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Abstract

Background—Rates of tobacco smoking are significantly higher in patients with schizophrenia
compared with the general population. The underlying mechanism for this comorbidity is unclear.
One hypothesis is that there are common genetic factors that predispose to both nicotine
dependence (ND) and schizophrenia. To investigate this hypothesis, we examined the association
of the 15025 gene cluster, the most significant candidate region to date implicated in ND and
smoking behavior, with schizophrenia and bipolar disorder.

Methods—Five variants in the 15925 gene cluster (rs951266, rs16969968, rs1051730,
rs8040868, and rs17477223) were selected to test for association with schizophrenia diagnosis,
bipolar disorder diagnosis, and the presence of negative symptoms of schizophrenia. Effects of the
variants on 15¢g25 gene expression were analyzed using publically available postmortem brain
expression data.

Results—A meta-analysis revealed four markers associated with risk for schizophrenia and
bipolar disorder (rs951266, rs16969968, rs8040868, and rs17477223), and with the presence of
negative symptoms of schizophrenia (rs951266, rs1051730, rs8040868, and rs17477223). The
associations were in the same direction as that found for ND. Gene expression analysis indicated
an association between genotypes of the rs1051730 variant and CHRNAS expression in brain and
peripheral blood mononuclear cells, and with the rs16969968 and rs17477223 variants in brain.

Conclusion—Variants in the 15925 gene cluster are associated with risk for schizophrenia/
bipolar illness, negative symptoms of schizophrenia, and influence CHRNAS expression in the
brain and peripheral blood mononuclear cells. These results are consistent with the notion that
there are genetic mechanisms common to schizophrenia, ND, and bipolar disorder.
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Introduction

Methods

Datasets

Diseases associated with tobacco use and dependence constitute the leading cause of
preventable mortality worldwide (World Health Organization, 2008). Smoking rates are
particularly high in individuals with schizophrenia, a disabling psychiatric disorder affecting
~0.6-1% of the population. While 20-30% of the general population are smokers, 80-90%
of patients with schizophrenia smoke (Dalack et al.,, 1998; De Leon and Diaz, 2005; Kalman
et al., 2005). Smokers with schizophrenia are also considered ‘heavy smokers’, taking a
greater number of cigarette puffs and consuming larger total cigarette puff volumes
compared with smokers in the general population (Tidey et al., 2005). The mechanisms
underlying schizophrenia and smoking comorbidity are unclear. Schizophrenia patients may
smoke to self-medicate, alleviating cognitive deficits and negative symptoms of the disease
(Goff et al., 1992; Griffith et al, 1998; Leonard et al., 2007) or to reduce extrapyramidal
side effects of antipsychotic medications (Winterer, 2010). Alternatively, common genetic
factors may predispose to both schizophrenia and heavy smoking or nicotine dependence
(ND). Indeed, both ND and schizophrenia are highly heritable, with heritability estimates of
50-60% in ND (Tsuang et al., 1998; Kendler et al., 2003; Li, 2006) and as high as 80-85%
in schizophrenia (Sullivan et al.,, 2003). A discordant twin study also reported an increased
prevalence of daily smoking in individuals with familial vulnerability to schizophrenia
(Lyons et al., 2002).

When searching for common genes that could potentially predispose to both ND and
schizophrenia, nicotinic acetylcholine receptor (NnAChR) genes are prime candidates.
Genome wide association studies show that variations in nAChR subunits are strongly
associated with risk for smoking behavior and ND (Tobacco and Genetics (TAG)
Consortium, 2010). To date, the 15925 gene cluster, which contains the CHRNASI
CHRNAJI CHRNB4 genes, coding for the a5, a3, and 4 nAChR subunits, respectively,
has shown the most robust findings as a candidate region contributing to risk of heavy
smoking, ND, and smoking related diseases (Bierut, 2010; Lips et al., 2010; Liu et al., 2010;
Ware et al., 2011). Interestingly, the 15q11.2-15q25 region may also harbor risk genes for
schizophrenia and bipolar disorder (Gejman et al., 2001; Lewis et al., 2003). The 1525
gene cluster is associated with cognitive performance and enhanced cognitive flexibility in
current smokers in the general population (Winterer et al., 2010; Zhang et al., 2010).
Variation in the CHRNAS3 gene is associated with sensorimotor gating in healthy controls
and schizophrenia patients, and with the number of psychotic episodes, higher doses of
antipsychotics, and the presence of negative symptoms in schizophrenia patients (Petrovsky
et al., 2010). Recently, rs16969968, the most consistently replicated potential causal variant
in ND, located in CHRNAS, was reported to be associated with schizophrenia in
nonsmokers, but not in schizophrenia smokers (Hong et al., 2011).

