 was 0.0743, resulting in a power (1–β) of 0.940
(Supplementary Table 1). Assessments with Polyphen-2 and SIFT
showed that a missense mutation at rs4819522 induces an amino acid
change (from threonine to methionine), which has a possibly damaging
impact: a score of 0.736 for Polyphen-2 and 0.048 (cutoff=0.05) for
SIFT. In patients with schizophrenia, rs1771144 (KLHL22) was nom-
inally (P < 0.0128) associated with digit symbol coding under the
dominant model, and rs10160 (DGCR2) nominally (P < 0.01) with
token motor task under the recessive model. The healthy controls did
not show any association between single SNPs and BACS domains.

3.4. Haplotype association with BACS cognitive subdomains

The omnibus test scores for the associations of locus haplotypes with
individual cognitive subdomains in the patients with schizophrenia and
controls are shown in Table 2 and Supplementary Table 2 (for nominal
significance only). Table 3 shows the association between cognitive
subdomains and specific haplotypes only for haplotypes with
P < 0.00833 in omnibus tests.

First, haplotypes formed on the UFD1L (rs2238769–rs5746742) gene
and the CDC45 (rs5748239–rs5748240–rs2073734–rs2073733) gene
were significantly associated with symbol coding and digit sequence task
in omnibus tests, respectively, in patients with schizophrenia. After ad-
justment for covariates, including PANSS scores, the association invol-
ving rs5748239–rs5748240–rs2073734–rs2073733 with digit sequence

Table 2
Omnibus tests for association between haplotypes mapping to 22q11.2 and cognitive performance on BACS in controls and patients with schizophrenia.

Control Patients with schizophrenia

Covariates Sex/Age/Education/
Premorbid IQ

Sex/Age/Education/
Premorbid IQ

Sex/Age/Education/ Premorbid IQ/
PANSS

BACS subdomains Gene Haplotype t P-value t P-value t P-value

Digit sequence CDC45 rs5748239–rs5748240–rs2073734–rs2073733 4.3 0.74 21.7 0.0022 18.7 0.0067

Token motor ESS2 rs1052763–rs1052773 14.4 0.0047 5.34 0.251 5.08 0.2589
rs3747052–rs1052763–rs1052773 18.5 0.003 5.33 0.4407 5.09 0.4675
rs1223335–rs3747052–rs1052763–rs1052773 18.4 0.0062 5.22 0.6462 5.08 0.6601

TBX1 rs2238777–rs4819522–rs5746826 1.08 0.973 25.1 0.0003 18.1 0.0031

Symbol coding CLTCL1 rs3761407–rs735369 0.323 0.8674 10.9 0.0044 9.56 0.0082
HIRA rs2238765–rs2283652 0.538 0.9691 10.4 0.0193 12.4 0.0082
UFD1L rs2238769–rs5746742 1.5 0.842 13.3 0.0083 12.1 0.0156
TBX1 rs2238777–rs4819522 7.68 0.0455 18.4 0.0007 13.8 0.0026

rs4819522–rs5746826 7.7 0.0453 16.6 0.0013 13.7 0.0029
rs2238777–rs4819522–rs5746826 8.99 0.1154 26.5 0.0004 19.9 0.0015

Associations between haplotypes mapping to 22q11.2 and the BACS z-scores were determined after adjustment for covariates using a linear regression model
implemented in PLINK version 1.0.7. Sliding-window approach was adopted to generate two-SNP and three-SNP haplotypes, and, if appropriate, four-SNP haplo-
types. For the control, the associations were adjusted for the common set of covariates consisting of sex, age, years of education, and JART-estimated premorbid IQ.
For patients with schizophrenia, the associations were adjusted for two alternative sets of covariates, i.e., the common set of covariates and the other composed of the
common set and PANSS scores. Omnibus P-values were determined by running 10,000 permutations using the max (T) procedure to correct for multiple testing, and
set at 0.00833 (0.05/6) as a significance level to correct for the six BACS subdomains. Statistically significant results are marked with bold letters.

