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Chapter 4 

Genome-wide association study of 

lifetime cannabis use 
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Introduction 

Cannabis is the most widely produced and consumed illicit drug 

worldwide105. The number of users is likely to rise further as many 

states in the US, as well as other countries, are legalising or 

decriminalizing recreational and medicinal cannabis use. Despite the 

increasing use of cannabis for medicinal purposes106, 107, a large body of 

research has also demonstrated notable adverse effects. For instance, 

occasional use has been associated with violence and suicide 

attempts108. Cannabis use has also been associated with increased risk 

for psychiatric disorders; Davis et al.109 reported associations between 

lifetime cannabis use and psychosis as well as schizotypal personality 

disorder, with odds ratios of 1.27 and 2.02, respectively. In a recently 

published genetic risk prediction study, Power et al.110 showed that 

genes predisposing to schizophrenia predict use of cannabis. Occasional 

use can progress to frequent use, abuse and dependence, which is 

associated with physical, psychological and social consequences111, 112. 

Finally, cannabis use can precede the use of other harmful illicit drugs 

acting as a gateway drug113. 

The probability of cannabis use initiation varies among individuals. 

Previous studies have shown that individual differences in cannabis use 

can be partly explained by underlying genetic differences between 

individuals; a meta-analysis of twin studies reported significant 

heritability estimates of initiation of use of 48% for males and 40% for 

females114. Shared (family) environmental factors also play a role in 

initiation of cannabis use115, 116 and account for 25% and 39% of the risk 

for males and females respectively114. While there is substantial overlap 

in the genetic risks underlying initiation of cannabis use and those 
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underlying cannabis abuse/dependence, there are also genetic 

influences specific to vulnerability to cannabis abuse/dependence116-118. 

In the last decade, numerous studies have aimed to identify the specific 

genetic risk factors associated with cannabis use phenotypes. Genome-

wide linkage studies have revealed suggestive evidence for linkage 

peaks across many chromosomes119-124. However, nearly all linkage 

peaks failed to meet genome-wide significance with very little 

consistency across studies125, 126. Replication is therefore necessary to 

confirm whether these chromosomal regions harbour genes involved in 

cannabis use phenotypes. And while most studies focused on more 

severe forms of cannabis use (such as problematic use, withdrawal, and 

dependence), only one study has examined initiation of use121, which 

reported a non-significant linkage peak on chromosome 18 (LOD score 

= 1.97).  

Candidate gene association studies have also reported some putative 

findings. For example, genes of interest include CNR1127, 128, GABRA2129, 

130, FAAH131-133, and ABCB1134 (see Agrawal and Lynskey125 for a 

review), but again, replication has been inconsistent 135-137. Based on a 

sample of 7452 Caucasian individuals Verweij et al.137 tested gene-based 

association between lifetime frequency of cannabis use and all 10 

candidate genes identified by Agrawal and Lynskey125. None of the 

candidate genes reached nominal significance of P < 0.05. Overall, the 

results of candidate gene studies are inconclusive; some associations 

have been replicated a few times, but failed to replicate in other studies, 

and findings may be further distorted due to publication bias favouring 

positive results. As with linkage studies, nearly all candidate gene 

studies have focused on severe forms of cannabis use such as 

vulnerability to cannabis dependence, craving, and changes in 
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withdrawal following abstinence. None have focused on the initiation of 

cannabis use. 

To date, only two genome-wide association (GWA) studies of cannabis 

use phenotypes have been published. In the first, Agrawal et al.138 

performed a GWA study of cannabis dependence based on 708 

cannabis-dependent individuals and 2,346 controls. In the second, a 

meta-analysis of two studies examined cannabis use initiation with a 

combined sample size of 10,091 individuals (4106 cases) from 4,622 

independent families139. Neither study detected genome-wide significant 

associations, which was likely attributable to the small effect sizes 

typical of common variants underpinning highly polygenic traits46, 140, 141, 

thereby requiring larger sample sizes for detection.  

