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Abstract (word count = 212) 

Background: There are high levels of comorbidity between schizophrenia and substance use 

disorder, but little is known about the genetic etiology of this comorbidity.  

Methods: Here, we test the hypothesis that shared genetic liability contributes to the high rates 

of comorbidity between schizophrenia and substance use disorder. To do this, polygenic risk 

scores for schizophrenia derived from a large meta-analysis by the Psychiatric Genomics 

Consortium were computed in three substance use disorder datasets: COGEND (ascertained 

for nicotine dependence n=918 cases, 988 controls), COGA (ascertained for alcohol 

dependence n=643 cases, 384 controls), and FSCD (ascertained for cocaine dependence 

n=210 cases, 317 controls).  Phenotypes were harmonized across the three datasets and 

standardized analyses were performed.  Genome-wide genotypes were imputed to 1000 

Genomes reference panel. 

Results: In each individual dataset and in the mega-analysis, strong associations were 

observed between any substance use disorder diagnosis and the polygenic risk score for 

schizophrenia (mega-analysis pseudo R2 range 0.8%-3.7%, minimum p=4x10-23).  

Conclusions: These results suggest that comorbidity between schizophrenia and substance 

use disorder is partially attributable to shared polygenic liability. This shared liability is most 

consistent with a general risk for substance use disorder rather than specific risks for individual 

substance use disorders and adds to increasing evidence of a blurred boundary between 

schizophrenia and substance use disorder. 
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Introduction 

Schizophrenia and substance use disorder frequently co-occur in the same individual (1-

6). This increased comorbidity can be explained through several, non-exclusive mechanisms (7) 

(Figure 1):  1. schizophrenia may cause the development of substance use disorder (8); 2. 

substance use disorder may lead to the onset of schizophrenia (9); or 3. there may be common 

underlying risk factors, environmental and genetic, that predispose to both schizophrenia and 

substance use disorder (10, 11). With the publication of large meta-analyses of genome-wide 

association studies (GWAS), polygenic risk scores now can be used to measure the shared 

genetic liability between schizophrenia and substance use disorder, which can lead to better 

understanding of potential mechanisms for these comorbid conditions. 

Polygenic risk scores represent aggregated effects across the many loci associated with 

a disorder at p-value thresholds that accommodate tens of thousands of SNPs, thus 

approximating additive genetic variance (12). Polygenic risk scores are generated using a 

discovery genetic association study of one disorder (e.g. schizophrenia meta-analysis) and can 

be applied to compute the phenotypic variance explained by the score in a new independent 

sample. For example, polygenic risk scores were used to show that schizophrenia has 

underlying shared genetic liability with bipolar disorder (12-17) and major depressive disorder 

(18). Importantly, a growing number of studies have begun to investigate shared genetic liability 

between schizophrenia and patterns of substance use. We recently found a statistically 

significant association between general liability for substance use disorder and polygenic risk for 

cross-disorder psychopathology (19). In addition, recent studies have described common 

genetic risk factors between schizophrenia and cannabis use (20, 21), and evidence for shared 

genetic factors between schizophrenia and smoking-related phenotypes (22, 23). 

Despite recent progress, to our knowledge there has been no comprehensive and 

systematic examination of the association between polygenic liability to schizophrenia and 
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substance use disorder, which has been carefully assessed for licit and illicit substances. For 

these analyses, we leverage studies systematically ascertained for substance use disorder to 

determine whether the schizophrenia polygenic risk scores are associated with these substance 

dependences. 

Methods 

Datasets: Three datasets were used for these analyses (Table 1): the Collaborative Genetic 

Study of Nicotine Dependence (24-28) (COGEND) was ascertained for nicotine dependence; 

the Collaborative Study on the Genetics of Alcoholism (29-33) (COGA) was ascertained for 

alcohol dependence; and the Family Study of Cocaine Dependence (34) (FSCD) was 

ascertained for cocaine dependence. Individuals from each of the three datasets were used to 

comprise the Study of Addiction: Genetics and Environment (SAGE) (35) (dbGaP accession 

number phs000092.v1.p1). Additional participants from the COGEND study were subsequently 

added to the SAGE study (dbGaP accession number phs000404.v1.p1). For this study, we 

restricted analyses to self-reported non-Hispanic individuals of European descent (N=3,676) 

because this is the population used to derive the polygenic risk score for schizophrenia.  

