
UCLA
UCLA Previously Published Works

Title
Genome-wide analyses of smoking behaviors in schizophrenia: Findings from the Psychiatric 
Genomics Consortium

Permalink
https://escholarship.org/uc/item/9d52v5bm

Authors
Peterson, Roseann E
Bigdeli, Tim B
Ripke, Stephan
et al.

Publication Date
2021-05-01

DOI
10.1016/j.jpsychires.2021.02.027
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9d52v5bm
https://escholarship.org/uc/item/9d52v5bm#author
https://escholarship.org
http://www.cdlib.org/


Genome-wide analyses of smoking behaviors in schizophrenia: 
findings from the Psychiatric Genomics Consortium

Roseann E Peterson, PhD1,‡, Tim B Bigdeli, PhD1,2,‡, Stephan Ripke, MD, PhD3,4, Silviu-
Alin Bacanu, PhD1, Pablo V Gejman, MD5,6, Douglas F Levinson, MD7, Qingqin S Li, PhD8, 
Dan Rujescu, MD, PhD10,9, Marcella Rietschel, MD, PhD11, Daniel R Weinberger, MD12,13, 
Richard E Straub, PhD12, James TR Walters, MD, PhD14, Michael J Owen, MBChB, PhD14, 
Michael C O’Donovan, MBChB, PhD14, Bryan J Mowry, MD, FRANZCP15,16, Roel A Ophoff, 
PhD17,18,19, Ole A Andreassen, MD, PhD20,21, Tõnu Esko, PhD22,23,24,25, Tracey L 
Petryshen, PhD26,27,28, Kenneth S Kendler, MD1, Schizophrenia Working Group of the 
Psychiatric Genomics Consortiuma, Ayman H Fanous, MD1,2,29,*

1Virginia Institute for Psychiatric and Behavioral Genetics, Department of Psychiatry, Virginia 
Commonwealth University School of Medicine, Richmond, VA, USA 2Department of Psychiatry 
and Behavioral Sciences, State University of New York Downstate Medical Center, Brooklyn, NY, 
USA 3Analytic and Translational Genetics Unit, Massachusetts General Hospital, Boston, MA, 
USA 4Stanley Center for Psychiatric Research, Broad Institute of MIT and Harvard, Cambridge, 
MA, USA 5Department of Psychiatry and Behavioral Sciences, NorthShore University 
HealthSystem, Evanston, IL, USA 6Department of Psychiatry and Behavioral Neuroscience, 
University of Chicago, Chicago, IL, USA 7Department of Psychiatry and Behavioral Sciences, 
Stanford University, Stanford, CA, USA 8Neuroscience Therapeutic Area, Janssen Research and 
Development, LLC, Raritan, NJ, USA 9Department of Psychiatry, University of Halle, Halle, 
Germany 10Department of Psychiatry, University of Munich, Munich, Germany 11Department of 
Genetic Epidemiology in Psychiatry, Central Institute of Mental Health, Medical Faculty 
Mannheim, University of Heidelberg, Heidelberg, Germany 12Lieber Institute for Brain 
Development, Baltimore, MD, USA 13Departments of Psychiatry, Neurology, Neuroscience and 
Institute of Genetic Medicine, Johns Hopkins School of Medicine, Baltimore, MD 14MRC Centre 
for Neuropsychiatric Genetics and Genomics, Institute of Psychological Medicine and Clinical 
Neurosciences, School of Medicine, Cardiff University, Cardiff, UK 15Queensland Brain Institute, 
The University of Queensland, Brisbane, Queensland, Australia 16Queensland Centre for Mental 

Disclosures
Q.S.L. is an employee of Janssen Research and Development, LLC. The other authors declare no conflict of interest.
*Corresponding author Department of Psychiatry and Behavioral Sciences, SUNY Downstate Medical Center, 450 Clarkson Ave, 
Brooklyn, NY 11203.
‡These authors contributed equally to this work
Contributions
Authors R. Peterson, T. Bigdeli, and A. Fanous designed the study and wrote the first draft of the manuscript. R. Peterson, T. Bigdeli, 
and S. Ripke undertook the statistical analysis. All authors contributed to and have approved the final manuscript.
aFull list of consortium members appears in the supplement.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing 
this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it 
is published in its final form. Please note that during the production process errors may be discovered which could affect the content, 
and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

Published in final edited form as:
J Psychiatr Res. 2021 May ; 137: 215–224. doi:10.1016/j.jpsychires.2021.02.027.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Health Research, University of Queensland, Brisbane, Queensland, Australia 17Center for 
Neurobehavioral Genetics, Semel Institute for Neuroscience and Human Behavior, University of 
California, Los Angeles, CA, USA 18Department of Human Genetics, David Geffen School of 
Medicine, University of California, Los Angeles, CA, USA 19Department of Psychiatry, Brain 
Center Rudolf Magnus, University Medical Center Utrecht, The Netherlands 20NORMENT, KG 
Jebsen Centre for Psychosis Research, Institute of Clinical Medicine, University of Oslo, Oslo, 
Norway 21Division of Mental Health and Addiction, Oslo University Hospital, Oslo, Norway 
22Estonian Genome Center, University of Tartu, Tartu, Estonia 23Division of Endocrinology and 
Center for Basic and Translational Obesity Research, Boston Children’s Hospital, Boston, MA, 
USA 24Department of Genetics, Harvard Medical School, Boston, MA, USA 25Medical and 
Population Genetics Program, Broad Institute of MIT and Harvard, Cambridge, MA, USA 26Center 
for Human Genetic Research and Department of Psychiatry, Massachusetts General Hospital, 
Boston, MA, USA 27Department of Psychiatry, Harvard Medical School, Boston, MA, USA 28The 
Broad Institute of MIT and Harvard, Boston MA 29VA New York Harbor Healthcare System, 
Brooklyn NY, USA

Abstract

While 17% of US adults use tobacco regularly, smoking rates among persons with schizophrenia 

are upwards of 60%. Research supports a shared etiological basis for smoking and schizophrenia, 

including findings from genome-wide association studies (GWAS). However, few studies have 

directly tested whether the same or distinct genetic variants also influence smoking behavior 

among schizophrenia cases. Using data from the Psychiatric Genomics Consortium (PGC) study 

of schizophrenia (35476 cases, 46839 controls), we estimated genetic correlations between these 

traits and tested whether polygenic risk scores (PRS) constructed from the results of smoking 

behaviors GWAS were associated with schizophrenia risk or smoking behaviors among 

schizophrenia cases. Results indicated significant genetic correlations of schizophrenia with 

smoking initiation (rg=0.159; P=5.05×10−10), cigarettes-smoked-per-day (rg=0.094; P=0.006), and 

age-of-onset of smoking (rg=0.10; P=0.009). Comparing smoking behaviors among schizophrenia 

cases to the general population, we observe positive genetic correlations for smoking initiation 

(rg=0.624, P=0.002) and cigarettes-smoked-per-day (rg=0.689, P=0.120). Similarly, TAG-based 

PRS for smoking initiation and cigarettes-smoked-per-day were significantly associated with 

smoking initiation (P=3.49×10−5) and cigarettes-smoked-per-day (P=0.007) among schizophrenia 

cases. We performed the first GWAS of smoking behavior among schizophrenia cases and 

identified a novel association with cigarettes-smoked-per-day upstream of the TMEM106B gene 

on chromosome 7p21.3 (rs148253479, P=3.18×10−8, n=3520). Results provide evidence of a 

partially shared genetic basis for schizophrenia and smoking behaviors. Additionally, genetic risk 

factors for smoking behaviors were largely shared across schizophrenia and non-schizophrenia 

populations. Future research should address mechanisms underlying these associations to aid both 

schizophrenia and smoking treatment and prevention efforts.

Keywords

schizophrenia; genetics; GWAS; smoking initiation; cigarettes per day; pleiotropy
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Introduction

Schizophrenia is a chronic mental illness affecting nearly 1% of the world’s population and 

is associated with considerable morbidity and mortality(McGrath et al., 2008; Simeone et 

al., 2015). Affected persons are at markedly increased risk for substance use disorders, 

particularly nicotine dependence(Hartz et al., 2014; Volkow, 2009). Currently, 17% of US 

adults and upwards of 60% of schizophrenia spectrum cases smoke tobacco regularly(de 

Leon and Diaz, 2005; Jamal et al., 2015; Volkow, 2009). Furthermore, patients tend to 

smoke a greater number of cigarettes, extract more nicotine per cigarette, and experience 

greater withdrawal symptoms than smokers in the general population(Centers for Disease 

Control and Prevention (CDC), 2013; Strand and Nybäck, 2005; Tidey et al., 2014), thereby 

increasing their risk of nicotine dependence and associated adverse medical conditions 

including cardiovascular disease and cancers(Olfson et al., 2015).

Decades of twin and family studies have demonstrated that schizophrenia is highly heritable 

(~80%)(Sullivan et al., 2003). Common genetic variants captured by genome-wide single-

nucleotide polymorphism (SNP) arrays account for at least one third of variance in 

risk(International Schizophrenia Consortium et al., 2009; Ripke et al., 2013). A landmark 

genome-wide association study (GWAS) meta-analysis of schizophrenia identified 108 

robustly associated loci(Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014), one of which resides in a gene cluster encoding neuronal nicotinic 

acetylcholine receptors (nAChR) on chromosome 15q25, which has previously been shown 

to be associated with heaviness of smoking in the general population(Tobacco and Genetics 

Consortium, 2010).

Similarly, twin and family studies have consistently shown a significant genetic component 

to the liability of smoking behavior, with estimated heritabilities on the order of 0.50–0.70 

for smoking initiation and 0.60 for nicotine dependence among European ancestry 

populations(Maes et al., 2004; Vink et al., 2005). Large, population-based GWAS of 

smoking-related traits have yielded several putative risk variants, including an association 

between smoking initiation and BDNF on 11p14.1(Tobacco and Genetics Consortium, 2010) 

and several associations for smoking quantity, most notably the previously reported 15q25 

locus harboring three genes encoding nAChR subunits CHRNA5-CHRNA3-CHRNA4, a 

second locus encoding nAChRs on 8p11 in and near CHRNB3-CHRNA6, and variants in 

and near CYP2A6-CYP2B6 on 19q13 encoding nicotine metabolizing 

enzymes(Thorgeirsson et al., 2010; Tobacco and Genetics Consortium, 2010).