In the current study, we aimed to expand on recent findings, and test the hypothesis that the
15025 gene cluster is associated with schizophrenia. In a meta-analysis of seven
schizophrenia and three bipolar datasets, we have found that variants in the 15925 gene
cluster are associated with risk for schizophrenia and bipolar illness, and the presence of
negative symptoms in individuals with schizophrenia. Furthermore, we have shown that
variants in the 15925 gene cluster influence CHRNAS expression.

All datasets used in this study were obtained under a protocol approved by the Virginia
Commonwealth University Institutional Review Board and the National Institutes of Health.
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European and African-American participants from the Molecular Genetics of Schizophrenia
GAIN (MGS-GAIN) and non-GAIN study (MGS-nonGAIN), and the Whole Genome Wide
Association Study of Bipolar Disorder (GAIN-BD) were obtained from NCBI dbGaP (http://
www.ncbi.nlm.nih.gov/gap). Bipolar case and control participants were obtained from the
Wellcome Trust Case Control Consortium (WTCCC-BD). European and African-American
participants from the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE)
project were obtained from the National Institutes of Mental Health repository (http://
www.nimhgenetics.org). The Irish Study of High Density Schizophrenia Families (ISHDF)
is a collaborative study between Virginia Commonwealth University, the Queen’s
University, Belfast, Northern Ireland, and the Health Research Board, Dublin, Ireland, that
was conducted between April 1987 and November 1992, as previously described (Kendler et
al,, 1996). Irish schizophrenia cases and controls from the Irish Case-Control Study of
Schizophrenia (ICCSS) were recruited from inpatient and outpatient psychiatric facilities in
Ireland and Northern Ireland (cases) and from donors at the Northern Ireland Blood
Transfusion Service, the Irish national police, and army reserve (controls) (Riley et al.,
2009). Demographic information on each dataset is shown in Table 1.

Association studies

Schizophrenia and bipolar disorder diagnosis—Ten datasets (seven schizophrenia
and three bipolar) were used to test the association of schizophrenia and bipolar diagnosis
with variants in the 15g25 gene cluster. All genotyped single nucleotide polymorphisms
(SNPs) in the MGS-GAIN samples on chromosome 15 from 76 640-76 730 kb were
extracted using the PLINK software (Purcell ef a/., 2007) for a total of 22 SNPs in the
European-American sample and 28 in the African-American sample. The six unique SNPs
in the African-American sample that are nonpolymorphic in European-Americans were
excluded from analysis. The 22 SNPs were subsequently analyzed for association with
schizophrenia and/or bipolar disorder in all datasets except the ICCSS and ISHDF datasets
because only two markers, rs1051730 and rs16969968, both of which have consistently
shown robust association with ND and heavy smoking, were previously genotyped in our
laboratory in these datasets. Marker information and results of the 22 SNP meta-analysis are
found in Supplementary Tables 1-4 (http://links.lww.com/PG/A66). Two markers, rs951266
(P=0.04) and rs17487223 (£ = 0.03), showed nominal association with the combined
schizophrenia and bipolar disorder diagnosis, and rs8040868 (~ = 0.06) was marginally
associated. To increase the power of our meta-analysis, we incorporated the ICCSS and
ISHDF datasets. On the basis of the linkage disequilibrium (LD) structure, we were able to
impute rs951266, rs8040868, and rs17487223 for additional analysis in the ICCSS and
ISHDF datasets. The imputation error rate for both datasets was ~6%, indicating good
imputation quality. In this study, we present the results of the five markers located within the
15925 gene cluster (rs951266, rs17487223, rs8040868, rs16969968, and rs1051730) that
were analyzed in a meta-analysis using results from all datasets. Marker information and LD
blocks from the combined Irish/European-American, combined African-American, and
combined total sample population are shown in Table 2 and Fig. 1, respectively.
Overlapping samples between the CATIE and MGS-GAIN/non-GAIN samples were
removed before analyses. All controls were shared between the MGS-GAIN and GAIN-BD
samples. To control for this effect, controls were split between the two samples and
randomly assigned so that the ratio of cases to controls in each dataset remained consistent.