Ancestry was confirmed through principal component analyses. All studies were approved by 

local Institutional Review Boards, and all participants provided informed consent. 

Recruitment  

COGEND:  The Collaborative Genetic Study of Nicotine Dependence (COGEND) was initiated 

to detect and characterize genes that alter risk for tobacco use disorder. Community-based 

recruitment enrolled nicotine dependent cases and non-dependent smoking controls in St. 

Louis, Missouri and Detroit, Michigan between 2002 and 2007. All participants were between 
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the ages of 25-44 years and spoke English. Nicotine dependent cases were defined as current 

smokers with a Fagerström Test for Nicotine Dependence (FTND) score of 4 or greater(24). 

Control status was defined as smoking at least 100 cigarettes lifetime, but never being nicotine 

dependent (lifetime FTND score < 1). Other substance use disorder diagnoses or comorbid 

disorders were not used as exclusionary criteria.  

COGA: The Collaborative Study on the Genetics of Alcoholism (COGA), initiated in 

1989, is a large-scale family study with its primary aim being the identification of genes that 

contribute to alcoholism susceptibility. Participants were recruited from 7 sites across the U.S. 

Alcohol dependent probands were recruited from treatment facilities. Family members of the 

alcohol dependent probands were recruited and comparison families were drawn from the same 

communities. An alcohol dependent case-control sample of biologically unrelated individuals 

was drawn from COGA subjects (dbGaP accession number phs000125.v1.p1). All cases met 

DSM-IV criteria for alcohol dependence, and controls were defined as individuals who 

consumed alcohol, but did not meet any definition of alcohol dependence or alcohol abuse, nor 

did they meet any DSM-IIIR or DSM-IV definition of abuse or dependence for other drugs 

(except nicotine).  

FSCD: The Family Study of Cocaine Dependence (FSCD) was initiated in 2000 with the primary 

goal of increasing understanding of the familial and non-familial antecedents and consequences 

of stimulant use disorder(36). Individuals with cocaine dependence defined by DSM-IV criteria 

were systematically recruited from chemical dependency treatment units in the greater St. Louis 

metropolitan area. Community-based control participants were identified and matched by age, 

race, gender, and residential zip code.  

Assessments 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 

 

All participants were assessed for baseline demographics and a comprehensive history 

of substance use and problem use.  The Semi-Structured Assessment for the Genetics of 

Alcoholism (SSAGA) (30, 37), a validated instrument developed by COGA which provides a 

detailed evaluation of alcohol, tobacco, other substance use disorder, and psychiatric disorders, 

was the foundation of all assessments. Because a similar assessment protocol was used across 

all studies, all phenotypes were easily harmonized across datasets. Tobacco use disorder was 

defined as a score of 4 or greater on the FTND (24) when smoking the most. Alcohol use 

disorder, stimulant use disorder, and cannabis use disorder were defined by lifetime history of 

DSM-IV dependence criteria (38). The phenotype of any substance use disorder was defined as 

meeting the above criteria for nicotine dependence, alcohol dependence, cocaine dependence 

or marijuana dependence. 

Genotyping 

A common analytic pipeline was used to process and impute genotypes across all 

studies.  COGEND samples were genotyped on either the Illumina Human1M (dbGaP 

accession number phs000092.v1.p1) or the Illumina 2.5M (as part of dbGaP accession number 

phs000404.v1.p1) platforms. These datasets were combined and genotype data from the  

intersection of the 1M and 2.5M platforms were used as the basis for imputation (28).  COGA 

and FSCD participants were genotyped on the Illumina Human 1M platform.  A standardized 

procedure was used to impute the three studies.  All samples were imputed using IMPUTE2(39, 

40) with 1000 Genomes Phase 3 (Oct. 2014 release) (41) as the reference panel. Variants with 

info score <0.3 were excluded; variants with minor allele frequency (MAF) < 0.02 were 

excluded; and genotypes with probabilities <0.9 were treated as missing genotypes. Hard call 

genotypes were then constructed for the polygenic risk score analyses. 
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Statistical Analyses   