Mechanisms underlying the schizophrenia-smoking association are not completely 

understood. Several mechanisms have been proposed to explain elevated tobacco use in 

those with schizophrenia including: 1) the self-medication hypothesis, 2) that smoking 

causes schizophrenia, and 3) a shared liability underlying both traits. The self-medication 

hypothesis posits that smoking is used as a strategy to alleviate adverse positive or negative 

symptoms of schizophrenia, cognitive impairments, or medication side-effects(Kumari and 

Postma, 2005). The shared vulnerability hypothesis postulates that factors common to both 

disorders (i.e. genetic, environmental) drive their co-occurrence. For example, dysfunction in 

nAChRs represents a common substrate for various symptoms of schizophrenia and 
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comorbid nicotine use(Parikh et al., 2016; Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014; Tobacco and Genetics Consortium, 2010). It has been 

suggested that reduced expression of the α7-nicotinic receptor in schizophrenia(Guillozet-

Bongaarts et al., 2014; Severance and Yolken, 2008) results in reduced sensory gating 

inhibition as measured by paradigms such as P50 auditory-evoked potentials, prepulse 

inhibition, and mismatch negativity(Freedman, 2014). Such deficits could conceivably 

diminish an individual’s ability to keep extraneous stimuli from awareness, possibly giving 

rise to hallucinations and delusions(Howes and Kapur, 2009). Additional research supports 

mechanisms 2 and 3(Chen et al., 2016; Gurillo et al., 2015; Kendler et al., 2015). For 

example, in a population-based Swedish cohort it was found that smoking prospectively 

predicted risk for schizophrenia in a dose-response relationship and shared familial/genetic 

factors accounted for a portion of the comorbidity between smoking and 

schizophrenia(Kendler et al., 2015).

Recent findings support a molecular genetic component underlying schizophrenia-smoking 

associations(Chen et al., 2016; Hartz et al., 2018, 2017) but has not been demonstrated 

conclusively(Brainstorm Consortium et al., 2018; B. Bulik-Sullivan et al., 2015; Gage et al., 

2017; Gage and Munafò, 2015; Zheng et al., 2017). Therefore, in this study, we sought to 

advance the understanding of schizophrenia-smoking associations in the context of available 

smoking data in schizophrenia cases from the Psychiatric Genomics Consortium (PGC) 

study of schizophrenia (see Table 1 for study overview)(Schizophrenia Working Group of 

the Psychiatric Genomics Consortium, 2014). First, we leverage summary statistics from 

genome-wide findings to estimate genetic correlations between smoking behaviors and 

schizophrenia. Next, using available phenotypic data on smoking initiation and smoking 

quantity for >5000 schizophrenia cases from 10 participating studies, we consider whether 

polygenic risk scores (PRS) constructed from results of the Tobacco and Genetics (TAG) 

consortium study of smoking behaviors(Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014; Tobacco and Genetics Consortium, 2010) can predict these 

same behaviors among schizophrenia cases. We perform the largest GWAS of smoking 

behaviors among schizophrenia cases to date. Finally, we consider whether smoking patterns 

among schizophrenia cases and genetic risk factors for smoking are related to the clinical 

presentation of schizophrenia including age-of-onset and symptom-based positive, negative, 

manic, and depressive factor scores.

Methods

Ascertainment and assessment

The subsamples included in this study comprise 10 constituent sites from Stage 2 of the 

PGC study of schizophrenia (Table 2). Ascertainment, diagnostic assessment, genotyping, 

and genotype quality control have been previously described(Schizophrenia Working Group 

of the Psychiatric Genomics Consortium, 2014). Briefly, 52 samples from the US, Europe, 

and Australia comprising 34,241 cases, 45,604 controls, and 1,235 parent affected-offspring 

trios were genotyped using a number of commercial SNP genotyping platforms. These data 

were processed using the stringent PGC quality control procedures, followed by imputation 

of SNPs and insertion-deletions using the 1000 Genomes Project reference panel (UCSC 

Peterson et al. Page 4

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hg19/NCBI 37)(1000 Genomes Project Consortium et al., 2012; Sachidanandam et al., 

2010) using IMPUTE2(Howie et al., 2011, 2009), resulting in nearly 9.5M markers for 

GWAS analysis.

Smoking behavior and clinical phenotypes

Smoking behavior variables were harmonized across sites. Smoking initiation was coded as 

positive if any of the following were endorsed: ever smoked, ever regular smoker, smoked 

100 cigarettes, current smoker, former smoker, smoke 1 or more cigarettes-per-day, or 

nicotine dependence. Since smoking quantity data varied by site, cigarettes-smoked-per-day 

was centered and scaled for each cohort. To account for initiation, only those who endorsed 

ever smoked were included in genetic analyses of cigarettes-smoked-per-day. A summary of 

individual sites, their sample sizes, and smoking measures available are presented in Table 2 

and Supplementary Figures S1 and S2.

We assessed whether age-of-onset of schizophrenia or symptom-based factor scores 

representing dimensions of illness were associated with smoking behaviors among cases. 

Age-of-onset was determined retrospectively and defined the age at first diagnosis or 

hospitalization. Symptoms averaged over the course of illness were assessed using the 

Operational Criteria Checklist for Psychotic Illness and Affective Illness (OPCRIT), Positive 

and Negative Syndrome Scale (PANSS), Lifetime Dimensions of Psychosis Scale (LDPS), 

Schedules for Clinical Assessment in Neuropsychiatry (SCAN), Structured Clinical 

Interview for DSM (SCID), and Comprehensive Assessment of Symptoms and History 

(CASH). Factor analyses of constituent PGC studies identified positive, negative, manic, and 

depressive symptom dimensions and methodological details can be found in Ruderfer et 

al(Ruderfer et al., 2014). Association between smoking initiation or cigarettes-smoked-per-

day and each clinical measure was assessed by logistic and linear regression, respectively, 

including sex, age-at-interview, and a study site indicator as covariates.

Estimation of SNP-based heritability and genetic correlation

We obtained estimates of SNP-based heritability (h2) and genetic correlation (rg) using the 

LD-score regression approach, as previously described(B. K. Bulik-Sullivan et al., 2015). 

Genome-wide summary statistics for schizophrenia and TAG smoking-related traits (ever-

smoked, cigarettes-per-day, smoking cessation “former vs current”, log-transformed age-of-

onset of smoking, logOnset) were filtered using default parameters (INFO>0.9, MAF>1%). 

Reference LD-scores estimated for European populations in the 1000 Genomes Project were 

used; regression weights were based on common SNPs present in Hapmap Phase 3, as 

suggested by the developers of this approach(B. K. Bulik-Sullivan et al., 2015). We reduced 

potential bias in heritability estimation by reanalyzing the PGC schizophrenia with 

overlapping TAG samples omitted, and constraining regression intercepts to one and zero 

when estimating univariate heritability and genetic correlation, respectively. For the 

schizophrenia case-only binary trait of smoking initiation, we assumed population 

prevalence estimates (K) equal to the observed sample prevalence (Supplemental Table S1).

Replication of the observed rg between schizophrenia risk and TAG traits utilized meta-

analysis summary statistics for three East-Asian studies from the PGC(Schizophrenia 
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Working Group of the Psychiatric Genomics Consortium, 2014) and the popcorn method for 

estimating cross-ancestry correlations(Brown et al., 2016). We compared estimates based on 

European and East-Asian schizophrenia samples by assuming an approximately normal 

distribution for rg and obtaining a Z-score for the difference in values.

Polygenic scoring analyses

To test for polygenic effects on smoking behaviors or schizophrenia risk, we performed risk 

score profiling as previously described(Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014). We constructed scores based on TAG results for smoking 

behaviors(Tobacco and Genetics Consortium, 2010). Given differences in the imputation 

reference panels between the TAG and PGC2 studies, we considered only overlapping SNPs 

with imputation INFO greater than 0.9 and minor allele frequency (MAF) greater than 1% in 

PGC2. Schizophrenia risk scores were generated for each study site in the PGC2 study of 

schizophrenia, using every other study as the training set in an iterative, “leave-one-out” 

procedure. This approach ensured no overlap in training and testing samples, while offering 

improved power compared to subdividing the full cohort into approximate halves. For both 

PGC-schizophrenia and TAG-based analyses, we computed several scores based on varying 

P-value threshold signifying the proportion of SNPs with smaller P-values in the training set; 

P-value thresholds (Pt) ranged between 0.0001 and 1.0. We tested for association between 

smoking behaviors and schizophrenia-PRS by linear regression, adjusting for sex, age, 

study-site and 10 associated ancestry principal components (PCs). Association between 

schizophrenia risk and TAG-based scores was assessed by logistic regression, adjusting for 

study-site and all covariates used in the primary PGC-schizophrenia association analysis. 

Because controls subjects from the Molecular Genetics of Schizophrenia (MGS) study were 

included in the TAG study, we excluded MGS from our case-control analyses of 

schizophrenia; in the context of genetic correlation estimation from summary statistics, this 

permitted us to constrain the intercept.

Genome-wide association and replication sample

For each trait, associated ancestry PCs were identified for the full cohort by backwards-

stepwise regression (P<0.159), after adjusting for study site. We tested for association 

between SNPs and each trait by either linear or logistic regression, as implemented in 

PLINK v1.07 (http://pngu.mgh.harvard.edu/~purcell/plink/)(Purcell et al., 2007), using 

allelic dosages and adjusting for significant covariates including sex, age, and ancestry PCs. 

We performed GWAS of each trait separately for individual study sites, combining summary 

statistics in subsequent random-effects meta-analyses using METAL(Willer et al., 2010). We 

excluded all SNPs with MAF less than 0.01, average statistical imputation information 

(INFO) less than 0.6, absent from more than half of total number of sub-studies, or 

displayed evidence of excessive heterogeneity (Cochran’s test P-value < 0.05).

For replication efforts, a total of 1802 European-ancestry cases with complete phenotypic 

information from four independent “waves” were made available by Janssen 

Pharmaceuticals(Li et al., 2017; Metspalu et al., 2004). We identified independent (pairwise 

linkage disequilibrium r2 < 0.1 within 500kb based on European 1000 Genomes Project 

samples), significant SNPs (P < 10−5) from the random-effects meta-analyses of each 
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smoking behavior phenotype considered. We tested these SNPs for association by linear or 

logistic regression, using ancestry PCs, sex, age, and study site indicator as covariates. 

Subsequent, joint meta-analyses of the combined discovery and replication samples were 

performed using METAL.

Results

I. Genetic correlations between schizophrenia and smoking behaviors

We first estimated the genetic correlation (rg) between schizophrenia (35,476 cases, 46,839 

controls) and each smoking-related trait from TAG (Table 3). The estimated genetic 

correlation between schizophrenia and smoking initiation in the general population was 

positive and highly significant (rg=0.159, 95% CI:[0.108,0.210]; P=5.05×10−10); significant 

positive relationships between schizophrenia and both cigarettes-smoked-per-day (rg=0.094, 

95% CI:[0.027,0.161]; P=0.006) and age-of-onset of smoking (rg=0.100, 95% CI:

[0.026,0.174]; P=0.009) were also seen; a nominal association between schizophrenia and 

smoking cessation was found (rg=−0.076, 95% CI:[−0.145,−0.007]; P= 0.032). We sought to 

replicate the observed genetic correlations using an independent cohort of East-Asian 

schizophrenia cases (n=1836) and controls (n=3383). No statistically significant cross-

ancestry correlations were observed (Table 3) but confidence intervals overlapped with the 

results from the European ancestry cohorts. Results for the East-Asian cohort should be 

considered tentative until replication can be performed.