Fortunately, the success of larger GWA studies and international 

consortia examining a variety of complex traits is encouraging (see 

Sullivan et al.4). For nicotine use, multiple large meta-analyses studies 

have independently identified associations on chromosome 15q25 

spanning the α5, α3, and β4 nicotinic receptor subunit gene clusters 

(CHRNA5, CHRNA3, CHRNB4) when based on cigarettes smoked per 

day; an indicator of nicotine dependence liability142-144. Despite variation 

in the direction of the effects145 the cluster of nicotinic receptor genes on 

chromosome 15 has been associated with other substance use 

disorders146. One of the SNPs in the cluster (rs16969968) is particularly 

interesting; it is highly correlated with a biologically relevant missense 

polymorphism previously implicated in lung cancer147-149, but 

paradoxically offers protection against cocaine abuse150. 

These and other more recent GWA findings4 clearly illustrate the need 

for larger sample sizes. In response to this need, the International 
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Cannabis Consortium (ICC) was created to combine results of multiple 

GWA studies of cannabis use phenotypes in order to identify genetic 

variants underlying individual differences in cannabis use phenotypes. 

Currently, the combined sample size of the consortium with cannabis 

initiation data is 24,916 individuals (40% cases) from 11 cohorts from 

Europe, the US, and Australia. This sample size is considerably larger 

than the sample size of the previous GWA study investigating initiation 

of cannabis use, thereby providing substantially greater power to detect 

genetic variants of small effect size. The aim of this study is to meta-

analyse the GWA results from all contributing ICC samples in order to 

identify genetic variants associated with initiation of cannabis use. 

Additionally, results from the meta-analysis are followed up with gene-

based tests of association. 

Materials and methods 

Cohorts 

We performed a meta-analysis on GWA results from 11 discovery 

samples from Europe, the US and Australia, including a total of 24,916 

individuals of European ancestry. The size of the samples ranged from 

721 to 6778 individuals. Subjects were 16 to 85 years old (weighted 

average of 34 years). The percentage of females ranged from 30% to 

66% with a weighted average of 53%. Percentage of lifetime users (i.e., 

never/ever used cannabis) varied from 1% to 92% with a weighted 

average of 41%. We refer to Table 1 for sample characteristics of each 

of the samples. The procedures for data collection per sample are 

described in the Supplementary Information S1. Two additional, 

independent samples with a total of 3310 subjects and a weighted 

average of 27% lifetime users were used for replication (see Table 1).  
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Table 1. Discovery and replication sample characteristics. 

Sample Country N 
% 

Users 

%  

Female 

Mean age 

(range) 
N SNPs 

Discovery       

ALSPAC  UK 2,976 42 56 18 (17-19) 5,182,231 

BLTS Australia 721 60 57 26 (18-33) 4,558,509 

CADD US 853 79 30 25 (18-36) 4,972,726 

EGCUT1 Estonia 2,765 1.3 55 34 (18-66) 6,048,479 

EGCUT2 Estonia 970 4.8 51 31 (18-50) 5,171,164 

FinnTwin  Finland 1,029 27 52 23 (20-29) 4,364,135 

GSD EA US 1,964 92 40 38 (16-76) 5,856,902 

HUVH Spain 981 20 30 36 (17-87) 4,971,170 

NTR Netherlands 4,653 27 66 37 (18-60) 4,644,238 

QIMR Australia 6,778 51 54 45 (18-85) 5,901,727 

TRAILS Netherlands 1,226 51 47 19 (18-21) 5,336,901 

Replication       

TwinsUKR UK 2,137 12 93 58 (18-86) 10 

UtrechtR Netherlands 1,173 54 54 21 (18-37) 10 

Abbreviations: sample size (N), percentage of users that ever used cannabis (% users), 

percentage of females (% female), and number of SNPs used for the meta-analysis (N 

SNPs). 

Phenotype and covariates 

Subjects were asked whether they had ever used cannabis. Covariates 

included age, sex, and birth cohort (i.e., birth cohorts spanning 20 year-

periods were indicated by dummy variable, with the lowest birth cohort 

used as the reference group). Details about phenotype assessment and 

individual sample characteristics can be found in Supplemental 

Information S1 and Supplemental Table S1. 

Genotyping and imputation 

Genotyping was performed on different platforms (see Supplemental 

Table S1 for information on the genotyping platforms used for each 

sample). Genotype imputation was based on the 1000 genomes phase 1 
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European (EUR) reference panel67 and resulted in dosage data (see 

Supplemental Table S2 for the imputation program used by each group). 

Quality control checks  were performed by each participating group 

individually and involved removing SNPs with minor allele frequency 

(MAF) lower than 1%, low call rates (<95% or <99%), or SNPs that 

were out of Hardy Weinberg equilibrium (p-value <10-6). Furthermore, 

subjects with low overall call rates (<95%), excess autosomal 

homozygosity, duplicates, and individuals that were unintended first or 

second degree relatives were also excluded. Groups may have used 

different thresholds for exclusion criteria. In the meta-analysis the same 

filters were applied to each data set. 

Statistical analyses 

GWA analysis in each discovery cohort 

The GWA analyses were performed by each group according to a 

standardized protocol. Association between the binary phenotype and 

the genotypes was tested genome-wide with a logistic regression model. 

Age at the time of phenotypic assessment, sex, birth cohort and the first 
four principal components as obtained from the genotype data were 

included as covariates. For family-based samples, familial relatedness 

was taken into account by using a sandwich correction as implemented 

in PLINK151. 

Meta-analysis of GWA results 

Before performing the meta-analysis, we applied a set of filters to each 

GWA result set independently. First, to facilitate merging of result sets 

based on chromosome and position, we removed insertions and 

deletions. This ensured that all <chromosome, position> pairs were 

unique and referred to the same genetic variant (i.e., SNP). Second, we 
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removed genotyped (i.e., non-imputed) SNPs which were not in Hardy-

Weinberg equilibrium (p ≤ 0.0001) as well as SNPs with missing values 

on the required columns. Third, we removed SNPs with MAF < √(5/N), 

which corresponds to less than 5 estimated individuals in the least 

frequent genotype group, under the assumption of HWE. Due to very 

low prevalence of cannabis initiation in the EGCUT1 sample (1.3%), we 

excluded SNPs with MAF lower than 0.2 in this sample. Fourth, we 

excluded SNPs with an imputation quality score below 0.6 regardless of 

the quality score type used. Also, SNPs present in only one sample and 

SNPs with alleles or allele frequencies inconsistent with the 1000 

genomes phase I European reference panel (absolute MAF difference > 

0.15) were removed. 

We performed a fixed effects meta-analysis based on the cohort’s effect 

sizes and standard errors using METAL152. Our meta-analysis combined 

association summary statistics for 6,228,263 SNPs that passed all filters.  

Gene-based test 

Our next approach was to run a gene-based test of association to 

characterize and prioritize the meta-analytic SNP p-values. Gene-based 

tests of association were run using the knowledge-based mining system 

for genome-wide genetic studies (KGG) software153, 154. This approach 

used an extended Simes test that integrates functional information and 

association evidence to combine the SNP p-values within a gene to 

obtain an overall p-value for the association of each gene. Using the 

gene as the basic unit of analysis has two important features: the gene 

is unit of the human genome; and a significant reduction in multiple-

testing correction is obtained. 
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Replication Analyses 

Additionally, we performed a second meta-analysis using two 

independent GWA samples. These results were used to replicate the top 

10 SNPs of the original meta-analysis and the top 10 genes of the gene-

based test. 

Results 

Meta-analysis 

Figure 1 shows the Manhattan plot of the meta-analysis results. There 

were no genome-wide significant hits. However, the QQ plot in Figure 2 

shows strong enrichment of SNPs with p < 10-4 (lambda = 1.03) (see 

Supplemental Figures S1a-k and S2a-k for Manhattan and QQ plots per 

sample). The most statistically significant marker was rs2099149 

located on chromosome 12 (12:30479358) with p-value = 8.6 x 10-8. 

Table 2 shows the ten strongest independent associations with cannabis 

use. SNPs were considered independent if they were not in strong 

linkage disequilibrium (R2<0.8).  

We identified 24 independent regions on 14 chromosomes with SNP     

p-values <10-5. See supplemental Table S3 for a list of all SNPs with p-

value <10-5. Local plots of the most strongly associated regions, 

including neighboring genes, are provided in Supplemental Figures   

S3a-j.  
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Figure 1. Manhattan plot based on the meta-analytic discovery sample. 