K. Akiyama, et al. Schizophrenia Research: Cognition 17 (2019) 100134

6



Ta
bl
e
3

A
ss
oc
ia
tio
n
be
tw
ee
n
sp
ec
ifi
c
ha
pl
ot
yp
es
m
ap
pi
ng

to
22
q1
1.
2
an
d
co
gn
iti
ve

pe
rf
or
m
an
ce

on
BA

CS
in
pa
tie
nt
s
w
ith

sc
hi
zo
ph
re
ni
a.

Co
va
ri
at
es

Se
x/
A
ge
/e
du
ca
tio
n/
pr
em

or
bi
d
IQ

Se
x/
A
ge
/e
du
ca
tio
n/
pr
em

or
bi
d
IQ

/P
A
N
SS

G
en
e

H
ap
lo
ty
pe

Sp
ec
ifi
c
H
ap
lo
ty
pe

Fr
eq

β
t

P-
va
lu
e

Fr
eq

β
t

P-
va
lu
e

D
ig
it
se
qu
en
ce

CD
C4
5

rs
57
48
23
9–
rs
57
48
24
0–
rs
20
73
73
4–
rs
20
73
73
3

A
–G
–C
–A

0.
21
5

0.
05
06

0.
59
7

0.
97
8

0.
21
5

0.
04
51

0.
52
8

0.
98
68

A
–G
–G
–G

0.
07
71

0.
26
7

6.
6

0.
11
73

0.
07
71

0.
26
5

7.
27

0.
08
37
9

G
–A
–C
–G

0.
25

0.
10
3

2.
7

0.
58
87

0.
25

0.
07
24

1.
48

0.
85
13

G
–G
–C
–G

0.
13
2

0.
03
62

0.
21
6

0.
99
86

0.
13
2

0.
03
08

0.
17
6

0.
99
94

A
–G
–C
–G

0.
32
5

–0
.2
44

17
.3

0.
00

09
0.
32
5

–0
.2
08

13
.8

0.
00

29

To
ke
n
m
ot
or

TB
X1

rs
22
38
77
7–
rs
48
19
52
2–
rs
57
46
82
6

A
–G
–C

0.
41
6

–0
.1
31

3.
26

0.
32
36

0.
41
6

–0
.1
09

2.
84

0.
38
07

G
–G
–C

0.
04
67

0.
78
3

21
.3

0.
00

02
0.
04
67

0.
59
4

14
.7

0.
00

08
G
–A
–A

0.
08
54

–0
.1
95

2.
33

0.
49
1

0.
08
54

–0
.0
96
4

0.
70
5

0.
89
94

A
–G
–A

0.
05
92

0.
08
84

0.
33
4

0.
96
99

0.
05
92

0.
14
9

1.
16

0.
77
97

G
–G
–A

0.
39
3

0.
04
35

0.
33
3

0.
97
03

0.
39
3

0.
00
83
7

0.
01
55

1

Sy
m
bo
lc
od
in
g

CL
TC
L1

rs
37
61
40
7–
rs
73
53
69

A
–G

0.
31
4

–0
.1
7

11
.4

0.
01
07

0.
31
4

–0
.1
39

9.
38

0.
02
62

C–
C

0.
68
2

0.
16
6

10
.9

0.
01
34

0.
68
2

0.
14

9.
56

0.
02
45

H
IR
A

rs
22
38
76
5–
rs
22
83
65
2

A
–A

0.
34
3

0.
11
4

5.
38

0.
17
16

0.
34
3

0.
11

6.
16

0.
11
68

G
–G

0.
10
9

–0
.2
13

7.
65

0.
05
96

0.
10
9

–0
.2
09

9.
28

0.
02
74

A
–G

0.
54
8

–0
.0
26
8

0.
30
9

0.
99
37

0.
54
8

–0
.0
22
4

0.
26
7

0.
99
61

U
FD
1L

rs
22
38
76
9–
rs
57
46
74
2

C–
A

0.
29
4

0.
11
3

4.
86

0.
25
55

0.
29
4

0.
11
6

6.
34

0.
13
06

G
–G

0.
31
7

–0
.1
74

12
.7

0.
00

68
0.
31
7

–0
.1
42

10
.4

0.
02

C–
G

0.
39

0.
06
02

1.
63

0.
82
15

0.
39

0.
03
07

0.
52
2

0.
98
77

TB
X1

rs
22
38
77
7–
rs
48
19
52
2

G
–A

0.
08
54

–0
.3
39

16
0.
00

06
0.
08
54

–0
.2
77

13
.1

0.
00

34
A
–G

0.
47
5

–0
.0
07
77

0.
02
59

0.
99
99

0.
47
5

0.
01
57

0.
13
3

0.
99
44

G
–G

0.
44

0.
11
6

5.
66

0.
10
12

0.
44

0.
07
18

2.
64

0.
44
38

rs
48
19
52
2–
rs
57
46
82