Negative symptoms—~Phenotype data for the presence of negative symptoms were
available for three datasets: the European-American MGS-GAIN and non-GAIN, which
were analyzed as one dataset, African-American MGS-GAIN, and ISHDF. The ISHDF
phenotype was based on a quantitative scale assessing the number of negative symptoms as
described in detail elsewhere (Fanous ef al., 2005). We converted this data into a
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dichotomized phenotype to coincide with the MGS phenotype data. Cases with no negative
symptoms were considered ‘absent’ and cases with one or more negative symptom were
considered ‘present’.

Expression studies

SNPExpress dataset—The SNPExpress expression dataset was downloaded from http://
computel.lsrc.duke.edu/softwares/SNPExpress/. This project was initiated by the Duke
University to investigate tissue-specific genetic regulation of splicing and expression in 93
brain samples and 80 peripheral blood mononuclear cells (PBMC). The dataset was used to
determine whether variants in the 15q25 gene cluster influence expression in the region.

NCBI Gene Expression Omnibus Alzheimer’s disease dataset—Postmortem
brain expression data from Alzheimer’s disease controls (r7= 187) was obtained from the
NCBI Gene Expression Omnibus (http://www.nchi.nlm.nih.gov/geo/) accession number
GSE15222. The original dataset was generated by the laboratory of Dr Amanda Myers at the
University of Miami (Webster et al., 2009).

Stanley Medical Research Institute dataset—Postmortem brain expression data from
schizophrenia, bipolar disorder, major depression, and healthy control patients were
obtained from the Kato (study ID 7, frontal Brodmann area 46, 7/=99) and KatoB (study 1D
15, prefrontal cortex, 7= 46) studies through the Stanley Medical Research Institute (SMRI)
(http://www.stanleyresearch.org/dnn/).

Statistical analyses

Logistic regression analysis using PLINK was performed on each dataset to test the
association of schizophrenia diagnosis, bipolar disorder diagnosis, or the presence of
negative symptoms. Age and sex were used as covariates for each dataset, with the
exception of the WTCCC-BD dataset, where only sex information was available to us. In
CATIE, seven principal components controlling for population stratification and smoking
status were also included as covariates (Sullivan et al., 2008). With the exception of the
CATIE datasets, smoking information was not available to us for any other dataset. For the
ISHDF, PDTPHASE (pedigree disequilibrium test), implemented in the UNPHASED
software (Dudbridge, 2008), was used for association analyses. Odds ratios and confidence
intervals were calculated from the number of affected and unaffected siblings and trios.

Linear regression using PLINK was performed in expression analyses. Age, sex, and brain
region were used as covariates in the Myers data. For the SMRI data, age, sex, brain pH,
smoking status, and diagnosis were used as covariates.

Imputation was conducted using fastPHASE (Scheet and Stephens, 2006), with Hapmap
CEU (Utah residents with Northern and Western European ancestry) or YOR (Yoruba in
Ibadan, Nigeria) datasets as reference panels. Because rs16969968 is nonpolymorphic in
African populations, the CATIE African-American dataset was used to impute this marker
in the MGS-GAIN and GAIN-BD African-American datasets.

Results from all association and expression studies were used to conduct meta-analyses.
Expression data were normalized from each dataset using a zscore transformation. The
schizophrenia (7= 9412) and bipolar (n= 6292) datasets totaled 15 704 individuals. A total
of 3 589 individuals were available for negative symptom analysis. The GWAMA program
(Magi and Morris, 2010) was used for meta-analysis. Cochrane’s Q statistic A-values were
calculated to measure between-study heterogeneity. Results indicated significant Q statistic
P-values for some markers in the eight dataset schizophrenia meta-analysis (Supplemental
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Table 2, http://links.lww.com/PG/A66), indicating heterogeneity between samples, thus, for
consistency a random effects meta-analysis was used to analyze all results. Q statistic ~
values for all 22 SNPs are indicated in Supplemental Tables 2—4 (http://links.lww.com/PG/
AB6). Qstatistic P-values for the five markers used in the final meta-analysis were not
significant, indicating no detectable heterogeneity between datasets for these
polymorphisms. Correction for multiple testing was carried out on all tests jointly for each
meta-analysis using SNP spectral decomposition (Nyholt, 2004), a correction for multiple
testing for SNPs in LD. On the basis of this program, the corrected P-value for the 22 SNP
analysis was P-value less than 0.003, and ~-value less than 0.05 for the five SNP analysis.