 

 

 

 
Figure 2. QQ-plot based on the meta-analytic discovery sample. 
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Discovery 

Replication 
Com

bined 
SN

P 
Chr 

BP 
A1 

A2 
Freq A1 

beta (s.e.) 
p-value 

Direction* 
beta (s.e.) p-value 

beta (s.e.) 
p-value 

rs2099149 
12 

30479358 
T 

G 
0.81 

-.22 (.040) 
8.6*10

-8 
-?-??-----? 

.20 (.103) .047 
-.16 (.038) 

2.1*10
-5 

rs58540698 
17 

68949370 
A 

G 
0.57 

-.12 (.024) 
5.0*10

-7 
--+-------- 

.11 (.071) .116 
-.10 (.023) 

2.1*10
-5 

rs353253 
5 

148749623 
A 

G 
0.33 

-.19 (.037) 
5.0*10

-7 
-?--??--++- 

.03 (.080) .731 
-.15 (.034) 

1.0*10
-5 

rs78102134 
rs112363122 

17 
17 

55889297 
55891149 

A T 
G C 

0.10 
0.83 

-.26 (.051) 
.19 (.039) 

6.5*10
-7 

7.5*10
-7 

?-?---+---? 
?+?+++++++? 

-.09 (.135) 
.09 (.099) .486 

.366 
-.24 (.048) 
.18 (.037) 

9.7*10
-7 

8.1*10
-7 

rs4963151 
11 

920911 
T 

C 
0.55 

.20 (.041) 
7.8*10

-7 
???+?++++++ 

.04 (.081) .628 
.17 (.037) 

3.8*10
-6 

rs7675351 
rs75280583 

4 17 
141218757 
55890479 

A A 
C C 

0.86 
0.83 

-.19 (.038) 
.19 (.039) 

8.6*10
-7 

8.7*10
-7 

-?-------+? 
?+?+++++++? 

-.04 (.106) 
.09 (.102) .729 

.352 
-.17 (.036) 
.18 (.037) 

2.1*10
-6 

8.5*10
-7 

rs58691539 
2 

52753909 
T 

G 
0.90 

-.42 (.086) 
9.4*10

-7 
????--??-?? 

.03 (.159) .841 
-.31 (.076) 

2.5*10
-5 

rs1470295 
17 

55894005 
A 

G 
0.82 

.19 (.038) 
9.7*10

-7 
?+?+++++++? 

.06 (.094) .493 
.17 (.035) 

1.60*10
-6 

*O
rder of sam

ples: Q
IM

R, N
TR, BLTS, HU

VH, FinnTw
in, ALSPAC, CADD, TRAILS, GSD EA, EGCU

T2, EG
CU

T1. 
Abbreviations: Chrom

osom
e (Chr), location in basepairs (BP), allele 1 (A1), allele 2 (A2), Frequency of allele 1 (Freq A1), standard error (s.e.).  
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GWAS Replication 

Because of the relatively small sample sizes of the replication samples, 

we performed a replication test for the top-10 SNPs. The results of the 

replication analyses are presented in Table 2. None of the top 10 SNPs 

were significantly associated with cannabis initiation in the replication 

analysis as well as in the combined meta-analysis. The effect was in the 

same direction in 5 of the 10 SNPs between the meta-analysis and the 

replication analysis. 

Gene-based tests 

Based on a total of 23,906 genes for genetic association with cannabis 

use, the genome-wide significance level for a Benjamini & Hochberg155 

FDR test to control for an error rate of 0.05 was 4.18x10-6. The 

Manhattan and QQ plots can be found in Supplemental Figures S4 and 

S5. The QQ plot shows enrichment of nominally significant findings 

(lambda = 1.10, s.e. < 0.001). Two genes, both located at chromosome 

5, reached genome-wide significance: IL17B and PCYOX1L, and 

subsequent analysis in Haploview 4.2 revealed that SNPs within IL17B 

and PCYOX1L form a single haplotype block. The LD plot can be found in 

Supplemental Figure S6. The top 10 genes most strongly associated 

with initiation of cannabis use are presented in Table 3. Results for the 

top 100 genes can be found in Supplementary Table S4.  None of the 10 

putative candidate genes for cannabis use phenotypes identified by 

Agrawal and Lynskey125, reached nominal significance, see Supplemental 

Table S5. We next performed a replication test on the top-10 genes. As 

shown in Table 3, none of the top 10 genes were significantly associated 

with cannabis initiation in the replication analysis. 
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Table 3. Top 10 genes from the gene-based tests of association based on the 
meta-analytic discovery and replication samples. 

Gene Chr Start Position BP length 
p-values 

Discovery 
 

p-values 

Replication 

IL17B 5 148753829 5009 3.52 x 10-6*  0.958 

PCYOX1L 5 148737569 11652 4.12 x 10-6*  0.804 

CHID1 11 867858 43016 1.51 x 10-5  0.278 

SCOC-AS1 4 141204879 89667 4.17 x 10-5  0.987 

AP2A2 11 925808 86437 4.62 x 10-5  0.971 

SCOC 4 141294663 9047 4.69 x10-5  0.987 

AFAP1L1 5 148651400 69967 6.32 x 10-5  0.902 

SPATA24 5 138732455 7321 1.54 x 10-4  0.989 

CSF2RB 22 37309674 26805 1.55 x 10-4  0.465 

DNAJC30 7 73095247 2534 1.81 x 10-4  0.078 

*The significance level for Benjamini & Hochberg155 FDR test to control error rate 0.05 on 

the on whole genome for the discovery sample is 4.18 x 10-6 for 23,906 genes.  

Abbreviations: Base pair length (BP length) and number of SNPs used for the meta-

analysis (N SNPs). 

Discussion 

As part of the largest GWA study for cannabis use to date, we meta-

analysed GWA results from 24,916 individuals of 11 cohorts with the 

aim of identifying genetic variants associated with initiation of cannabis 

use. Although no genome-wide significant associations were detected for 

individual SNPs, the most strongly associated SNP was rs2099149 (p= 

8.6×10-8) located on chromosome 12 (12:30479358) in an intergenic 

region 0.8Mb to the right of TMTC1 and 0.3Mb to the left of IPO8 genes. 

Moreover, our subsequent gene-based tests of association identified two 

genes in LD on chromosome 5 that are significantly associated with 

initiation of cannabis use: Interleukin 17B (IL17B) and PCYOX1L. Finally, 

our results show clear enrichment of nominally significant associations. 



 

78 

Our results point towards several genes which are potentially involved in 

cannabis use. rs2099149 is flanked by TMTC1 and IPO8. TMTC1  has 

been associated with body weight changes156. Endocannabinoids are 

known to regulate appetite, induce craving and intensify hedonic 

properties of, and motivation for food157, 158, and although not replicated, 

TMTC1 should be considered a putative target for therapeutic potential 

for appetite regulation159. The IPO8 gene is a house-keeping gene 

involved in the import of proteins into the nucleus160. Our meta-analysis 

of discovery samples revealed two genes with genome-wide significant 

enrichment of associations: IL17B and PCYOX1L. The protein encoded 

by IL17B is a T cell-derived cytokine, which is primarily localized to 

neuronal cell bodies. Not well understood, IL17B may play a role in 

immunity and inflammation161 and chronic respiratory conditions162. 

Prenylcysteine oxidase 1 like (PCYOX1L) is among the known candidates 

for coeliac disease163. However, the potential role of these genes 

requires further investigation, because rs2099149, IL17B and PCYOX1L 

were not significantly associated with cannabis use in the replication 

samples. This lack of replication may either be due to the absence of 

true genetic associations (false-positive findings), but may also be 

caused by a lack of power to detect association in the relatively small 

replication sample. Future studies should reveal whether these genes 

play a role in cannabis use initiation.  

The lack of genome-wide significant associations is consistent with those 

from two previous GWA studies into cannabis use139 and cannabis 

dependence138. However, despite the absence of genome-wide 

significant association of individual SNPs in this study, the QQ-plot of 

our meta-analysis clearly indicated an enrichment of nominally 

significant associations. This implies that common genetic variants do 

contribute to the heritability of cannabis use initiation, which has been 
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estimated at 40-50% based on twin studies114. The difficulty of 

identifying genetic variants for cannabis use may be attributable to 

several causes46. First, complex traits may be influenced by many 

variants of very small effect, smaller than could be detected with the 

current sample size. Power calculations (Supplementary Table S8) 

showed that this study was well powered to detect odds ratio’s ≥1.2 but 

the power to detect smaller effect sizes was small (e.g., 11% power to 

detect effects with an odds ratio of 1.1). Therefore, our data suggest 

that the effect sizes we aim to find in studies of cannabis initiation are 

smaller than 1.2. This is an important finding, as it shows the need for 

larger-scaled studies, which are expected to reveal genome-wide 

significant findings. Therefore, similarly to the recent studies on the 

genetics of schizophrenia5, we expect that larger GWA studies will 

increase the biological insight into cannabis use.  

Although our results indicate en enrichment of association with common 

genetic variants, Verweij et al.139 estimated that 6% (95% CI 

[0%,26%]) of the variance in initiation of cannabis use could be 

explained by the aggregate effect of SNPs common in the population 

(MAF > 5%), whereas Minica et al. (manuscript in preparation) 

estimated that common and low frequency SNPs (MAF >1%) account for 

about 25% of the variance in initiation of cannabis use (SE = 0.088, 

LRT(1) = 8.60, P = 0.0016). These results suggest that the role of 

common genetic variants in the heritability of initiation of cannabis use 

may be relatively low. Non-additive genetic effects, interactions between 

genetic variants and environmental risk factors, epistasis and/or rare 

mutations may play a role. Investigating the role of these factors may 

be required to provide more insight into the aetiology of cannabis use. 
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Our findings must be interpreted in the context of at least three 

potential limitations. First, our study was underpowered to detect small 

effect sizes. The sample size should be increased with a factor ~2 to 

detect effect sizes with an odds ratio of 1.1. Second, the phenotype we 

have analysed has some disadvantages that may have reduced the 

power to identify genetic variants. Initiation of use is a dichotomous 

measure that combines individuals who only experimented with 

cannabis once with regular users and abusers. Also, lifetime use is a less 

heritable trait than more extreme forms of cannabis use involvement, 

such as regular use and abuse. The success of GWA studies for nicotine 

use164, 165 suggests that sampling based on the phenotypic extremes of 

the liability distribution, and excluding non- and infrequent users is likely 

to be more fruitful. However, initiation of cannabis use is still 

substantially heritable and significant overlap with the genetic risk 

underlying cannabis abuse/dependence has been reported116. The 

primary reason for focusing on cannabis use initiation, is that we were 

able to obtain a large sample size for the meta-analysis. Substantially 

more studies have data available on lifetime cannabis use compared to 

other cannabis phenotypes such as frequency of use and 

abuse/dependence. Third, there is substantial phenotypic heterogeneity 

across the different samples. Observed frequencies of cannabis initiation 

varied between 1% (EGCUT1) and 92% (GSD EA), partly due to 

differences in sample characteristics, recruitment strategies, and policy 

differences across countries. This heterogeneity may reduce the power 

to identify genetic variants.  

Based on our observations, we can make some recommendations for 

future studies. Obviously, we should aim at increasing the statistical 

power by increasing the sample size and by focusing on continuous 

phenotypes and phenotypes indicative of more severe forms of cannabis 
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use. The next goal of the ICC consortium is to perform a meta-analysis 

on GWA studies of age at first cannabis use. Our rationale is based on 

the observation that early initiation of cannabis use is also associated 

with rapid progression to cannabis abuse and dependence, poly-

substance use, and other substance use disorders166-171. Alternative 

methods than GWA may also be used to reveal the biological pathways 

of cannabis use. Whole-exome or whole-genome sequencing may be 

used to study the role of rare genetic variants. Environmental risk 

factors may be incorporated to investigate the interactions between 

genes and the environment. Hopefully, the combination of these 

technologies and novel statistical approaches with larger samples will 

further contribute to our understanding of the genetic architecture of 

cannabis use. 

Conclusion 

We have performed the largest meta-analysis, to date, of GWA studies 

investigating cannabis use phenotypes. With a sample of over 24,000 

individuals, we report two significantly associated genes: IL17B and 

PCYOX1L. However, these results were not confirmed in a replication 

sample including ~3000 subjects. Nevertheless, our results did show 

clear enrichment of nominally significant associations suggesting that 

the genetic architecture underlying initiation of cannabis use consists of 

very many common variants with small individual effect sizes (OR<1.2). 

Future studies using larger sample sizes and more extreme phenotypes 

should use GWA and additional methodologies (including sequencing) to 

provide more insight into the complex genetic aetiology of cannabis use. 

  