6

G
–C

0.
46
2

0.
02
38

0.
23
3

0.
98
64

0.
46
2

0.
01
67

0.
14
3

0.
99
38

A
–A

0.
08
54

–0
.3
39

16
0.
00

06
0.
08
54

–0
.2
77

13
.1

0.
00

34
G
–A

0.
45
2

0.
08
7

3.
04

0.
35
61

0.
45
2

0.
07
29

2.
68

0.
43
68

rs
22
38
77
7–
rs
48
19
52
2–
rs
57
46
82
6

A
–G
–C

0.
41
6

–0
.0
37

0.
55
3

0.
93
33

0.
41
6

–0
.0
20
9

0.
22

0.
98
63

G
–G
–C

0.
04
67

0.
36

9.
22

0.
01
67

0.
04
67

0.
22
6

4.
39

0.
18
4

G
–A
–A

0.
08
54

–0
.3
39

16
0.
00

06
0.
08
54

–0
.2
77

13
.1

0.
00

34
A
–G
–A

0.
05
92

0.
12
5

1.
46

0.
70
67

0.
05
92

0.
17

3.
27

0.
32
95

G
–G
–A

0.
39
3

0.
06
07

1.
4

0.
72
35

0.
39
3

0.
03
66

0.
63
7

0.
91
38

Es
tim

at
ed

fr
eq
ue
nc
ie
s,
β
va
lu
es
an
d
P-
va
lu
es
fo
rs
pe
ci
fic

ha
pl
ot
yp
es
w
er
e
ca
lc
ul
at
ed
,w

he
n
an

om
ni
bu
sP
-v
al
ue

fo
ra

co
ns
tr
uc
te
d
ha
pl
ot
yp
e
w
as
si
gn
ifi
ca
nt
(P
<
0.
00
83
3)
.A
ss
oc
ia
tio
ns
be
tw
ee
n
sp
ec
ifi
c
ha
pl
ot
yp
es
an
d
th
e

BA
CS

z-
sc
or
es
w
er
e
as
se
ss
ed

af
te
r
ad
ju
st
m
en
t
fo
r
tw
o
al
te
rn
at
iv
e
se
ts
of
co
va
ri
at
es
us
in
g
a
lin
ea
r
re
gr
es
si
on

m
od
el
im
pl
em

en
te
d
in
PL
IN
K
ve
rs
io
n
1.
0.
7.
P-
va
lu
es
<
0.
00
83

(0
.0
5/
6)

w
er
e
co
ns
id
er
ed

as
st
at
is
tic
al
ly

si
gn
ifi
ca
nt
to
co
rr
ec
t
fo
r
th
e
nu
m
be
r
of
BA

CS
-J
su
bt
es
ts
.S
ta
tis
tic
al
ly
si
gn
ifi
ca
nt
re
su
lts

ar
e
m
ar
ke
d
w
ith

bo
ld
le
tt
er
s.

K. Akiyama, et al. Schizophrenia Research: Cognition 17 (2019) 100134

7



was attenuated, whereas that of rs2238769–rs5746742 was no longer
under the significant threshold. The specific haplotype A–G–C–G at
rs5748239–rs5748240–rs2073734–rs2073733 had significant negative
effects on the digit sequence task in patients with schizophrenia when
adjusted for both types of covariate set. For rs2238769–rs5746742, its
specific haplotype G–G had a significant negative effect on symbol
coding in patients with schizophrenia after adjusting for covariates minus
PANSS scores only.

Haplotypes formed at the TBX1 gene were significantly associated
with token motor and symbol coding task in patients with schizo-
phrenia in omnibus tests after adjustment for both types of covariate
sets, although this was attenuated by adjustment for covariates in-
cluding PANSS. For rs2238777–rs4819522, rs4819522–rs5746826 and
rs2238777–rs4819522–rs5746826, their specific haplotypes G–A, A–A,
and G–A–A, respectively, had significant negative effects on symbol
coding task in patents with schizophrenia.