Variants in the 15925 gene cluster are associated with schizophrenia and bipolar disorder

Two variants, rs8040868 and rs17487223, were significantly associated with risk for
schizophrenia (Table 3). Meta-analysis of the bipolar studies showed association with
rs951266 and risk for bipolar disorder (Table 3). When the schizophrenia and bipolar
disorder results were combined, four markers, rs951266, rs16969968, rs8040868, and
rs17487223, were significantly associated with risk for schizophrenia and bipolar disorder
(Table 3). All markers remained significant after correction for multiple testing.

Variants in the 15925 gene cluster are associated with negative symptoms of
schizophrenia

Three datasets were analyzed to test the association between variants in the 15¢q25 gene
cluster and negative symptoms. A meta-analysis of the results revealed a significant
association with the variants rs951266, rs1051730, rs8040868, and rs1748722, and the
presence of negative symptoms (Table 4). Odds ratios indicate that the variants are
associated with an increased risk of negative symptoms. The markers remained significant
after correction for multiple testing.

CHRNADGS expression is associated with variants in the 15925 gene cluster

We assessed blood and PBMC expression data from the SNPExpress database. Only the
variant rs1051730 was typed in this database; therefore, we tested whether its genotypes
predict variation in expression of the CHRNAS5, CHRNAS3, and CHRNB4 genes. The minor
allele homo-zygote of rs1051730 was associated with lower CHRNAS5 expression in both
brain (Fig. 2a) and PBMC (Fig. 2b). To follow-up these findings, we analyzed the five
markers using postmortem brain expression data from Alzheimer’s disease controls acquired
from the NCBI Gene Expression Ominbus and postmortem brain expression data from two
SMRI studies. Consistent with preliminary results from SNPExpress, three markers,
rs1051370, rs16969968, and rs17487223, were associated with lower brain CHRNAS
expression (Table 5). There was no significant association with any variant and CHRNAS3 or
CHRNB4 expression. Mean expression values for CHRNAS for the three genotypes of each
marker from each expression dataset are represented in Table 6.

Discussion

In the current study, we tested five variants in the 15025 gene cluster, including two variants
in high LD, rs16969968 and rs1051370, which have been consistently associated with risk
for heavy smoking and ND, and found that variations in the 15925 gene cluster are
associated with risk for schizophrenia and bipolar disorder, and the presence of negative
symptoms in patients with schizophrenia. Furthermore, we showed that three variants,
rs16969968, rs1051730, and rs17487223 are associated with brain expression of CHRNAS.
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Our findings using a larger sample size support previous studies implicating the CHRNAS
gene in schizophrenia (Hong et a/,, 2011), and suggest a role for the 15925 gene cluster in
bipolar disorder. In the combined schizophrenia and bipolar datasets, we identified four
variants, including rs16969968, the nonsynonymous SNP in CHRNAS, associated with risk
for schizophrenia and bipolar disorder. Similar odds ratios and overlapping confidence
intervals in individual analyses suggest commonalities between schizophrenia and bipolar
disorder. Indeed, schizophrenia and bipolar disorder share a common genetic liability (see
review Bramon and Sham, 2001; Lichtenstein et a/, 2009), and common gene expression
alterations (Shao and VVawter, 2008). While an examination of the relationship between
these disorders is beyond the scope of this study, the association with the 15925 gene cluster
and both schizophrenia and bipolar disorder is of interest. Although surprisingly few studies
have examined the relationship between smoking and bipolar disorder, the prevalence of
smoking in bipolar disorder, though not as high as schizophrenia, has been reported between
66 and 69% (Lasser et al.,, 2000; Vanable et al,, 2003; Diaz et al., 2009), approximately
twice that of the general population (20-30%). The highest associations of comorbid
substance use disorders in bipolar disorder have been reported with alcohol and cannabis,
followed by cocaine and opioids (see review Cerullo and Strakowski, 2007). Interestingly, in
addition to heavy smoking and ND, the 15025 gene cluster has been associated with alcohol,
cocaine, and opioid dependence (Grucza et al., 2008; Wang et al., 2009; Erlich et al., 2010;
Sherva et al., 2010), suggesting a potential association with substance use disorders in
general. Schizophrenia is also cormorbid with other substance abuse, though to a lesser
extent than that observed with nicotine (Mueser et al,, 1990; DeQuardo et al., 1994;
Strakowski et al, 1994; Buckley, 1998). While a recent study investigating the relationship
between the 15925 gene cluster and psychiatric disorders commonly associated with ND
found no association between the genetic variants and any comorbid psychiatric disorder
assessed, schizophrenia and bipolar disorder were not tested, and limited power in the study
may have impacted the ability to detect significant effects (Chen et a/,, 2012). Future studies
with larger sample sizes may identify significant associations.