The results from the Psychiatric Genomics Consortium (PGC) schizophrenia GWAS 

meta-analysis (PGC-SCZ2, N=74,626) (42) were used to generate schizophrenia polygenic risk 

scores for participants in the three independent datasets using the genotype dosages from the 

imputed data. There is no overlap of participants between these three datasets and the PGG-

SZ2 study. We used the summary statistics from the PGC-SCZ2 European case control 

samples for variants with imputation info >=0.9 and MAF >= 0.02. Schizophrenia polygenic risk 

scores were calculated for a series of p-value thresholds (from 1x10-5 to 0.5) in PGC-SCZ2 

using a modified version of PRSice (43), an R language (44) wrapper script using second 

generation PLINK (27, 45). SNPs in each dataset were pruned by PRSice (version 1.23) (43) 

using p-value-informed linkage disequilibrium (LD) clumping: R2 < 0.10 in a 500kb window, 

collapsed to the most significant variant.  The major histocompatibility complex (MHC) gene 

region was represented by one variant in the single most-significant LD block.  Our first 

standardized analyses involved testing and evaluating within each dataset the associations 

between the schizophrenia polygenic risk score and each of the five substance use disorder 

diagnostic phenotypes: any substance use disorder, tobacco use disorder, alcohol use disorder, 

cannabis use disorder, and stimulant use disorder.   

In each dataset and for each p-value threshold used for the PGC-SCZ2 results, the 

schizophrenia polygenic risk score was regressed against the five substance use disorder 

phenotypes using logistic regression in R (44). Age, sex, and the first ten population-

stratification principal components were included as covariates.   

The proportion of variance explained (R2) by the schizophrenia polygenic risk score was 

computed by comparing the regression model with the age, sex, and ten principal components 

to the regression model that includes the schizophrenia polygenic risk score variable in addition 
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to age, sex and principal components. Because the analyses used logistic regression, the 

reported R2 is the difference between the Nagelkerke’s pseudo-R2 from the two models.  

We then performed a mega-analysis where the individual level data were combined into 

one dataset and analyzed.  We examined the association between the schizophrenia polygenic 

risk score and the five substance use disorder phenotypes (any substance use disorder 

diagnosis, tobacco use disorder, alcohol use disorder, cannabis use disorder, and stimulant use 

disorder), using a similar approach as described above, which now included an adjustment for 

study, as well as age, sex, and ten principal components.   

Results 

We examined the association between polygenic risk score for schizophrenia, as defined 

using varying p-value cutoffs (pT) for any substance use disorder (i.e., having tobacco, alcohol, 

cannabis or stimulant use disorder, as defined above), and then for each specific substance:  

tobacco use disorder, alcohol use disorder, cannabis use disorder, and stimulant use disorder. 

Figure 2 shows the association between the schizophrenia polygenic risk scores and these 

phenotypes in each individual dataset and then as a mega-analysis.  

The phenotype most strongly and consistently associated with schizophrenia polygenic 

risk scores was the “any substance use disorder” phenotype. In general, the associations 

became stronger overall with less restrictive p-value cutoffs, which is consistent with previous 

studies (22, 23). In the mega-analysis, the association between any substance use disorder and 

schizophrenia polygenic risk score peaked at pT<0.5; pseudo R2 range 0.8% to 3.7%, minimum 

p = 4x10-23.  
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In each individual dataset, a statistically significant association was seen between 

polygenic risk score for schizophrenia and the substance of ascertainment. Specifically, tobacco 

use disorder was most strongly associated with schizophrenia polygenic risk score in COGEND, 

the dataset ascertained to study nicotine dependence (Figure 2A, pseudo R2 range 0.42%-

5.8%, minimum p<9.5x10-20), alcohol use disorder was most strongly associated with 

schizophrenia polygenic risk score in COGA, the dataset ascertained to study alcohol 

dependence (Figure 2B, pseudo R2 range 0.57%-2.1%, minimum p<7x10-6), and stimulant use 

disorder was most strongly associated with schizophrenia polygenic risk score in FSCD, the 

dataset ascertained to study cocaine dependence (Figure 2C, pseudo R2 range 1.7-3.5%, 

minimum p<9x10-5). Cannabis use disorder was associated with polygenic risk score only in 