No haplotype was associated with any cognitive subdomains for
patients with bipolar disorder (Table 4). Subsequently, between-group
comparisons were made regarding frequency, β, and P values for the
association between TBX1 haplotypes and symbol coding performance
(Fig. 3). G–A–A, which is a missense-carrying specific haplotype at
rs2238777–rs4819522–rs5746826, is present at a comparably low fre-
quency among the three groups. However, β representing its effects on
symbol coding task takes positive (β=0.246, P= 0.0298) and nega-
tive (β=−0.339, P= 0.0006) values in the controls and patients with
schizophrenia, respectively, suggesting the inversion of effects of mis-
sense-carrying haplotypes by both groups. Meanwhile, it had no effects
(β=−0.0626, P= 0.987) on this task in patents with bipolar disorder.
Similar findings were noted for G–A at rs2238777–rs4819522 and A–A
at rs4819522–rs5746826 (data not shown).

4. Discussion

To our knowledge, this is the first study investigating an association
between genetic variants at 22q11.2 and the cognitive impairment of
patients with schizophrenia and bipolar disorder assessed using BACS.
There are three main strengths to this study: 1) The two disease groups
had similar profile patterns of cognitive performance on BACS sub-
domains, as revealed by a significant correlation between the two
groups in their cognitive effect sizes. 2) Patients with schizophrenia, but
not those with bipolar disorder or controls, had significant associations
between symbol coding and haplotypes at UFD1L and TBX1. 3)
Haplotypes including a missense allele carried at rs4819522 of TBX1
had differential effects on symbol coding among the controls, patients

with schizophrenia, and patients with bipolar disorder.
The effect sizes for cognitive performance for patients with schizo-

phrenia and bipolar disorder (Fig. 1) are almost consistent with those in
previous studies (Hill et al., 2013; Reichenberg et al., 2009; Sanchez-
Morla et al., 2009; Schretlen et al., 2007; Zanelli et al., 2010). This
supports the utility of BACS as a reliable instrument to measure cog-
nitive performance for bipolar disorder as well as schizophrenia.

UFD1L encodes the human homolog of the yeast ubiquitin fusion
degradation 1 protein, which plays a role in the ubiquitin-dependent
proteolytic pathway in the stress response in endoplasmic reticulum-
associated degradation (Chen et al., 2011). A number of studies have
reported that rs5992403 located upstream of the first exon of UFD1L is
associated with schizophrenia (De Luca et al., 2001), and with early
onset of this disorder (Ota et al., 2010). Xie et al. reported that hap-
lotypes consisting of four SNPs, among which rs2238769, rs1547931,
and rs5992403 were included in our study, were significantly asso-
ciated with schizophrenia in Chinese family trios (Xie et al., 2008).
Moreover, UFD1L gene expression was reported to be upregulated in
the blood cells of ultra-high-risk subjects (Santoro et al., 2015). As for a
role in cognition, only one study reported that rs5992403 AA genotype
carriers had higher preservation error scores in the Wisconsin Card
Sorting test (Ota et al., 2013). CDC45, the human homolog of a yeast
cell cycle protein, is located in a genomic region telomeric and adjacent
to UFD1L (McKie et al., 1998). Although the functional roles of the
haplotypes of UFD1L and CDD45 that were significantly associated with
cognitive impairment in schizophrenia remain unknown, further stu-
dies on the potential contribution of these genes to compromised neural
networks in schizophrenia are warranted.