In addition to schizophrenia diagnosis, we expanded our study to assess the negative
symptoms of schizophrenia, as it has been suggested that smoking in patients with
schizophrenia is an attempt to alleviate cognitive deficits and negative symptoms associated
with the disorder (Goff et al., 1992; Griffith et al., 1998; Leonard ef al., 2007). The data
suggest that variation in the 15925 gene cluster is associated with an increased risk for the
presence of negative symptoms, which include blunted affect, social withdrawal, difficulty
in abstract thinking, and inappropriate affect. In previous studies, the total negative symptom
score was a strong contributor to predicting smoking behavior, as more severe ND was
observed in individuals with greater total number of negative symptoms (Patkar et al.,
2002). Current schizophrenia smokers were also more likely to report negative symptoms
than former chronic schizophrenia smokers (Hall ef a/., 1995). Although the current study
provides evidence of a relationship between ND and negative symptoms, it is of interest in
future studies to obtain additional datasets with negative symptoms measured as a
quantitative phenotype. This would provide more power to the study, and allow us to assess
negative symptom severity, which may be more closely associated with ND.

Expression analyses show that the minor allele of the synonymous variant rs1051730,
located in CHRNAS, is associated with lower brain and PBMC expression of CHRNAS. We
were only able to report expression analysis from the rs1051730 study, as this was the only
marker from our study genotyped in the SNPExpress dataset. A meta-analysis of three brain
datasets further supported these findings and also revealed that rs16969968, and
rs17487223, located within an intron in CHRNB4, are associated with CHRNAS5 brain
expression. Variability in CHRNAS gene expression in brain and whole blood is also
associated with risk for ND and heavy smoking, and possibly cognitive performance (Wang
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et al,, 2009; Winterer ef al., 2010). Because we controlled for schizophrenia, bipolar
disorder, major depression, and smoking in this expression analysis, the expression is not
correlated with a particular phenotype; however, we cannot rule out the possibility that
altered CHRNAS brain expression is associated with ND and/or schizophrenia. In Hong et
al’s (2011) study, rs16969968 was associated with schizophrenia in nonsmokers, but not
schizophrenia smokers. This may suggest a decreased function and/or expression of the
CHRNAS receptor under basal conditions in schizophrenia, which is corrected by smoking,
thus obliterating differences between cases and controls. Though it is unknown whether the
risk variant alters a5 nAChR subunit function under basal conditions, the rs16969968
variant, which encodes an Asp398Asn polymorphism resulting in an aspartic acid (G allele)
change to asparagine (A allele), results in reduced response to agonist when the variant
coassembles with the a4p2 nAChR subtype (Bierut et a/, 2008). In the current study, the
minor alleles of rs16969968 and rs17487223, which correlate with decreased brain
expression of CHRNAS, are also associated with risk for schizophrenia and bipolar
diagnosis. The variant rs1051730, though associated with CHRNAS5 brain expression, did
not reach significance for schizophrenia or bipolar disorder in the combined sample, but was
significantly associated with risk for negative symptoms. This may be due to the allele’s
smaller effect size in the combined sample, compared with the negative symptom study.
Alternatively, we may be capturing a signal from rs16969968, as this marker is highly
correlated with rs1051730, or vice-versa.