II. Association of smoking behavior polygenic risk scores with schizophrenia risk

We evaluated the predictive ability of polygenic scores based on TAG results for smoking 

behaviors as applied to the PGC study of schizophrenia (35,476 cases, 46,839 controls, 

Figure 1). Genome-wide scores for smoking initiation (“ever/never smoked”) were higher 

among cases (PT < 0.3, β=0.014, 95%CI:[0.010, 0.017], P=4.94×10−15), explaining 0.14% 

of the variance in schizophrenia risk. Scores based on independent SNPs significant at PT < 

10−5 in TAG for cigarettes-smoked-per-day were also significantly higher among 

schizophrenia cases compared to controls (β=0.026, 95%CI:[0.014, 0.038], P=3.58×10−5), 

explaining 0.04% of the variance in schizophrenia risk. Although, this effect was attenuated 

at more inclusive P-value thresholds. Genome-wide scores based on TAG results for age-of-

initiation of smoking were not associated with schizophrenia status (P>0.056). Scores based 

on TAG results for smoking cessation (“former vs current”) were significant, though only for 

PT < 10−4 and were in the expected negative direction of effect (PT < 10−5, β=−0.130, 

95%CI:[−0.222, −0.038], P=0.006).

We further investigated significant polygenic score associations in order to determine if they 

were driven by the chromosome 15q25 locus that has been independently associated with 

both schizophrenia risk and smoking quantity in the general population. SNPs from the 

15q25 locus were removed from TAG polygenic scores (up to 171 SNPs depending on PT) 

and were re-tested for association. Results remained robust for TAG-smoking initiation 

polygenic scores predicting schizophrenia (PT < 0.3, β=0.014, 95%CI:[0.010, 0.017], 

P=1.13×10−13) but associations with schizophrenia were attenuated for TAG-cigarettes-

smoked-per-day (PT < 10−5,β=0.015, 95%CI:[−0.025, 0.054], P=0.469), and smoking 
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cessation (PT < 10−5, β=−0.086, 95%CI:[−0.182, 0.011], P=0.081). These results suggest 

that the association seen between TAG-smoking initiation polygenic scores and 

schizophrenia were not due to confounding with the 15q25. However, associations of TAG-

cigarettes-smoked-per-day and TAG-Cessation scores with schizophrenia were largely 

driven by this locus.

III. Smoking behavior among schizophrenia cases

The average smoking initiation rate across all cohorts was 72.9% and ranged from 52.6 to 

77.3% (Table 2, Figure S1). Among schizophrenia cases that smoke 29.5% smoked more 

than a pack per day. Figure S2 displays prevalence of smoking quantity by cohort.

III.1 Heritability of smoking behavior among schizophrenia cases—We applied 

the LD-score regression method to directly estimate SNP-based heritability (SNP-h2) from 

GWAS summary statistics for smoking behaviors among schizophrenia cases. For neither 

smoking initiation nor cigarettes-smoked-per-day did observed inflation of genome-wide test 

statistics indicate confounding by population stratification, as indicated by regression 

intercept values close to one (0.998 and 0.999). Among schizophrenia cases, the SNP-based 

heritability of smoking initiation was estimated as 0.219 (95% CI:[−0.001,0.439]; P=0.051; 

n=5255); the corresponding estimate for cigarettes-smoked-per-day was 0.0917 (95% CI:

[−0.096,0.280]; P=0.340; n=3370). That neither estimate was robustly statistically 

significant likely reflects the modest sample size. Although the SNP-based heritability point 

estimates for smoking behavior among schizophrenia cases were larger than the general 

population, their confidence intervals were overlapping (general population: smoking 

initiation SNP-h2=0.075 (95% CI:[0.063,0.088], cigarettes-smoked-per-day SNP-h2=0.056 

(95% CI:[0.030,0.083]).33

III.2 Genetic correlations between smoking behaviors among schizophrenia 
cases and the general population—We estimated the rg to determine the magnitude of 

genetic overlap of smoking behaviors between schizophrenia cases (nsmoking initiation=5255, 

ncigarettes-smoked-per-day=3370) and the general population (TAG). We observed a significant 

positive genetic correlation for smoking initiation (rg=0.624, 95% CI: [0.228,1.020]; 

P=0.002). Though, a positive relationship for cigarettes-smoked-per-day was not statistically 

significant (rg=0.689, 95% CI: [−0.179, 1.557]; P=0.120). Given the small sample size 

schizophrenia cases with data on smoking behaviors, these analyses are considered 

exploratory and require replication.

III.3 Association of smoking behavior polygenic risk scores with smoking 
behavior among schizophrenia cases—We considered whether TAG scores for 

smoking initiation and cigarettes-smoked-per-day could predict smoking behaviors among 

schizophrenia subjects (Figure 1). TAG-based scores for smoking initiation significantly 

predicted initiation among schizophrenia cases (PT < 0.01, β=0.087, 95%CI:[0.049, 0.126], 

P=9.57×10−6, n=5255) accounting for 0.6% of the variance and results remained robust 

when SNPs from the 15q25 locus were removed from scores (PT < 0.01, β=0.083, 95%CI:

[0.042, 0.125], P=8.12×10−5, Nagelkerke’s pseudo-R2=0.0046). The scores based on TAG 

results for cigarettes-smoked-per-day also significantly predicted cigarettes-smoked-per-day 
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among schizophrenia cases (PT < 0.01, β=0.005, 95%CI:[0.002, 0.008], P=8.57×10−4, 

n=3370) accounting for 0.35% of the variance and results remained robust when SNPs from 

the 15q25 locus were removed from scores (PT < 0.01, β=0.006, 95%CI:[0.003, 0.009], 

P=4.42×10−4, R2=0.0039). For both smoking behaviors, the direction of the observed effect 

in schizophrenia was the same as that observed in the general population.

Next, we asked whether aggregate genetic risk of schizophrenia, as indexed by PGC2-based 

polygenic scores, was significantly associated with smoking behavior among schizophrenia 

cases (Figure S3). Neither smoking behaviors (smoking initiation, cigarettes-smoked-per-

day) among schizophrenia-cases showed association with schizophrenia risk scores (P>0.1). 

Complete results for polygenic scoring analyses are reported in Tables S2-S7.

Finally, we estimated SNP-h2 from GWAS summary statistics for schizophrenia stratified by 

smoking status. Among schizophrenia smokers (3832 schizophrenia-cases, 8518 controls), 

the heritability of schizophrenia was estimated as 0.237 (95% CI:[0.169,0.304]) and among 

schizophrenia non-smokers (1423 schizophrenia-cases, 8518 controls) was 0.133 (95% CI:

[0.017,0.249]). The estimated genetic correlation between these groups (schizophrenia 

smokers and schizophrenia non-smokers) was 0.860 (95% CI: [0.497,1.224]) and was 

significantly different from 0 (P=3.52×10−6) but not from 1. These results suggest that the 

genetic risk for schizophrenia is largely overlapping between smoking and non-smoking 

schizophrenia patients.

III.4 Genome-wide association of smoking behaviors among schizophrenia 
cases—Genomic inflation factors (λ) were 1.017 and 1.005 for smoking initiation 

(n=5255) and cigarettes-smoked-per-day (n=3370), respectively. The discovery GWAS did 

not yield SNP associations significant at established genome-wide criteria (5.0×10−8). The 

strongest evidence of SNP-based association was observed for cigarettes-smoked-per-day, 

upstream of the CBWD2 gene at chromosome 2q13 (rs1900325; P=1.01×10−7). Subsequent 

follow-up of suggestively associated SNPs (P < 10−6) in an independent European-ancestry 

cohort (n=1802) yielded a significant finding between cigarettes-smoked-per-day and 

rs148253479 upstream of the TMEM106B gene at 7p21.3 (Table 4, discovery P=1×10−6, 

replication P=0.011, combined P=3.18×10−8). Regional association and forest plots for top 

associations are provided in the accompanying supplemental information (Figures S7-8). 

Notably, none of the previously identified smoking behavior-associated SNPs were detected 

at genome-wide significant thresholds in our GWAS of smoking behaviors within 

schizophrenia cases, likely due in part to the limited power to detect small SNP effects in our 

modest sample size (Table S12).

IV. Phenotypic and polygenic associations between smoking behavior and schizophrenia 
symptom dimensions

We considered whether smoking patterns among schizophrenia cases and genetic risk factors 

for smoking were related to the clinical presentation of schizophrenia. For sex, age, and each 

clinical variable considered, Table 5 gives the estimated effect and significance from logistic 

or linear regression. Age-of-onset of schizophrenia was found to have a nominal association 

with smoking initiation (P=0.018) indicating higher rates of initiation in cases with earlier 
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onset. The positive symptom factor score showed a positive association with smoking 

initiation (P=3.21×10−5) and cigarettes-smoked-per-day (P=0.015). Depressive symptoms 

were also nominally associated with cigarettes-smoked-per-day (P=0.014) indicating that 

those with higher depression scores endorsed smoking more cigarettes. No significant 

phenotypic associations were found between smoking behaviors and the negative and mania 

factor scores.

We followed-up phenotypic associations by examining the relationship between symptom 

dimensions and TAG-based polygenic scores for smoking behaviors (Tables S8-S11, Figure 

S4). Both the TAG-smoking initiation and TAG-cigarettes-smoked-per-day scores were 

associated with positive symptoms at nominal levels of significance (P=0.023, P=0.006 

respectively).

Discussion

Despite conspicuous epidemiological and molecular genetic evidence supporting a link 

between smoking behavior and schizophrenia, the biological basis of this relationship is not 

well understood. Given the availability of subject-level clinical data from the PGC study of 

schizophrenia, we were able to characterize smoking patterns among >5000 schizophrenia 

cases. Using polygenic risk score methodology and genome-wide summary statistics, we not 

only provide confirmatory evidence of aggregate genetic effects contributing to both 

smoking initiation and risk of schizophrenia, but demonstrate also that risk factors 

influencing smoking initiation and quantity are at least partially shared between 

schizophrenia patients and the general population.

Of particular importance, we have successfully demonstrated shared genetic liabilities to 

schizophrenia and smoking behaviors in European populations. While polygenic scores 

based on TAG results for smoking initiation and cigarettes-smoked-per-day were both 

strongly associated with increased risk of schizophrenia, the association with cigarettes-

smoked-per-day was largely driven by the 15q25 locus. Although the results support a 

polygenic overlap between smoking behavior in the general population and schizophrenia 

risk, we cannot definitively rule out the possibility that some identified schizophrenia 

genetic variants may be in fact indexing liability to smoking behavior (rather than having a 

pleiotropic effect on both traits) because of the high prevalence of nicotine use among 

affected persons. Future research is needed to disentangle this confounded relationship by 

collecting smoking behavior information for both schizophrenia cases and control subjects.