TBX1 and its mouse ortholog Tbx1 encode a transcription factor of
the T-box family and induce physical phenotypes mimicking 22q11.2
deletion syndrome (22q11.2 DS) when mutated (Jerome and
Papaioannou, 2001; Ogata et al., 2014; Yagi et al., 2003). The effect of
this gene on neural function has been explored using mice heterozygous
deletion for Tbx1 (Hiramoto et al., 2011; Hiroi et al., 2013; Paylor et al.,
2006; Takahashi et al., 2016) and mice having copy number elevations
of Tbx1 (Boku et al., 2018). These studies elucidate the pleiotropic ef-
fects of Tbx1 on behavioral phenotypes, especially in terms of social
dimension (Hiramoto et al., 2011; Takahashi et al., 2016) and working
memory (Boku et al., 2018; Hiramoto et al., 2011). A possibly dama-
ging effect of a substitution at rs4819522 (from coding reference G to
missense A allele) implied by Polyphen-2 and SIFT can contribute to
significant negative impacts of specific haplotypes including this mis-
sense allele at the TBX1 gene on symbol coding performance in schi-
zophrenia patients. The discrepant effects of this haplotype on symbol

Table 4
Association between haplotypes mapping to 22q11.2 and cognitive performance on BACS in patients with bipolar disorder.

Covariates* Sex/Age/education/Premorbid IQ Sex/Age/education/Premorbid IQ/PANSS

Gene Haplotype t P-value t P-value

Digit sequence C22orf39 / UFD1L rs11744–rs2238769 0.143 0.9806 0.294 0.947
rs11744–2238769–rs5746742 4.56 0.3133 4.56 0.171

UFD1L rs2238769–rs5746742 3.99 0.2133 5.24 0.2437
KLHL22 rs1771144–rs4821372 5.51 0.0645 4.73 0.1002

Token motor TBX1 rs2238777–rs4819522–rs5746826 9.39 0.102 4.88 0.4565

Symbol coding C22orf39 / UFD1L rs11744–rs2238769 5.07 0.1288 6.43 0.0762
rs11744–rs2238769–rs5746742 4.51 0.315 4.2 0.1966

UFD1L rs2238769–rs5746742 2.16 0.4709 6.3 0.1619
TBX1 rs2238777–rs4819522 1.1 0.7678 1.25 0.7147

rs4819522–rs5746826 0.336 0.9568 0.283 0.9641
rs2238777–rs4819522–rs5746826 2.38 0.8413 4.12 0.564

Associations between haplotypes and the BACS z-scores were determined after adjustment for covariates using a linear regression model implemented in PLINK
version 1.0.7. Sliding-window approach was adopted to generate two-SNP and three-SNPs. The associations were adjusted for two alternative sets of covariates, that
is, the common set of covariates and the other composed of the common set and PANSS scores. Omnibus P-values were determined by running 10,000 permutations
using the max (T) procedure to correct for multiple testing.
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coding among the three groups may be interpreted as a qualitative
interaction or crossover effects, meaning that environmental exposures
can change the association in the opposite direction depending on the
particular diagnostic group (Dorak, 2017). Cognitive reserve may be
such an environmental factor that yields differential effects. The con-
cept of cognitive reserve refers to the capacity to overcome pathophy-
siology and to cope with challenging difficulties in everyday life, and
involves educational attainment, premorbid IQ and social activities
(Anaya et al., 2016; Grande et al., 2017). In the present study, in ac-
cordance with previous studies (Hellvin et al., 2010; Trotta et al.,
2015), patients with schizophrenia had shorter education duration, and
lower JART-estimated premorbid IQ and total SFS scores than those
with bipolar disorder (Table 1). We found that the effect sizes (f2) of
SFS, in conjunction with sets of covariates (age, sex, education, pre-
morbid IQ, and PANSS scores), in explaining z-scores of symbol coding
as a dependent variable of rs4819522 were 0.056 (power= 0.532) and

0 for patients with schizophrenia and those with bipolar disorders, re-
spectively (Supplementary Table 3). Another possibility is that haplo-
type effects might have been obscured by within-group cognitive het-
erogeneity in bipolar disorder, meaning that the cognitive ability in
patients with bipolar disorder is divergent and may be classified into
three different clusters: globally impaired, selectively impaired, and
intact (Burdick et al., 2014; Russo et al., 2017).