On the basis of the results, we propose that our data support a shared genetic component
between schizophrenia and smoking. Indeed, the association with schizophrenia, bipolar
disorder, and the presence of negative symptoms was in the same direction as that found for
heavy smoking and ND. Future studies will attempt to verify common neurobiological
pathways between schizophrenia and smoking behavior, as well as specific symptoms of
schizophrenia, such as cognitive deficits and negative symptoms. A limitation to this study
is that, with the exception of the CATIE sample, smoking information for the schizophrenia
and bipolar disorder datasets was not available to us, thus, it is possible that the signal from
our study could be driven in part by smoking, as the variants used in this study have also
been implicated in risk for ND and heavy smoking (Saccone et al., 2009; Li et al., 2010).
However, as mentioned, our results are consistent with a previous study implicating an
association with rs16969968 and schizophrenia in nonsmokers, but not schizophrenia
smokers (Hong et al,, 2011). With the support of these findings, it is likely that our results
provide further evidence of an association of schizophrenia with the 15925 gene cluster.

Overall, our results implicate variants in the 15925 gene cluster in risk for schizophrenia, the
presence of negative symptoms, and bipolar disorder, and variants within the gene cluster
influence CHRNAS5 expression in brain and PBMC.

Supplementary Material
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Fig. 1.
Linkage disequilibrium blocks containing /2 values for (a) the Irish/European-American
datasets, (b) the combined African-American datasets, and (c) all datasets combined.
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Fig. 2.

The rs1051730 variant is associated with CHRNAS expression. The minor allele

homozygote of rs1051730, a synonymous single nucleotide polymorphism located in
CHRNAS, is associated with lower brain expression of CHRNAS5in (a) brain and (b)
peripheral blood mononuclear cells (PBMC). The y~axis represents relative gene expression
and the x-axis represents the genotype.
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Number of participants with schizophrenia and bipolar disorder information, sex distribution (number of
males/number of females), mean age (SD), and the number of cases and controls for all studies included

Studies N Sex distribution (M/F) Mean age (SD) Number cases/controls
Molecular Genetics of Schizophrenia (GAIN) 1874 1105/769 47.6 (15.1) 1151/723
EA

Molecular Genetics of Schizophrenia (GAIN) 1572 802/770 44.4 (11.9) 915/657
Molecular Genetics of Schizophrenia non- 2115 1216/899 46.1 (15.7) 1066/1049
GAIN

Clinical Antipsychotic Trials of Intervention 732 630/102 41 (11.4) 351/381
Effectiveness-White

Clinical Antipsychotic Trials of Intervention 177 128/49 40.9 (10.1) 88/89
Effectiveness-Black

Irish Case—Control Study of Schizophrenia 1605 1018/587 42.3 (13.6) 988/587
Irish Study of High Density Schizophrenia 1337 (267 families) 769/568 49.5 (14.9) 496/841
Families

Whole Genome Wide Association Study of 1051 474/577 47.6 (15.7) 641/410
Bipolar Disorder (GAIN-BD) EA

Whole Genome Association Study of Bipolar 239 84/155 443 (11.5) 139/100
Disorder (GAIN-BD) AA

Wellcome Trust Case Control Consortium 5002 2223/2779 NA 1998/3004

Study names are listed on the left.

AA, African-American; BD, bipolar disorder; EA, European-American; F, female; M, male.
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Mean expression of CHRNAS5 from the three genotypes for each marker from each expression dataset

SNP 71 172 212
AD (= 187) rs951266 0.039 0.031 -0.185
rs16969968  0.206 0.012 -0.095
rs1051730  0.206 0.012 -0.095
rs8040868 0.206 0.012 -0.095
rs17487223  0.039 0.038 —0.205
Kato (/7= 99) rs951266 0.265 -0.173 -0.494
rs16969968 0.265 -0.249 -0.336
rs1051730  0.265 -0.249 -0.215
rs8040868 0.259 -0.345 -0.215
rs17487223 0.315 -0.324 -0.367
Kato B (7=46) rs951266 1.64 0.112 -0.267
rs16969968 1.64 0.112 -0.267
rs1051730 1.64 0.112 -0.267
rs8040868 1.07 0.081 -0.210
rs17487223  0.207 0.148 -0.193

1 represents the major allele; 2 represents the minor allele.

Table 6

AD, Alzheimer’s disease dataset; SNP, single nucleotide polymorphism.
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