FSCD, the dataset ascertained to study cocaine dependence. These results led to statistically 

significant associations between schizophrenia polygenic risk score and tobacco, alcohol, 

cannabis, and stimulant use disorder in the mega-analysis (Figure 2D, tobacco use disorder 

pseudo R2 range 0.5%-3.1%, minimum p=2x10-18; alcohol use disorder pseudo R2 range 0.04%-

0.4%, minimum p=4x10-4; cannabis use disorder pseudo R2 range 0.09%-0.5%, minimum 

p=0.001; stimulant use disorder pseudo R2 range 0.06%-0.7%, minimum p=5x10-5).  

The most consistent association across all three datasets was between any substance 

use disorder and schizophrenia polygenic risk score, though a different primary substance use 

disorder contributed to this association depending on the ascertainment criteria for that dataset.  

In the mega-analysis, there was also a very strong association between tobacco use disorder 

and schizophrenia polygenic risk score. We suspect that this is in part because of the high level 

of comorbidity between tobacco use disorder and alcohol, cannabis, and stimulant use disorder.  

The comorbidity among the substance use disorders is complex. First, cases from one 

study are much more likely than controls to have another comorbid substance dependence. For 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

example, when nicotine use disorder is analyzed in the alcohol dataset, 48% of the non-nicotine 

dependent individuals have alcohol dependence and are included in the control group, and 

therefore the observed association is tempered.  In order to evaluate the observed association 

between the schizophrenia polygenetic risk score and any substance use disorder diagnosis, 

we performed a secondary analysis in which we extracted individuals without tobacco use 

disorder from the combined dataset. This decreased the sample size in the mega-analysis from 

3,488 to 1,657 participants.  We repeated the testing of the association between polygenic risk 

score for schizophrenia (pT<0.5) and any substance use disorder, adjusted for study, age, sex, 

and principal components. Although the association remained statistically significant 

(p=0.0015), the adjusted odds ratio for the standardized score dropped from 1.55 (95% CI 1.42-

1.69) to 1.25 (95% CI 1.08-1.44) and the proportion of variance explained dropped from 3.7% to 

0.7%. Therefore, we cannot rule out the possibility that the observed association between any 

substance use disorder and schizophrenia polygenic risk score is primarily driven by tobacco 

use disorder. 

Discussion 

These results provide strong systematic evidence of shared polygenic risk between 

schizophrenia and substance use disorder. Each independent substance use disorder dataset 

showed a strong shared genetic architecture with a genetic liability to schizophrenia, and the 

signal was greatly strengthened when all substance use disorders were considered together. 

However, because of comorbidity among the substance use disorder diagnoses, we cannot 

statistically test whether the observed association is driven by tobacco use disorder or a general 

substance use disorder liability. It is well known that substance use disorders are often 

comorbid with one another, and family and twin studies have demonstrated that the underlying 
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genetic liability to substance use disorder has both common and specific genetic risk factors 

(46-49).  

The importance of ascertainment is highlighted by these analyses. When we analyzed the 

association between the schizophrenia polygenic risk score and a specific substance use 

disorder diagnosis that was aligned with ascertainment, the associations were robust.  Similarly, 

when the data were mega-analyzed comparing any substance use disorder versus no 

substance use disorder, a strong association with the schizophrenia polygenic risk scores was 

seen. In contrast, analyses in the individual datasets showed minimal or no statistically 

significant associations between specific substance use disorder diagnoses for non-ascertained 

substances and the polygenic risk score for schizophrenia.  