Analysis of digit symbol coding reveals more severe impairment in
patients with schizophrenia than other widely used cognitive instru-
ments (Dickinson et al., 2007). This task was traditionally classified as a
measure of “processing speed”, which is separated from classical cog-
nitive domains, and as such included in the Measurement and Treat-
ment Research to Improve Cognition in Schizophrenia Consensus Cog-
nitive Battery for this purpose (Nuechterlein et al., 2008). However,
recent studies suggested that other general cognitive domains (e.g.,
working memory and executive function) contribute to the level of
performance of digit symbol coding that schizophrenia patients cannot
coordinate (Bachman et al., 2010; Knowles et al., 2015). Taking these
findings together, the neurocognitive coordination between processing
speed and other multiple cognitive domains may play a key role in
engaging in updated cognitive demands. Poor performance at symbol
coding in patients with schizophrenia may be attributable to impair-
ment of this coordination to the extent that they become incapable of
engaging in the executive function that control subjects use, and have
to rely on an alternative cognitive pathway (Knowles et al., 2015).

CLTCL1 gene and HIRA gene were found to have haplotypes sig-
nificantly associated with symbol coding in patients with schizophrenia
in omnibus tests (Table 2), but not in specific tests (Table 3). Little is
known about the role of CLTCL1 and HIRA in cognition or psychosis,
except for a study reporting the occurrence of rare variants in the HIRA
gene in cases of intellectual disability (Anazi et al., 2017).

Control subjects did not show any haplotype–cognitive association
like that of patients with schizophrenia. However, in controls but not in
patients with schizophrenia, there was a significant association between
haplotypes constructed by 3′-UTR SNPs in ESS2 and the token motor
task in omnibus haplotype analysis (Table 2). Our controls were vo-
lunteers from nonprofessional university/hospital staff who are re-
garded as convenient source of samples and might have caused the
healthy worker effect.

Significant findings in this study were derived mainly from haplo-
type-based linear regression analyses, confirming the utility of haplo-
type to detect the loci involved in specific phenotypes of interest (van
den Oord and Neale, 2004). In general, haplotypes are associated with
phenotypes more strongly than individual SNPs. This may be attribu-
table to a concealed SNP that is in high LD with SNPs that make up the
investigated haplotypes and might influence the association with phe-
notype (Dorak, 2017). This assumption appears to hold for CDC45,
HIRA and ESS2 in the current study.

The G*power analysis indicated that the sample sizes in the current
study, albeit small, approved statistical power to detect the association
between genetic variants and cognition. There are several limitations to
this study. The first involves the chronicity of patients who had been
exposed to prolonged effects of psychosocial and other environmental
factors. Future study warrants a cohort of newly diagnosed patients.
The second limitation involves ethnicity; namely, the participants in the
present study were all Japanese, suggesting that replications are ne-
cessary in other ethnicities. Third, the relationship between SNP density
and haplotype block varied by studies in an average of SNP/17 kb or a
median of SNP/5.5 kb (van den Oord and Neale, 2004). This aspect
represents a compromise between attaining the high SNP density and
avoiding redundant markers. Fourth, we analyzed only limited SNPs for
patients with bipolar disorder. This was intended to preferentially ex-
plore whether the effects of several haplotypes at UFD1L and TBX1
genes on symbol coding would be replicated in bipolar disorder akin to
the findings in schizophrenia. The comparison of schizophrenia with
bipolar disorder regarding the effect of a large number of genetic

Fig. 3. Between-group comparisons regarding frequency, β, and P-values for
the association between TBX1 rs2238777–rs4819522–rs5746826 TBX1 haplo-
types and symbol coding performance. Ctrl, Controls; BP, Patients with bipolar
disorder; Sch, Patients with schizophrenia. Note that summed frequencies of
haplotypes closely approximate one.
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variants on cognitive areas is important, but requires consideration of
the statistical interaction between genetics and the environment. Fifth,
the effect of missense substitution at rs4819522 had not been expected
a priori, warranting further study on its function.

In conclusion, we showed that, among multiple tag SNPs, only a few
of the haplotypes at the CDC45, UFD1L, and TBX1 genes were sig-
nificantly associated with poor performance of symbol coding and digit
sequence task in patients with schizophrenia. Depending on the selec-
tion of tag SNPs, this finding suggests that genetic variants relevant to
cognitive impairment associated with schizophrenia may not be ubi-
quitously distributed across 22q11.2. Meanwhile, their effects on cog-
nition may be at a moderate level, which needs to be adjusted for
cognitive reserve, environmental factors and gene–gene interaction.
Further replication studies in a cohort of newly diagnosed patients- and
those from other ethnicities are warranted.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scog.2019.100134.
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