Polygenic scores for smoking initiation also significantly predicted initiation among 

schizophrenia cases. Taken together with an estimated genetic correlation of ~0.624, this 

suggests that genetic factors influencing smoking behavior are at least partially shared 

between schizophrenia and non-schizophrenia populations. We could rule out the possibility 

that they are entirely independent, but better powered studies are needed to more precisely 

estimate the degree of overlap. Similarly, polygenic scores for smoking quantity were also 

significantly predictive of smoking quantity among schizophrenia patients, albeit to a lesser 

degree of statistical significance.
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By contrast, polygenic scores based on PGC results for schizophrenia were not predictive of 

smoking behavior among schizophrenia patients. Our results suggest a shared genetic 

liability to smoking behavior and schizophrenia, and that genetic liability to smoking is 

shared between the general population and schizophrenia patients, while liability to 

schizophrenia is not associated with smoking behavior among schizophrenia-affected 

individuals. The latter could be partially due to power and the restricted range of the 

smoking liability distribution among the selected schizophrenia population, as recent studies 

have found schizophrenia-PRS to be associated with smoking behavior in substance use 

enriched samples(Chen et al., 2016; Hartz et al., 2017).

Exploratory GWAS of smoking initiation and cigarettes-smoked-per-day among 

schizophrenia cases did not yield genome-wide significant evidence of association in the 

discovery stages. The top association was observed for cigarettes-smoked-per-day 

(rs1900325; P=1.01×10−7) was upstream of CBWD2, which has been previously implicated 

in sleep and metabolic traits(Doherty et al., 2018; Hammerschlag et al., 2017). In the 

replication phase, a single genome-wide significant association was observed between 

cigarettes-smoked-per-day and SNPs upstream of the TMEM106B gene, a much studied risk 

locus for frontotemporal lobar degeneration (FTLD)(Van Deerlin et al., 2010) that encodes a 

trans-membrane protein involved in lysosomal trafficking and dendritic branching(Brady et 

al., 2013; Schwenk et al., 2014). In addition to FTLD, the TMEM106B gene has 

demonstrated associations with the clinical presentation of Alzheimer disease(Rutherford et 

al., 2012), the volume of left-sided temporal lobe and interhemispheric structures(Adams et 

al., 2014), and amphetamine response(Hart et al., 2012). Although not genome-wide 

significant, our results support an association between the CHRNA3/CHRNA5 locus 

(rs16969968) and cigarettes-smoked-per-day among schizophrenia cases (replication 

P=0.0001, Table S12). Interestingly, analysis of schizophrenia stratified by case smoking 

status revealed elevated odds ratio (and higher allele frequencies) for this SNP among 

schizophrenia cases that have ever smoked (Figure S9). Also notable is the lack of genome-

wide significant associations between TAG-associated variants and smoking behaviors 

among schizophrenia cases, which could reflect our limited power to detect individual SNP 

effects in our current sample size (<35%; Table S12).

Consistent with the literature, schizophrenia cases had elevated smoking rates and smoked 

more cigarettes per day than smokers in the general population (>30 cigarettes: 16.5 versus 

6.9% respectively)(de Leon and Diaz, 2005; Jamal et al., 2015). Earlier age of schizophrenia 

onset was associated with higher rates of smoking initiation. When examining clinical 

features of schizophrenia, the positive symptom factor score was associated with smoking 

behavior indicating that those endorsing hallucinations and delusions were more likely to 

initiate smoking and smoke more cigarettes. This is broadly consistent with the self-

medication hypothesis, by itself does not tell against other etiological hypotheses, as it might 

represent a process by which symptoms might be reduced, irrespective of etiology. 

Pharmacological upregulation of nicotinic acetylcholinergic transmission using either 

acetylcholinesterase inhibitors or positive allosteric modulators (PAMs) have been shown to 

ameliorate symptoms of schizophrenia(Wallace and Bertrand, 2015). The clinical 

dimensions for which the literature most strongly supports a role for such treatments are 

negative and cognitive symptoms(Singh et al., 2012). However, animal models also support 
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a potential role in positive symptom-like features of ketamine-induced psychosis as 

well(Nikiforuk et al., 2016). Additionally, a nominal association was found between 

cigarettes-smoked-per-day and the depressive symptom dimension adding support for the 

role of nicotine on mood in schizophrenia patients. This might be consistent with an 

improvement in mood concomitant with an amelioration of symptoms of the illness overall. 

It might also represent an inherent antidepressant effect of agonizing nicotinic transmission, 

as has been suggested by studies using the forced swim test in rodents(Marcus et al., 2016; 

Onajole et al., 2016; Shang et al., 2016; Zhang et al., 2016).

The major limitation of this study was the number of available schizophrenia cases with 

detailed clinical and smoking-related data. Despite attaining a modest sample size for 

smoking analyses within schizophrenia cases, our power was limited to detect single-SNP 

associations with smoking initiation or cigarettes-smoked-per-day (Table S12). Another 

limitation was the use of self-report data to index smoking behavior among schizophrenia 

cases. Future research should incorporate objective nicotine metabolite biomarkers such as 

cotinine levels. The age of schizophrenia onset was determined retrospectively in some cases 

and since the duration of untreated psychosis can vary, the precision of the true onset is 

unknown. Also, because smoking data on control subjects was not available for the majority 

of participating studies, we were limited in our ability to relate findings from the smoking 

analyses within schizophrenia cases to variation in the general population. Recently, a large-

scale GWAS from the GSCAN consortium reported 55, 378, and 99 associated genetic 

variants with cigarettes-smoked-per-day, smoking initiation, and alcohol drinks per week 

respectively(Liu et al., 2019). Forthcoming research needs to examine shared genetic risk of 

schizophrenia across substances as well as gender and diverse populations. As available 

sample sizes and phenotypic data grow(Pardiñas et al., 2018; Schizophrenia Working Group 

of the Psychiatric Genomics Consortium et al., 2020) it will be possible to apply alternative 

methods such as Mendelian Randomization to assess causal processes between these 

phenotypes. Nonetheless, findings suggest a portion of the schizophrenia-smoking 

association is due to shared genetic etiology, as we were able to demonstrate partial overlap 

between genetic liability to smoking behavior in the general population and (1) 

schizophrenia risk, and (2) smoking behavior among schizophrenia patients. In addition to 

supporting genome-wide pleiotropic effects, our smoking GWAS within schizophrenia cases 

highlighted a schizophrenia-specific genetic liability for smoking quantity. Future research 

needs to address mechanisms underlying associations between these traits (e.g., Mendelian 

randomization, pharmacogenetics) to aid both schizophrenia and smoking treatment and 

prevention efforts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Core funding for the Psychiatric Genomics Consortium is from the US National Institute of Mental Health (U01 
MH094421). The work specific to this report was funded by the United States Department of Veterans Affairs Merit 
Review Program (5I01CX000278) to Ayman H. Fanous. Roseann E. Peterson is supported by National Institutes of 
Health (NIH) K01 grant MH113848 and The Brain & Behavior Research Foundation NARSAD grant 28632 P&S 
Fund. This project has received funding from the European Union’s Seventh Framework Programme for research, 

Peterson et al. Page 12

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



technological development and demonstration under grant agreement 279227 to Marcella Rietschel, and Research 
Council of Norway (grant #223273). Statistical analyses were carried out on the Genetic Cluster Computer (http://
www.geneticcluster.org) which is financially supported by the Netherlands Scientific Organization (NWO 
480-05-003) along with a supplement from the Dutch Brain Foundation and the VU University Amsterdam.

References

1000 Genomes Project Consortium, Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM, 
Handsaker RE, Kang HM, Marth GT, McVean GA, 2012. An integrated map of genetic variation 
from 1,092 human genomes. Nature 491, 56–65. [PubMed: 23128226] 

Adams HHH, Verhaaren BFJ, Vrooman HA, Uitterlinden AG, Hofman A, van Duijn CM, van der Lugt 
A, Niessen WJ, Vernooij MW, Ikram MA, 2014. TMEM106B influences volume of left-sided 
temporal lobe and interhemispheric structures in the general population. Biol. Psychiatry 76, 503–
508. [PubMed: 24731779] 

Brady OA, Zheng Y, Murphy K, Huang M, Hu F, 2013. The frontotemporal lobar degeneration risk 
factor, TMEM106B, regulates lysosomal morphology and function. Hum. Mol. Genet 22, 685–695. 
[PubMed: 23136129] 