These findings are consistent with a common underlying shared genetic liability to 

schizophrenia or substance use disorder. Other possible models for the observed association 

include mediation by schizophrenia and mediation by substance use disorder (Figure 1).  The 

mediation by schizophrenia model is commonly referred to as a “self-medication” model of 

comorbidity, where the development of schizophrenia subsequently leads to the onset of 

substance use disorder under the hypothesis that individuals use and misuse a substance to 

reduce symptomatology.  In this study, because the self-reported prevalence of psychotic 

symptoms in these data is less than 5%, the observed association between the polygenic risk 

score for schizophrenia and the substance use disorder phenotypes cannot be explained 

through mediation by schizophrenia. However, biological risk of schizophrenia may be 

expressed in ways other than psychotic symptoms, and mediation through subthreshold 

symptoms of schizophrenia could drive the association seen with substance use disorder. The 

next mechanism, the development of schizophrenia mediated by substance use disorder, 

cannot be directly tested in these datasets.  In addition, because the majority of the 
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schizophrenia datasets do not have substance use behaviors measured, a more comprehensive 

analysis of the contribution of polygenic variation related to schizophrenia versus substance use 

disorder cannot be undertaken at this time.  However, as the better understanding of this shared 

liability is studied in the future, we may find that all three potential pathways play a role in the 

shared genetic liability between schizophrenia and substance use disorder. 

 Interestingly, in these data, the magnitudes of the phenotypic variance explained by 

schizophrenia polygenic risk score for substance use disorder are larger than other estimates of 

pseudo R2 for the association of polygenic risk score for schizophrenia and other phenotypes 

(12, 17, 50-52). However, it is important to note that R2 is an estimate specific to the individual 

datasets, and is difficult to extrapolate across studies. Nonetheless, we attribute the strong 

findings seen in these data to the sampling of phenotypic extremes of substance use disorder, 

where stringent ascertainment leads to a stronger model fit than previously reported (53).  

Although the pseudo R2 estimates are unusually large, it highlights the statistical power in 

this sample for traits related to substance use disorder. It is common in genetic studies to meta-

(and mega)-analyze the largest possible sample, which may combine studies with many 

different ascertainment schemes.  Our results show that this approach of combining many 

different datasets with varying ascertainment schema may temper associations. For example, 

Chen et al. (22) found a much weaker association of nicotine dependence and cigarettes per 

day with a similarly generated polygenic risk score for schizophrenia in a large meta-analysis of 

samples ascertained as population and disease-based cohorts (R2 ≤ 0.1%, N=13,326).  Our 

data suggest that when testing the relationship between a substance-related phenotype and the 

polygenic risk score for schizophrenia, the diagnosis of any substance use disorder may be the 

most informative substance-related phenotype to use, especially with a heterogeneously 

ascertained series of samples.  Despite this, we would expect that analyses with large enough 
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sample sizes, as in the study reported by Chen et al. (22), will detect attenuated associations 

between the schizophrenia polygenic risk score and individual substance use disorder.  These 

findings highlight the power of carefully ascertained smaller samples where precise phenotyping 

can provide useful insights (and large effect sizes) that may not otherwise be seen.  

Finally, the finding of shared genetic factors between substance use disorder and 

schizophrenia further challenges the diagnostic boundaries that typically separate substance 

use disorder from both psychotic and mood disorders. Since the birth of DSM in 1952 (54), 

there has been a sharp distinction between substance use disorder and psychotic disorders. 

Increasing, scientific evidence supports a blurred biological boundary and will hopefully lead to 

improved understanding of the neurophysiology underlying both disorders.  
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Table 1: Participant Characteristics by Study 

Study COGEND COGA FSCD 

Ascertainment 
Nicotine 

Dependence 
Alcohol 

Dependence 
Cocaine 

Dependence 
Cases Controls Cases Controls Cases Controls 

N 918 988 801 442 210 317 
% Female 53% 69% 30% 74% 48% 52% 
Average Age (SD) 37 (5) 36 (5) 43 (11) 50 (12) 33 (9) 34 (9) 
% Tobacco Use Disorder 100% 0% 71% 28% 71% 8% 
% Alcohol Use Disorder 18% 7% 100% 0% 100% 22% 
% Cannabis Use Disorder 13% 4% 29% 0% 7% 63% 
% Stimulant Use Disorder 11% 3% 38% 0% 100% 0% 
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Figure 1. Model of liability leading to the comorbidity between schizophrenia and substance 

dependence. 

 

Figure 2: Polygenic risk scores for schizophrenia are associated with substance use disorder 

both in individual datasets (A-C) and in mega-analysis (D). PT is the p-value cutoff used to 

create the schizophrenia risk score, and the R2 is from the regression between the substance-

related phenotype and the schizophrenia risk score, adjusted for age, sex and principal 

components.  In the mega-analyses, an additional adjustment for study ascertainment is 

included. 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 

 

References 

 

1. Hartz SM, Pato CN, Medeiros H, Cavazos-Rehg P, Sobell JL, Knowles JA, et al. (2014): Comorbidity of 

Severe Psychotic Disorders With Measures of Substance Use. Jama Psychiatry. 71:248-254. 

2. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE (2005): Lifetime prevalence and age-

of-onset distributions of DSM-IV disorders in the National Comorbidity Survey Replication. Archives of 

general psychiatry. 62:593-602. 

3. Kessler RC, Birnbaum H, Demler O, Falloon IR, Gagnon E, Guyer M, et al. (2005): The prevalence and 

correlates of nonaffective psychosis in the National Comorbidity Survey Replication (NCS-R). Biol 

Psychiatry. 58:668-676. 

4. Kessler RC, Chiu WT, Demler O, Merikangas KR, Walters EE (2005): Prevalence, severity, and comorbidity 

of 12-month DSM-IV disorders in the National Comorbidity Survey Replication. Archives of general 

psychiatry. 62:617-627. 

5. Regier DA, Boyd JH, Burke JD, Jr., Rae DS, Myers JK, Kramer M, et al. (1988): One-month prevalence of 

mental disorders in the United States. Based on five Epidemiologic Catchment Area sites. Arch Gen 

Psychiatry. 45:977-986. 

6. Regier DA, Farmer ME, Rae DS, Locke BZ, Keith SJ, Judd LL, et al. (1990): Comorbidity of mental disorders 

with alcohol and other drug abuse. Results from the Epidemiologic Catchment Area (ECA) Study. Jama. 

264:2511-2518. 

7. Gage SH, Davey Smith G, Ware JJ, Flint J, Munafo MR (2016): G = E: What GWAS Can Tell Us about the 

Environment. PLoS Genet. 12:e1005765. 

8. Kumari V, Postma P (2005): Nicotine use in schizophrenia: the self medication hypotheses. Neurosci 

Biobehav Rev. 29:1021-1034. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

 

9. Weiser M, Reichenberg A, Grotto I, Yasvitzky R, Rabinowitz J, Lubin G, et al. (2004): Higher rates of 

cigarette smoking in male adolescents before the onset of schizophrenia: a historical-prospective cohort 

study. Am J Psychiatry. 161:1219-1223. 

10. Power RA, Verweij KJ, Zuhair M, Montgomery GW, Henders AK, Heath AC, et al. (2014): Genetic 

predisposition to schizophrenia associated with increased use of cannabis. Molecular psychiatry. 

11. Agrawal A, Lynskey MT (2014): Cannabis controversies: how genetics can inform the study of 

comorbidity. Addiction. 109:360-370. 

12. International Schizophrenia Consortium, Purcell SM, Wray NR, Stone JL, Visscher PM, O'Donovan MC, et 

al. (2009): Common polygenic variation contributes to risk of schizophrenia and bipolar disorder. Nature. 

460:748-752. 

13. Shi J, Levinson DF, Duan J, Sanders AR, Zheng Y, Pe'er I, et al. (2009): Common variants on chromosome 

6p22.1 are associated with schizophrenia. Nature. 460:753-757. 

14. Stefansson H, Ophoff RA, Steinberg S, Andreassen OA, Cichon S, Rujescu D, et al. (2009): Common 

variants conferring risk of schizophrenia. Nature. 460:744-747. 

15. Stefansson H, Rujescu D, Cichon S, Pietilainen OP, Ingason A, Steinberg S, et al. (2008): Large recurrent 

microdeletions associated with schizophrenia. Nature. 455:232-236. 

16. Cross-Disorder Group of the Psychiatric Genomics C (2013): Identification of risk loci with shared effects 

on five major psychiatric disorders: a genome-wide analysis. Lancet. 381:1371-1379. 

17. Ruderfer DM, Fanous AH, Ripke S, McQuillin A, Amdur RL, Gejman PV, et al. (2014): Polygenic dissection 

of diagnosis and clinical dimensions of bipolar disorder and schizophrenia. Molecular psychiatry. 