Brainstorm Consortium, Anttila V, Bulik-Sullivan B, Finucane HK, Walters RK, Bras J, Duncan L, 
Escott-Price V, Falcone GJ, Gormley P, Malik R, Patsopoulos NA, Ripke S, Wei Z, Yu D, Lee PH, 
Turley P, Grenier-Boley B, Chouraki V, Kamatani Y, Berr C, Letenneur L, Hannequin D, Amouyel 
P, Boland A, Deleuze J-F, Duron E, Vardarajan BN, Reitz C, Goate AM, Huentelman MJ, Kamboh 
MI, Larson EB, Rogaeva E, St George-Hyslop P, Hakonarson H, Kukull WA, Farrer LA, Barnes LL, 
Beach TG, Demirci FY, Head E, Hulette CM, Jicha GA, Kauwe JSK, Kaye JA, Leverenz JB, Levey 
AI, Lieberman AP, Pankratz VS, Poon WW, Quinn JF, Saykin AJ, Schneider LS, Smith AG, Sonnen 
JA, Stern RA, Van Deerlin VM, Van Eldik LJ, Harold D, Russo G, Rubinsztein DC, Bayer A, 
Tsolaki M, Proitsi P, Fox NC, Hampel H, Owen MJ, Mead S, Passmore P, Morgan K, Nöthen MM, 
Rossor M, Lupton MK, Hoffmann P, Kornhuber J, Lawlor B, McQuillin A, Al-Chalabi A, Bis JC, 
Ruiz A, Boada M, Seshadri S, Beiser A, Rice K, van der Lee SJ, De Jager PL, Geschwind DH, 
Riemenschneider M, Riedel-Heller S, Rotter JI, Ransmayr G, Hyman BT, Cruchaga C, Alegret M, 
Winsvold B, Palta P, Farh K-H, Cuenca-Leon E, Furlotte N, Kurth T, Ligthart L, Terwindt GM, 
Freilinger T, Ran C, Gordon SD, Borck G, Adams HHH, Lehtimäki T, Wedenoja J, Buring JE, 
Schürks M, Hrafnsdottir M, Hottenga J-J, Penninx B, Artto V, Kaunisto M, Vepsäläinen S, Martin 
NG, Montgomery GW, Kurki MI, Hämäläinen E, Huang H, Huang J, Sandor C, Webber C, Muller-
Myhsok B, Schreiber S, Salomaa V, Loehrer E, Göbel H, Macaya A, Pozo-Rosich P, Hansen T, 
Werge T, Kaprio J, Metspalu A, Kubisch C, Ferrari MD, Belin AC, van den Maagdenberg AMJM, 
Zwart J-A, Boomsma D, Eriksson N, Olesen J, Chasman DI, Nyholt DR, Avbersek A, Baum L, 
Berkovic S, Bradfield J, Buono RJ, Catarino CB, Cossette P, De Jonghe P, Depondt C, Dlugos D, 
Ferraro TN, French J, Hjalgrim H, Jamnadas-Khoda J, Kälviäinen R, Kunz WS, Lerche H, Leu C, 
Lindhout D, Lo W, Lowenstein D, McCormack M, Møller RS, Molloy A, Ng P-W, Oliver K, 
Privitera M, Radtke R, Ruppert A-K, Sander T, Schachter S, Schankin C, Scheffer I, Schoch S, 
Sisodiya SM, Smith P, Sperling M, Striano P, Surges R, Thomas GN, Visscher F, Whelan CD, Zara 
F, Heinzen EL, Marson A, Becker F, Stroink H, Zimprich F, Gasser T, Gibbs R, Heutink P, Martinez 
M, Morris HR, Sharma M, Ryten M, Mok KY, Pulit S, Bevan S, Holliday E, Attia J, Battey T, 
Boncoraglio G, Thijs V, Chen W-M, Mitchell B, Rothwell P, Sharma P, Sudlow C, Vicente A, 
Markus H, Kourkoulis C, Pera J, Raffeld M, Silliman S, Boraska Perica V, Thornton LM, Huckins 
LM, William Rayner N, Lewis CM, Gratacos M, Rybakowski F, Keski-Rahkonen A, Raevuori A, 
Hudson JI, Reichborn-Kjennerud T, Monteleone P, Karwautz A, Mannik K, Baker JH, O’Toole JK, 
Trace SE, Davis OSP, Helder SG, Ehrlich S, Herpertz-Dahlmann B, Danner UN, van Elburg AA, 
Clementi M, Forzan M, Docampo E, Lissowska J, Hauser J, Tortorella A, Maj M, Gonidakis F, 
Tziouvas K, Papezova H, Yilmaz Z, Wagner G, Cohen-Woods S, Herms S, Julià A, Rabionet R, 
Dick DM, Ripatti S, Andreassen OA, Espeseth T, Lundervold AJ, Steen VM, Pinto D, Scherer SW, 
Aschauer H, Schosser A, Alfredsson L, Padyukov L, Halmi KA, Mitchell J, Strober M, Bergen AW, 
Kaye W, Szatkiewicz JP, Cormand B, Ramos-Quiroga JA, Sánchez-Mora C, Ribasés M, Casas M, 
Hervas A, Arranz MJ, Haavik J, Zayats T, Johansson S, Williams N, Dempfle A, Rothenberger A, 
Kuntsi J, Oades RD, Banaschewski T, Franke B, Buitelaar JK, Arias Vasquez A, Doyle AE, Reif A, 
Lesch K-P, Freitag C, Rivero O, Palmason H, Romanos M, Langley K, Rietschel M, Witt SH, 
Dalsgaard S, Børglum AD, Waldman I, Wilmot B, Molly N, Bau CHD, Crosbie J, Schachar R, Loo 

Peterson et al. Page 13

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.geneticcluster.org/
http://www.geneticcluster.org/


SK, McGough JJ, Grevet EH, Medland SE, Robinson E, Weiss LA, Bacchelli E, Bailey A, Bal V, 
Battaglia A, Betancur C, Bolton P, Cantor R, Celestino-Soper P, Dawson G, De Rubeis S, Duque F, 
Green A, Klauck SM, Leboyer M, Levitt P, Maestrini E, Mane S, De-Luca DM-, Parr J, Regan R, 
Reichenberg A, Sandin S, Vorstman J, Wassink T, Wijsman E, Cook E, Santangelo S, Delorme R, 
Rogé B, Magalhaes T, Arking D, Schulze TG, Thompson RC, Strohmaier J, Matthews K, Melle I, 
Morris D, Blackwood D, McIntosh A, Bergen SE, Schalling M, Jamain S, Maaser A, Fischer SB, 
Reinbold CS, Fullerton JM, Guzman-Parra J, Mayoral F, Schofield PR, Cichon S, Mühleisen TW, 
Degenhardt F, Schumacher J, Bauer M, Mitchell PB, Gershon ES, Rice J, Potash JB, Zandi PP, 
Craddock N, Ferrier IN, Alda M, Rouleau GA, Turecki G, Ophoff R, Pato C, Anjorin A, Stahl E, 
Leber M, Czerski PM, Cruceanu C, Jones IR, Posthuma D, Andlauer TFM, Forstner AJ, Streit F, 
Baune BT, Air T, Sinnamon G, Wray NR, MacIntyre DJ, Porteous D, Homuth G, Rivera M, Grove 
J, Middeldorp CM, Hickie I, Pergadia M, Mehta D, Smit JH, Jansen R, de Geus E, Dunn E, Li QS, 
Nauck M, Schoevers RA, Beekman AT, Knowles JA, Viktorin A, Arnold P, Barr CL, Bedoya-Berrio 
G, Bienvenu OJ, Brentani H, Burton C, Camarena B, Cappi C, Cath D, Cavallini M, Cusi D, Darrow 
S, Denys D, Derks EM, Dietrich A, Fernandez T, Figee M, Freimer N, Gerber G, Grados M, 
Greenberg E, Hanna GL, Hartmann A, Hirschtritt ME, Hoekstra PJ, Huang A, Huyser C, Illmann C, 
Jenike M, Kuperman S, Leventhal B, Lochner C, Lyon GJ, Macciardi F, Madruga-Garrido M, 
Malaty IA, Maras A, McGrath L, Miguel EC, Mir P, Nestadt G, Nicolini H, Okun MS, Pakstis A, 
Paschou P, Piacentini J, Pittenger C, Plessen K, Ramensky V, Ramos EM, Reus V, Richter MA, 
Riddle MA, Robertson MM, Roessner V, Rosário M, Samuels JF, Sandor P, Stein DJ, Tsetsos F, Van 
Nieuwerburgh F, Weatherall S, Wendland JR, Wolanczyk T, Worbe Y, Zai G, Goes FS, McLaughlin 
N, Nestadt PS, Grabe H-J, Depienne C, Konkashbaev A, Lanzagorta N, Valencia-Duarte A, Bramon 
E, Buccola N, Cahn W, Cairns M, Chong SA, Cohen D, Crespo-Facorro B, Crowley J, Davidson M, 
DeLisi L, Dinan T, Donohoe G, Drapeau E, Duan J, Haan L, Hougaard D, Karachanak-Yankova S, 
Khrunin A, Klovins J, Kučinskas V, Lee Chee Keong J, Limborska S, Loughland C, Lönnqvist J, 
Maher B, Mattheisen M, McDonald C, Murphy KC, Nenadic I, van Os J, Pantelis C, Pato M, 
Petryshen T, Quested D, Roussos P, Sanders AR, Schall U, Schwab SG, Sim K, So H-C, Stögmann 
E, Subramaniam M, Toncheva D, Waddington J, Walters J, Weiser M, Cheng W, Cloninger R, 
Curtis D, Gejman PV, Henskens F, Mattingsdal M, Oh S-Y, Scott R, Webb B, Breen G, 
Churchhouse C, Bulik CM, Daly M, Dichgans M, Faraone SV, Guerreiro R, Holmans P, Kendler 
KS, Koeleman B, Mathews CA, Price A, Scharf J, Sklar P, Williams J, Wood NW, Cotsapas C, 
Palotie A, Smoller JW, Sullivan P, Rosand J, Corvin A, Neale BM, Schott JM, Anney R, Elia J, 
Grigoroiu-Serbanescu M, Edenberg HJ, Murray R, 2018. Analysis of shared heritability in common 
disorders of the brain. Science 360. 10.1126/science.aap8757

Brown BC, Asian Genetic Epidemiology Network Type 2 Diabetes Consortium, Ye CJ, Price AL, 
Zaitlen N, 2016. Transethnic Genetic-Correlation Estimates from Summary Statistics. Am. J. Hum. 
Genet 99, 76–88. [PubMed: 27321947] 

Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh P-R, ReproGen Consortium, 
Psychiatric Genomics Consortium, Genetic Consortium for Anorexia Nervosa of the Wellcome 
Trust Case Control Consortium 3, Duncan L, Perry JRB, Patterson N, Robinson EB, Daly MJ, Price 
AL, Neale BM, 2015. An atlas of genetic correlations across human diseases and traits. Nat. Genet 
47, 1236–1241. [PubMed: 26414676] 

Bulik-Sullivan BK, Loh P-R, Finucane HK, Ripke S, Yang J, Schizophrenia Working Group of the 
Psychiatric Genomics Consortium, Patterson N, Daly MJ, Price AL, Neale BM, 2015. LD Score 
regression distinguishes confounding from polygenicity in genome-wide association studies. Nat. 
Genet 47, 291–295. [PubMed: 25642630] 

Centers for Disease Control and Prevention (CDC), 2013. Vital signs: current cigarette smoking among 
adults aged ≥18 years with mental illness - United States, 2009–2011. MMWR Morb. Mortal. Wkly. 
Rep 62, 81–87. [PubMed: 23388551] 

Chen J, Bacanu S-A, Yu H, Zhao Z, Jia P, Kendler KS, Kranzler HR, Gelernter J, Farrer L, Minica C, 
Pool R, Milaneschi Y, Boomsma DI, Penninx BWJH, Tyndale RF, Ware JJ, Vink JM, Kaprio J, 
Munafò M, Chen X, Cotinine meta-analysis group, FTND meta-analysis group, 2016. Genetic 
Relationship between Schizophrenia and Nicotine Dependence. Sci. Rep 6, 25671. [PubMed: 
27164557] 

de Leon J, Diaz FJ, 2005. A meta-analysis of worldwide studies demonstrates an association between 
schizophrenia and tobacco smoking behaviors. Schizophr. Res 76, 135–157. [PubMed: 15949648] 

Peterson et al. Page 14

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Doherty A, Smith-Byrne K, Ferreira T, Holmes MV, Holmes C, Pulit SL, Lindgren CM, 2018. GWAS 
identifies 14 loci for device-measured physical activity and sleep duration. Nat. Commun 9, 5257. 
[PubMed: 30531941] 

Freedman R, 2014. α7-nicotinic acetylcholine receptor agonists for cognitive enhancement in 
schizophrenia. Annu. Rev. Med 65, 245–261. [PubMed: 24111888] 

Gage SH, Jones HJ, Taylor AE, Burgess S, Zammit S, Munafò MR, 2017. Investigating causality in 
associations between smoking initiation and schizophrenia using Mendelian randomization. Sci. 
Rep 7, 40653. [PubMed: 28102331] 

Gage SH, Munafò MR, 2015. Rethinking the association between smoking and schizophrenia. Lancet 
Psychiatry 2, 118–119. [PubMed: 26359739] 

Guillozet-Bongaarts AL, Hyde TM, Dalley RA, Hawrylycz MJ, Henry A, Hof PR, Hohmann J, Jones 
AR, Kuan CL, Royall J, Shen E, Swanson B, Zeng H, Kleinman JE, 2014. Altered gene expression 
in the dorsolateral prefrontal cortex of individuals with schizophrenia. Mol. Psychiatry 19, 478–
485. [PubMed: 23528911] 

Gurillo P, Jauhar S, Murray RM, MacCabe JH, 2015. Does tobacco use cause psychosis? Systematic 
review and meta-analysis. Lancet Psychiatry 2, 718–725. [PubMed: 26249303] 

Hammerschlag AR, Stringer S, de Leeuw CA, Sniekers S, Taskesen E, Watanabe K, Blanken TF, 
Dekker K, Te Lindert BHW, Wassing R, Jonsdottir I, Thorleifsson G, Stefansson H, Gislason T, 
Berger K, Schormair B, Wellmann J, Winkelmann J, Stefansson K, Oexle K, Van Someren EJW, 
Posthuma D, 2017. Genome-wide association analysis of insomnia complaints identifies risk genes 
and genetic overlap with psychiatric and metabolic traits. Nat. Genet 49, 1584–1592. [PubMed: 
28604731] 

Hart AB, Engelhardt BE, Wardle MC, Sokoloff G, Stephens M, de Wit H, Palmer AA, 2012. Genome-
wide association study of d-amphetamine response in healthy volunteers identifies putative 
associations, including cadherin 13 (CDH13). PLoS One 7, e42646. [PubMed: 22952603] 

Hartz SM, Horton AC, Hancock DB, Baker TB, Caporaso NE, Chen L-S, Hokanson JE, Lutz SM, 
Marazita ML, McNeil DW, Pato CN, Pato MT, Johnson EO, Bierut LJ, 2018. Genetic correlation 
between smoking behaviors and schizophrenia. Schizophr. Res 194, 86–90. [PubMed: 28285025] 

Hartz SM, Horton AC, Oehlert M, Carey CE, Agrawal A, Bogdan R, Chen L-S, Hancock DB, Johnson 
EO, Pato CN, Pato MT, Rice JP, Bierut LJ, 2017. Association Between Substance Use Disorder 
and Polygenic Liability to Schizophrenia. Biol. Psychiatry 82, 709–715. [PubMed: 28739213] 

Hartz SM, Pato CN, Medeiros H, Cavazos-Rehg P, Sobell JL, Knowles JA, Bierut LJ, Pato MT, 
Genomic Psychiatry Cohort Consortium, 2014. Comorbidity of severe psychotic disorders with 
measures of substance use. JAMA Psychiatry 71, 248–254. [PubMed: 24382686] 

Howes OD, Kapur S, 2009. The dopamine hypothesis of schizophrenia: version III--the final common 
pathway. Schizophr. Bull 35, 549–562. [PubMed: 19325164] 

Howie B, Marchini J, Stephens M, 2011. Genotype imputation with thousands of genomes. G3 1, 457–
470. [PubMed: 22384356] 

Howie BN, Donnelly P, Marchini J, 2009. A flexible and accurate genotype imputation method for the 
next generation of genome-wide association studies. PLoS Genet. 5, e1000529. [PubMed: 
19543373] 

International Schizophrenia Consortium, Purcell SM, Wray NR, Stone JL, Visscher PM, O’Donovan 
MC, Sullivan PF, Sklar P, 2009. Common polygenic variation contributes to risk of schizophrenia 
and bipolar disorder. Nature 460, 748–752. [PubMed: 19571811] 

Jamal A, Homa DM, O’Connor E, Babb SD, Caraballo RS, Singh T, Hu SS, King BA, 2015. Current 
cigarette smoking among adults - United States, 2005–2014. MMWR Morb. Mortal. Wkly. Rep 
64, 1233–1240. [PubMed: 26562061] 

Kendler KS, Lönn SL, Sundquist J, Sundquist K, 2015. Smoking and schizophrenia in population 
cohorts of Swedish women and men: a prospective co-relative control study. Am. J. Psychiatry 
172, 1092–1100. [PubMed: 26046339] 

Kumari V, Postma P, 2005. Nicotine use in schizophrenia: the self medication hypotheses. Neurosci. 
Biobehav. Rev 29, 1021–1034. [PubMed: 15964073] 

Peterson et al. Page 15

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Li Q, Wineinger NE, Fu D-J, Libiger O, Alphs L, Savitz A, Gopal S, Cohen N, Schork NJ, 2017. 
Genome-wide association study of paliperidone efficacy. Pharmacogenet. Genomics 27, 7–18. 
[PubMed: 27846195] 

Liu M, Jiang Y, Wedow R, Li Y, Brazel DM, Chen F, Datta G, Davila-Velderrain J, McGuire D, Tian 
C, Zhan X, 23andMe Research Team, HUNT All-In Psychiatry, Choquet H, Docherty AR, Faul 
JD, Foerster JR, Fritsche LG, Gabrielsen ME, Gordon SD, Haessler J, Hottenga J-J, Huang H, 
Jang S-K, Jansen PR, Ling Y, Mägi R, Matoba N, McMahon G, Mulas A, Orrù V, Palviainen T, 
Pandit A, Reginsson GW, Skogholt AH, Smith JA, Taylor AE, Turman C, Willemsen G, Young H, 
Young KA, Zajac GJM, Zhao W, Zhou W, Bjornsdottir G, Boardman JD, Boehnke M, Boomsma 
DI, Chen C, Cucca F, Davies GE, Eaton CB, Ehringer MA, Esko T, Fiorillo E, Gillespie NA, 
Gudbjartsson DF, Haller T, Harris KM, Heath AC, Hewitt JK, Hickie IB, Hokanson JE, Hopfer CJ, 
Hunter DJ, Iacono WG, Johnson EO, Kamatani Y, Kardia SLR, Keller MC, Kellis M, Kooperberg 
C, Kraft P, Krauter KS, Laakso M, Lind PA, Loukola A, Lutz SM, Madden PAF, Martin NG, 
McGue M, McQueen MB, Medland SE, Metspalu A, Mohlke KL, Nielsen JB, Okada Y, Peters U, 
Polderman TJC, Posthuma D, Reiner AP, Rice JP, Rimm E, Rose RJ, Runarsdottir V, Stallings 
MC, Stančáková A, Stefansson H, Thai KK, Tindle HA, Tyrfingsson T, Wall TL, Weir DR, 
Weisner C, Whitfield JB, Winsvold BS, Yin J, Zuccolo L, Bierut LJ, Hveem K, Lee JJ, Munafò 
MR, Saccone NL, Willer CJ, Cornelis MC, David SP, Hinds DA, Jorgenson E, Kaprio J, Stitzel JA, 
Stefansson K, Thorgeirsson TE, Abecasis G, Liu DJ, Vrieze S, 2019. Association studies of up to 
1.2 million individuals yield new insights into the genetic etiology of tobacco and alcohol use. Nat. 
Genet 51, 237–244. [PubMed: 30643251] 

Maes HH, Sullivan PF, Bulik CM, Neale MC, Prescott CA, Eaves LJ, Kendler KS, 2004. A twin study 
of genetic and environmental influences on tobacco initiation, regular tobacco use and nicotine 
dependence. Psychol. Med 34, 1251–1261. [PubMed: 15697051] 

Marcus MM, Björkholm C, Malmerfelt A, Möller A, Påhlsson N, Konradsson-Geuken Å, Feltmann K, 
Jardemark K, Schilström B, Svensson TH, 2016. Alpha7 nicotinic acetylcholine receptor agonists 
and PAMs as adjunctive treatment in schizophrenia. An experimental study. Eur. 
Neuropsychopharmacol 26, 1401–1411. [PubMed: 27474687] 

McGrath J, Saha S, Chant D, Welham J, 2008. Schizophrenia: a concise overview of incidence, 
prevalence, and mortality. Epidemiol. Rev 30, 67–76. [PubMed: 18480098] 

Metspalu A, Köhler F, Laschinski G, Ganten D, Roots I, 2004. [The Estonian Genome Project in the 
context of European genome research]. Dtsch. Med. Wochenschr 129 Suppl 1, S25–8. [PubMed: 
15133739] 

Nikiforuk A, Potasiewicz A, Kos T, Popik P, 2016. The combination of memantine and galantamine 
improves cognition in rats: The synergistic role of the α7 nicotinic acetylcholine and NMDA 
receptors. Behav. Brain Res 313, 214–218. [PubMed: 27435422] 

Olfson M, Gerhard T, Huang C, Crystal S, Stroup TS, 2015. Premature Mortality Among Adults With 
Schizophrenia in the United States. JAMA Psychiatry 72, 1172–1181. [PubMed: 26509694] 

Onajole OK, Vallerini GP, Eaton JB, Lukas RJ, Brunner D, Caldarone BJ, Kozikowski AP, 2016. 
Synthesis and Behavioral Studies of Chiral Cyclopropanes as Selective α4β2-Nicotinic 
Acetylcholine Receptor Partial Agonists Exhibiting an Antidepressant Profile. Part III. ACS Chem. 
Neurosci 7, 811–822. [PubMed: 27035276] 

Pardiñas AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S, Carrera N, Legge SE, Bishop S, 
Cameron D, Hamshere ML, Han J, Hubbard L, Lynham A, Mantripragada K, Rees E, MacCabe 
JH, McCarroll SA, Baune BT, Breen G, Byrne EM, Dannlowski U, Eley TC, Hayward C, Martin 
NG, McIntosh AM, Plomin R, Porteous DJ, Wray NR, Caballero A, Geschwind DH, Huckins LM, 
Ruderfer DM, Santiago E, Sklar P, Stahl EA, Won H, Agerbo E, Als TD, Andreassen OA, 
Bækvad-Hansen M, Mortensen PB, Pedersen CB, Børglum AD, Bybjerg-Grauholm J, Djurovic S, 
Durmishi N, Pedersen MG, Golimbet V, Grove J, Hougaard DM, Mattheisen M, Molden E, Mors 
O, Nordentoft M, Pejovic-Milovancevic M, Sigurdsson E, Silagadze T, Hansen CS, Stefansson K, 
Stefansson H, Steinberg S, Tosato S, Werge T, GERAD1 Consortium, CRESTAR Consortium, 
Collier DA, Rujescu D, Kirov G, Owen MJ, O’Donovan MC, Walters JTR, 2018. Common 
schizophrenia alleles are enriched in mutation-intolerant genes and in regions under strong 
background selection. Nat. Genet 50, 381–389. [PubMed: 29483656] 

Peterson et al. Page 16

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Parikh V, Kutlu MG, Gould TJ, 2016. nAChR dysfunction as a common substrate for schizophrenia 
and comorbid nicotine addiction: Current trends and perspectives. Schizophr. Res 171, 1–15. 
[PubMed: 26803692] 

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, Maller J, Sklar P, de Bakker 
PIW, Daly MJ, Sham PC, 2007. PLINK: a tool set for whole-genome association and population-
based linkage analyses. Am. J. Hum. Genet 81, 559–575. [PubMed: 17701901] 

Ripke S, O’Dushlaine C, Chambert K, Moran JL, Kähler AK, Akterin S, Bergen SE, Collins AL, 
Crowley JJ, Fromer M, Kim Y, Lee SH, Magnusson PKE, Sanchez N, Stahl EA, Williams S, Wray 
NR, Xia K, Bettella F, Borglum AD, Bulik-Sullivan BK, Cormican P, Craddock N, de Leeuw C, 
Durmishi N, Gill M, Golimbet V, Hamshere ML, Holmans P, Hougaard DM, Kendler KS, Lin K, 
Morris DW, Mors O, Mortensen PB, Neale BM, O’Neill FA, Owen MJ, Milovancevic MP, 
Posthuma D, Powell J, Richards AL, Riley BP, Ruderfer D, Rujescu D, Sigurdsson E, Silagadze T, 
Smit AB, Stefansson H, Steinberg S, Suvisaari J, Tosato S, Verhage M, Walters JT, Multicenter 
Genetic Studies of Schizophrenia Consortium, Levinson DF, Gejman PV, Kendler KS, Laurent C, 
Mowry BJ, O’Donovan MC, Owen MJ, Pulver AE, Riley BP, Schwab SG, Wildenauer DB, 
Dudbridge F, Holmans P, Shi J, Albus M, Alexander M, Campion D, Cohen D, Dikeos D, Duan J, 
Eichhammer P, Godard S, Hansen M, Lerer FB, Liang K-Y, Maier W, Mallet J, Nertney DA, 
Nestadt G, Norton N, O’Neill FA, Papadimitriou GN, Ribble R, Sanders AR, Silverman JM, 
Walsh D, Williams NM, Wormley B, Psychosis Endophenotypes International Consortium, Arranz 
MJ, Bakker S, Bender S, Bramon E, Collier D, Crespo-Facorro B, Hall J, Iyegbe C, Jablensky A, 
Kahn RS, Kalaydjieva L, Lawrie S, Lewis CM, Lin K, Linszen DH, Mata I, McIntosh A, Murray 
RM, Ophoff RA, Powell J, Rujescu D, Van Os J, Walshe M, Weisbrod M, Wiersma D, Wellcome 
Trust Case Control Consortium 2, Donnelly P, Barroso I, Blackwell JM, Bramon E, Brown MA, 
Casas JP, Corvin AP, Deloukas P, Duncanson A, Jankowski J, Markus HS, Mathew CG, Palmer 
CNA, Plomin R, Rautanen A, Sawcer SJ, Trembath RC, Viswanathan AC, Wood NW, Spencer 
CCA, Band G, Bellenguez C, Freeman C, Hellenthal G, Giannoulatou E, Pirinen M, Pearson RD, 
Strange A, Su Z, Vukcevic D, Donnelly P, Langford C, Hunt SE, Edkins S, Gwilliam R, Blackburn 
H, Bumpstead SJ, Dronov S, Gillman M, Gray E, Hammond N, Jayakumar A, McCann OT, Liddle 
J, Potter SC, Ravindrarajah R, Ricketts M, Tashakkori-Ghanbaria A, Waller MJ, Weston P, Widaa 
S, Whittaker P, Barroso I, Deloukas P, Mathew CG, Blackwell JM, Brown MA, Corvin AP, 
McCarthy MI, Spencer CCA, Bramon E, Corvin AP, O’Donovan MC, Stefansson K, Scolnick E, 
Purcell S, McCarroll SA, Sklar P, Hultman CM, Sullivan PF, 2013. Genome-wide association 
analysis identifies 13 new risk loci for schizophrenia. Nat. Genet 45, 1150–1159. [PubMed: 
23974872] 

Ruderfer DM, Fanous AH, Ripke S, McQuillin A, Amdur RL, Schizophrenia Working Group of the 
Psychiatric Genomics Consortium, Bipolar Disorder Working Group of the Psychiatric Genomics 
Consortium, Cross-Disorder Working Group of the Psychiatric Genomics Consortium, Gejman 
PV, O’Donovan MC, Andreassen OA, Djurovic S, Hultman CM, Kelsoe JR, Jamain S, Landén M, 
Leboyer M, Nimgaonkar V, Nurnberger J, Smoller JW, Craddock N, Corvin A, Sullivan PF, 
Holmans P, Sklar P, Kendler KS, 2014. Polygenic dissection of diagnosis and clinical dimensions 
of bipolar disorder and schizophrenia. Mol. Psychiatry 19, 1017–1024. [PubMed: 24280982] 

Rutherford NJ, Carrasquillo MM, Li M, Bisceglio G, Menke J, Josephs KA, Parisi JE, Petersen RC, 
Graff-Radford NR, Younkin SG, Dickson DW, Rademakers R, 2012. TMEM106B risk variant is 
implicated in the pathologic presentation of Alzheimer disease. Neurology 79, 717–718. [PubMed: 
22855871] 

Sachidanandam R, Craddock N, Manolio TA, Nejentsev S, Walker N, Riches D, Egholm M, Todd JA, 
Cohen JC, Boerwinkle E, Mosley TH, Hobbs HH, Levy S, Wheeler DA, Bentley DR, Wang, Li H, 
Lam HY, Conrad DF, Irwin JA, Balaresque P, Wendl MC, R.K.W, Xing J, Stranger BE, Marchini J, 
B.H, Dixon AL, Genovese G, Nachman MW S.L.C, Kondrashov AS, Roach JC, Charlesworth B 
Morgan MT, Maynard J Smith JH, Cai JJ, Macpherson JM, Sella G, Petrov DA, Voight BF, 
Kudaravalli S, Wen X, Pritchard JK, Barreiro LB, Laval G, Quach H, Patin E, Quintana-Murci L, 
Lamason RL, Van Kim CTYCJPCCL, Myers S, Myers S, Freeman C, Auton A, Donnelly P, 
McVean G, Baudat F, Parvanov ED Petkov PM, Liu JZ, Sanna S, AD Ewing HHK, Mills RE, Liti 
G, Li Y, Willer, Sanna, Abecasis G, 2010. A map of human genome variation from population-
scale sequencing. Nature 467, 1061–1073. [PubMed: 20981092] 

Peterson et al. Page 17

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014. Biological insights 
from 108 schizophrenia-associated genetic loci. Nature 511, 421–427. [PubMed: 25056061] 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, Ripke S, Walters JTR, 
O’Donovan MC, 2020. Mapping genomic loci prioritises genes and implicates synaptic biology in 
schizophrenia. medRxiv 2020.09.12.20192922.

Schwenk BM, Lang CM, Hogl S, Tahirovic S, Orozco D, Rentzsch K, Lichtenthaler SF, Hoogenraad 
CC, Capell A, Haass C, Edbauer D, 2014. The FTLD risk factor TMEM106B and MAP6 control 
dendritic trafficking of lysosomes. EMBO J. 33, 450–467. [PubMed: 24357581] 

Severance EG, Yolken RH, 2008. Novel alpha7 nicotinic receptor isoforms and deficient cholinergic 
transcription in schizophrenia. Genes Brain Behav. 7, 37–45. [PubMed: 17504249] 

Shang J, Yamashita T, Zhai Y, Nakano Y, Morihara R, Fukui Y, Hishikawa N, Ohta Y, Abe K, 2016. 
Strong Impact of Chronic Cerebral Hypoperfusion on Neurovascular Unit, Cerebrovascular 
Remodeling, and Neurovascular Trophic Coupling in Alzheimer’s Disease Model Mouse. J. 
Alzheimers. Dis 52, 113–126. [PubMed: 27060955] 

Simeone JC, Ward AJ, Rotella P, Collins J, Windisch R, 2015. An evaluation of variation in published 
estimates of schizophrenia prevalence from 1990─2013: a systematic literature review. BMC 
Psychiatry 15, 193. [PubMed: 26263900] 

Singh J, Kour K, Jayaram MB, 2012. Acetylcholinesterase inhibitors for schizophrenia. Cochrane 
Database Syst. Rev 1, CD007967.

Strand J-E, Nybäck H, 2005. Tobacco use in schizophrenia: a study of cotinine concentrations in the 
saliva of patients and controls. Eur. Psychiatry 20, 50–54. [PubMed: 15642444] 

Sullivan PF, Kendler KS, Neale MC, 2003. Schizophrenia as a complex trait: evidence from a meta-
analysis of twin studies. Arch. Gen. Psychiatry 60, 1187–1192. [PubMed: 14662550] 

Thorgeirsson TE, Gudbjartsson DF, Surakka I, Vink JM, Amin N, Geller F, Sulem P, Rafnar T, Esko T, 
Walter S, Gieger C, Rawal R, Mangino M, Prokopenko I, Mägi R, Keskitalo K, Gudjonsdottir IH, 
Gretarsdottir S, Stefansson H, Thompson JR, Aulchenko YS, Nelis M, Aben KK, den Heijer M, 
Dirksen A, Ashraf H, Soranzo N, Valdes AM, Steves C, Uitterlinden AG, Hofman A, Tönjes A, 
Kovacs P, Hottenga JJ, Willemsen G, Vogelzangs N, Döring A, Dahmen N, Nitz B, Pergadia ML, 
Saez B, De Diego V, Lezcano V, Garcia-Prats MD, Ripatti S, Perola M, Kettunen J, Hartikainen A-
L, Pouta A, Laitinen J, Isohanni M, Huei-Yi S, Allen M, Krestyaninova M, Hall AS, Jones GT, van 
Rij AM, Mueller T, Dieplinger B, Haltmayer M, Jonsson S, Matthiasson SE, Oskarsson H, 
Tyrfingsson T, Kiemeney LA, Mayordomo JI, Lindholt JS, Pedersen JH, Franklin WA, Wolf H, 
Montgomery GW, Heath AC, Martin NG, Madden PAF, Giegling I, Rujescu D, Järvelin M-R, 
Salomaa V, Stumvoll M, Spector TD, Wichmann H-E, Metspalu A, Samani NJ, Penninx BW, 
Oostra BA, Boomsma DI, Tiemeier H, van Duijn CM, Kaprio J, Gulcher JR, ENGAGE 
Consortium, McCarthy MI, Peltonen L, Thorsteinsdottir U, Stefansson K, 2010. Sequence variants 
at CHRNB3-CHRNA6 and CYP2A6 affect smoking behavior. Nat. Genet 42, 448–453. [PubMed: 
20418888] 

Tidey JW, Colby SM, Xavier EMH, 2014. Effects of smoking abstinence on cigarette craving, nicotine 
withdrawal, and nicotine reinforcement in smokers with and without schizophrenia. Nicotine Tob. 
Res 16, 326–334. [PubMed: 24113929] 

Tobacco and Genetics Consortium, 2010. Genome-wide meta-analyses identify multiple loci 
associated with smoking behavior. Nat. Genet 42, 441–447. [PubMed: 20418890] 

Van Deerlin VM, Sleiman PMA, Martinez-Lage M, Chen-Plotkin A, Wang L-S, Graff-Radford NR, 
Dickson DW, Rademakers R, Boeve BF, Grossman M, Arnold SE, Mann DMA, Pickering-Brown 
SM, Seelaar H, Heutink P, van Swieten JC, Murrell JR, Ghetti B, Spina S, Grafman J, Hodges J, 
Spillantini MG, Gilman S, Lieberman AP, Kaye JA, Woltjer RL, Bigio EH, Mesulam M, Al-Sarraj 
S, Troakes C, Rosenberg RN, White CL 3rd, Ferrer I, Lladó A, Neumann M, Kretzschmar HA, 
Hulette CM, Welsh-Bohmer KA, Miller BL, Alzualde A, Lopez de Munain A, McKee AC, 
Gearing M, Levey AI, Lah JJ, Hardy J, Rohrer JD, Lashley T, Mackenzie IRA, Feldman HH, 
Hamilton RL, Dekosky ST, van der Zee J, Kumar-Singh S, Van Broeckhoven C, Mayeux R, 
Vonsattel JPG, Troncoso JC, Kril JJ, Kwok JBJ, Halliday GM, Bird TD, Ince PG, Shaw PJ, Cairns 
NJ, Morris JC, McLean CA, DeCarli C, Ellis WG, Freeman SH, Frosch MP, Growdon JH, Perl 
DP, Sano M, Bennett DA, Schneider JA, Beach TG, Reiman EM, Woodruff BK, Cummings J, 
Vinters HV, Miller CA, Chui HC, Alafuzoff I, Hartikainen P, Seilhean D, Galasko D, Masliah E, 

Peterson et al. Page 18

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cotman CW, Tuñón MT, Martínez MCC, Munoz DG, Carroll SL, Marson D, Riederer PF, 
Bogdanovic N, Schellenberg GD, Hakonarson H, Trojanowski JQ, Lee VM-Y, 2010. Common 
variants at 7p21 are associated with frontotemporal lobar degeneration with TDP-43 inclusions. 
Nat. Genet 42, 234–239. [PubMed: 20154673] 

Vink JM, Willemsen G, Boomsma DI, 2005. Heritability of smoking initiation and nicotine 
dependence. Behav. Genet 35, 397–406. [PubMed: 15971021] 

Volkow ND, 2009. Substance use disorders in schizophrenia--clinical implications of comorbidity. 
Schizophr. Bull 35, 469–472. [PubMed: 19325163] 

Wallace TL, Bertrand D, 2015. Neuronal α7 Nicotinic Receptors as a Target for the Treatment of 
Schizophrenia. Int. Rev. Neurobiol 124, 79–111. [PubMed: 26472526] 

Willer CJ, Li Y, Abecasis GR, 2010. METAL: fast and efficient meta-analysis of genomewide 
association scans. Bioinformatics 26, 2190–2191. [PubMed: 20616382] 

Zhang H-K, Eaton JB, Fedolak A, Gunosewoyo H, Onajole OK, Brunner D, Lukas RJ, Yu L-F, 
Kozikowski AP, 2016. Synthesis and biological evaluation of novel hybrids of highly potent and 
selective α4β2-Nicotinic acetylcholine receptor (nAChR) partial agonists. Eur. J. Med. Chem 124, 
689–697. [PubMed: 27639361] 

Zheng J, Erzurumluoglu AM, Elsworth BL, Kemp JP, Howe L, Haycock PC, Hemani G, Tansey K, 
Laurin C, Early Genetics and Lifecourse Epidemiology (EAGLE) Eczema Consortium, Pourcain 
BS, Warrington NM, Finucane HK, Price AL, Bulik-Sullivan BK, Anttila, Paternoster L, Gaunt 
TR, Evans DM, Neale BM, 2017. LD Hub: a centralized database and web interface to perform 
LD score regression that maximizes the potential of summary level GWAS data for SNP 
heritability and genetic correlation analysis. Bioinformatics 33, 272–279. [PubMed: 27663502] 

Peterson et al. Page 19

J Psychiatr Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Association of TAG-based polygene scores with schizophrenia risk and smoking 
behaviors.
For polygenic scores based on analyses of smoking behaviors described by TAG, the 

variance explained for selected outcomes in PGC-schizophrenia is shown on the y-axis, in 

terms of Nagelkerke’s pseudo-R2(schizophrenia and smoking initiation) or R2 (cigarettes-

smoked-per-day); scores based on varying SNP P-value inclusion thresholds are displayed as 

colored bars. logOnset is log-transformed age-of-onset (see Methods).
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Table 2.

Sample characteristics for each PGC2-SCZ cohort.

Cohort N SCZ-cases Sex % female Age (mean) N % SI N CPD

boco 756 43.5% 36.7 538
77.3% 185

cims 37 16.2% 33.3 33
66.7% 23

cou3 513 39.2% 44.2 501
75.0% 278

egcu 234 26.9% 46.5 234
52.6% 123

lie2 133 28.6% 36.9 128
60.2% 69

lie5 497 25.7% 36.6 479
63.3% 285

mgs2 2348 30.5% 43.5 2227
78.8% 1674

munc 420 36.4% 37.9 406
74.4% 301

top8 344 43.6% 33.0 320
57.5% 176

ucla 450 23.8% 34.7 389
70.7% 256

TOTAL 6183 6183 6132 5255 3370

Note: PGC = Psychiatric Genomics Consortium, SCZ - schizophrenia, Age = age at assessment, SI = smoking initiation, CPD = cigarettes per day.
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Table 3.

Genetic correlations between TAG and PGC-SCZ phenotypes.

Trait 1 Discovery Replication

Trait 2 rg (se) P Trait 2 rg (se) P’

SITAG SCZEUR 0.159 (0.026) 5.05×10−10 SCZEAS 0.040 (0.124) 0.744

CPDTAG SCZEUR 0.094 (0.034) 0.006 SCZEAS −0.080 (0.161) 0.619

logOnsetTAG SCZEUR 0.100 (0.038) 0.009 SCZEAS 0.463 (0.251) 0.064

CessationTAG SCZEUR −0.076 (0.035) 0.032 SCZEAS −0.051 (0.193) 0.793

SITAG SISCZ,EUR 0.624 (0.202) 0.002 · · ·

CPDTAG CPDSCZ,EUR 0.689 (0.443) 0.120 · · ·

For each pair of traits, rg is the estimated genetic correlation; P is the significance of rg≠0; P’ is a 1-sided test of whether rg>0 or rg<0 in the 

replication sample. For comparisons of TAG phenotypes to SCZ risk, EUR and EAS denote European and East-Asian cohorts.
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Table 4.

Association results for top SNP associations.

Trait Chr SNP A1/ A2
Discovery Replication Phase

Combined P Gene (+/−Kb)
Frq Info Z P n Z P n

SI 1 rs58215884 T/G 0.162
0.975

4.53 5.9×10−6 4991 2.09 0.037 
1776

6.8×10−7 FCRL2 (+7.2)

5 rs1592907 A/G 0.454
0.983

−4.44 9.2×10−6 4991 −2.19 0.029 
1760

8.5×10−7 FBXL17 (+91.2)

9 rs117381175 T/C 0.031
0.792

−4.55 5.3×10−6 4991 −2.29 0.022 
1746

6.9×10−7 intergenic

13 rs754168 A/C 0.352
0.767

−4.85 1.2×10−6 4991 −1.57 0.116 
1277

4.6×10−7 LINC01044 (0)

CPD 1 rs3896119 A/G 0.018
0.832

4.77 1.9×10−6 3321 1.45 0.148 
1078

5.0×10−7 intergenic

1 rs1210 T/C 0.028
0.745

5.06 4.2×10−7 3321 2.11 0.034 
1052

5.2×10−8 RGS8 (+4.7)

2 rs1900325 T/C 0.479 
0.924

5.32 1.1×10−7 3344 0.18 0.854 
1011

2.0×10−6 CBWD2
(−39.4)

3 rs833663 A/G 0.038
0.982

4.58 4.7×10−6 3344 2.07 0.038 
1097

4.7×10−7 CADPS (0)

7 rs148253479 A/C 0.988
0.694

−4.89 1.0×10−6 2442 −2.54 0.011 
1078

3.2×10−8 TMEM106B 
(−22.6)

SI is smoking initiation, CPD is cigarettes-per day, SNP and Chr information for build hg19; INFO is the statistical imputation information; Freq is 
the frequency of the reference (first listed) allele, and Z is its estimated standardized effect; P is the P-value for association; n is the sample size. 
The nearest gene within 100Kb is shown; its position relative to a gene is given parenthetically and with respect to direction of transcription 
(negative and positive kb values indicate up- and downstream positions).
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Table 5.

Association of smoking variables with clinical features in SCZ.

Smoking initiation Cigarettes per day

N β (SE) P N β (SE) P

Sex 4991 −0.507 (0.069) 1.38×10−13 3344 −0.210 (0.073) 0.004

Age 4991 −0.005 (0.003) 0.061 3344 0.018 (0.003) 5.53×10−10

Age-of-onset 4658 −0.098 (0.038) 0.009 3168 −0.022 (0.021) 0.289

Positive 3846 0.157 (0.038) 3.23×10−5 2796 0.071 (0.029) 0.015

Negative 3845 0.046 (0.038) 0.225 2794 −0.003 (0.029) 0.929

Mania 3740 0.034 (0.038) 0.367 2736 0.019 (0.019) 0.305

Depression 3740 −0.013 (0.038) 0.728 2735 0.047 (0.019) 0.014

For SCZ Age-of-onset and symptom factor scores, N is the number of subjects with non-missing data for both traits; β and SE are the beta 
regression coefficient and standard error from logistic or linear regression; P is the significance of the association between a given pair of traits.
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