19:1017-1024. 

18. Cross-Disorder Group of the Psychiatric Genomics Consortium (2013): Identification of risk loci with 

shared effects on five major psychiatric disorders: a genome-wide analysis. Lancet. 381:1371-1379. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 

 

19. Carey CE, Agrawal A, Bucholz KK, Hartz SM, Lynskey MT, Nelson EC, et al. (2016): Associations between 

Polygenic Risk for Psychiatric Disorders and Substance Involvement. Frontiers in genetics. 7:149. 

20. Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh PR, et al. (2015): An atlas of genetic 

correlations across human diseases and traits. Nat Genet. 47:1236-1241. 

21. Sherva R, Wang Q, Kranzler H, Zhao H, Koesterer R, Herman A, et al. (2016): Genome-wide Association 

Study of Cannabis Dependence Severity, Novel Risk Variants, and Shared Genetic Risks. JAMA Psychiatry. 

73:472-480. 

22. Chen J, Bacanu SA, Yu H, Zhao Z, Jia P, Kendler KS, et al. (2016): Genetic Relationship between 

Schizophrenia and Nicotine Dependence. Scientific reports. 6:25671. 

23. Hartz SM, Horton AC, Hancock DB, Baker TB, Caporaso NE, Chen L, et al. (in press): Genetic correlation 

between smoking behaviors and schizophrenia. Schizophr Res. 

24. Heatherton TF, Kozlowski LT, Frecker RC, Fagerstrom KO (1991): The Fagerstrom Test for Nicotine 

Dependence: a revision of the Fagerstrom Tolerance Questionnaire. Br J Addict. 86:1119-1127. 

25. Piper ME, McCarthy DE, Baker TB (2006): Assessing tobacco dependence: a guide to measure evaluation 

and selection. Nicotine Tob Res. 8:339-351. 

26. Laurie CC, Doheny KF, Mirel DB, Pugh EW, Bierut LJ, Bhangale T, et al. (2010): Quality control and quality 

assurance in genotypic data for genome-wide association studies. Genetic epidemiology. 34:591-602. 

27. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. (2007): PLINK: a tool set for 

whole-genome association and population-based linkage analyses. Am J Hum Genet. 81:559-575. 

28. Johnson EO, Hancock DB, Levy JL, Gaddis NC, Saccone NL, Bierut LJ, et al. (2013): Imputation across 

genotyping arrays for genome-wide association studies: assessment of bias and a correction strategy. 

Human genetics. 132:509-522. 

29. Edenberg HJ (2002): The collaborative study on the genetics of alcoholism: an update. Alcohol research 

& health : the journal of the National Institute on Alcohol Abuse and Alcoholism. 26:214-218. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

 

30. Bucholz KK, Cadoret R, Cloninger CR, Dinwiddie SH, Hesselbrock VM, Nurnberger JI, Jr., et al. (1994): A 

new, semi-structured psychiatric interview for use in genetic linkage studies: a report on the reliability of 

the SSAGA. J Stud Alcohol. 55:149-158. 

31. Bucholz KK, Hesselbrock VM, Shayka JJ, Nurnberger JI, Jr., Schuckit MA, Schmidt I, et al. (1995): 

Reliability of individual diagnostic criterion items for psychoactive substance dependence and the 

impact on diagnosis. J Stud Alcohol. 56:500-505. 

32. Edenberg HJ, Koller DL, Xuei X, Wetherill L, McClintick JN, Almasy L, et al. (2010): Genome-wide 

association study of alcohol dependence implicates a region on chromosome 11. Alcoholism, clinical and 

experimental research. 34:840-852. 

33. Kapoor M, Wang JC, Wetherill L, Le N, Bertelsen S, Hinrichs AL, et al. (2013): A meta-analysis of two 

genome-wide association studies to identify novel loci for maximum number of alcoholic drinks. Human 

genetics. 132:1141-1151. 

34. Afful SE, Strickland JR, Cottler L, Bierut LJ (2010): Exposure to trauma: a comparison of cocaine-

dependent cases and a community-matched sample. Drug and alcohol dependence. 112:46-53. 

35. Bierut LJ, Agrawal A, Bucholz KK, Doheny KF, Laurie C, Pugh E, et al. (2010): A genome-wide association 

study of alcohol dependence. Proceedings of the National Academy of Sciences of the United States of 

America. 107:5082-5087. 

36. Bierut LJ, Stitzel JA, Wang JC, Hinrichs AL, Grucza RA, Xuei X, et al. (2008): Variants in nicotinic receptors 

and risk for nicotine dependence. Am J Psychiatry. 165:1163-1171. 

37. Hesselbrock M, Easton C, Bucholz KK, Schuckit M, Hesselbrock V (1999): A validity study of the SSAGA--a 

comparison with the SCAN. Addiction. 94:1361-1370. 

38. American Psychiatric Association. (1994): Diagnostic and statistical manual of mental disorders : DSM-IV. 

4th ed. Washington, DC: American Psychiatric Association. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

39. Howie B, Fuchsberger C, Stephens M, Marchini J, Abecasis GR (2012): Fast and accurate genotype 

imputation in genome-wide association studies through pre-phasing. Nat Genet. 44:955-959. 

40. 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. 

41. Genomes Project C, Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM, et al. (2012): An 

integrated map of genetic variation from 1,092 human genomes. Nature. 491:56-65. 

42. Schizophrenia Working Group of the Psychiatric Genomics Consortium (2014): Biological insights from 

108 schizophrenia-associated genetic loci. Nature. 511:421-427. 

43. Euesden J, Lewis CM, O'Reilly PF (2015): PRSice: Polygenic Risk Score software. Bioinformatics. 31:1466-

1468. 

44. R Core Team (2012): R: A Language and Environment for Statistical Computing. Vienna, Austria: R 

Foundation for Statistical Computing. 

45. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ (2015): Second-generation PLINK: rising to 

the challenge of larger and richer datasets. GigaScience. 4:7. 

46. Merikangas KR, Stolar M, Stevens DE, Goulet J, Preisig MA, Fenton B, et al. (1998): Familial transmission 

of substance use disorders. Arch Gen Psychiatry. 55:973-979. 

47. Tsuang MT, Lyons MJ, Meyer JM, Doyle T, Eisen SA, Goldberg J, et al. (1998): Co-occurrence of abuse of 

different drugs in men: the role of drug-specific and shared vulnerabilities. Arch Gen Psychiatry. 55:967-

972. 

48. Bierut LJ, Dinwiddie SH, Begleiter H, Crowe RR, Hesselbrock V, Nurnberger JI, Jr., et al. (1998): Familial 

transmission of substance dependence: alcohol, marijuana, cocaine, and habitual smoking: a report 

from the Collaborative Study on the Genetics of Alcoholism. Arch Gen Psychiatry. 55:982-988. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 

 

49. Kendler KS, McGuire M, Gruenberg AM, O'Hare A, Spellman M, Walsh D (1993): The Roscommon Family 

Study. IV. Affective illness, anxiety disorders, and alcoholism in relatives. Arch Gen Psychiatry. 50:952-

960. 

50. Power RA, Steinberg S, Bjornsdottir G, Rietveld CA, Abdellaoui A, Nivard MM, et al. (2015): Polygenic risk 

scores for schizophrenia and bipolar disorder predict creativity. Nature neuroscience. 18:953-955. 

51. Tesli M, Espeseth T, Bettella F, Mattingsdal M, Aas M, Melle I, et al. (2014): Polygenic risk score and the 

psychosis continuum model. Acta psychiatrica Scandinavica. 130:311-317. 

52. Psychiatric GWAS Consortium Bipolar Disorder Working Group (2011): Large-scale genome-wide 

association analysis of bipolar disorder identifies a new susceptibility locus near ODZ4. Nat Genet. 

43:977-983. 

53. Lee SH, Goddard ME, Wray NR, Visscher PM (2012): A better coefficient of determination for genetic 

profile analysis. Genetic epidemiology. 36:214-224. 

54. The Commitee on Nomenclature and Statistics of the American Psychiatric Association (1952): 

Diagnostic and Statistical Manual, Mental Disorders. Washington D.C.: American Psychiatric Association. 

 

  

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT


