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Lay Abstract 
Cannabis use rates in Canada are increasing, with Opioid Use Disorder (OUD) 

patients having high rates of cannabis use despite inconsistent findings on the impacts. To 
combat the opioid crisis, Methadone Maintenance Treatment (MMT) is utilized to reduce 
opioid cravings and use. However, individuals on MMT are likely to use other 
substances, including cannabis. This thesis explores the genetic literature on cannabis use 
and conducts a Genome-Wide Association Study (GWAS) and a Polygenetic Risk Score 
(PRS). The GWAS investigates genetic variants throughout the whole genome associated 
with a trait, while the PRS creates a genetic weight risk score. GWAS and PRS methods 
were used to investigate cannabis use and MMT outcomes within Europeans with OUD. 
While no significant GWAS results were found, a statistically significant PRS was found 
for regular cannabis use and methadone dose, suggesting each respective score can 
estimate an individual’s risk of that trait. 
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Abstract 
 

Background: Canada continues to face an opioid epidemic with 5,368 opioid apparent 
related deaths occurring between January and September of 2021. Methadone 
Maintenance Treatment (MMT), a form of Medication Assisted Treatment used to treat 
Opioid Use Disorder (OUD), has been reported to decrease opioid cravings and opioid 
use, however, individual differences exist in the effective dose of methadone. Further, 
individuals living with an OUD have higher rates of substance use including cannabis. A 
genetic component has been suggested to exist for both cannabis use and MMT outcomes, 
however inconsistent findings have been reported.  
 
Methods: Knowledge synthesis and primary genetic association studies were conducted. 
A protocol was prepared for the planning of a systematic review for Genome-Wide 
Association Studies (GWASs) of cannabis use. The full systematic review was then 
conducted, providing an assessment of the literature and a description of studies quality. 
A GWAS and Polygenic Risk Score (PRS) was then conducted for cannabis use and 
MMT outcomes, separately, in Europeans only. The top Single Nucleotide 
Polymorphisms (SNPs) were then analyzed separately by sex and sex interactions were 
conducted.  
 
Results: The systematic review included 6 studies, identifying 96 genetic variants 
associated with cannabis use. The GWASs for both cannabis use and MMT outcomes did 
not identify any significant results. A significant PRS was found for regular cannabis use 
and methadone dose. No sex-specific results were identified.  
 
Discussion: This thesis summarised the evidence on the genetics of cannabis use as well 
as employed GWASs and PRSs to investigate cannabis use and MMT outcomes within a 
European population. We were able to highlight gaps within the genetic literature of 
cannabis and MMT outcomes as well as identify areas of interest for future research.  
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1 CHAPTER 1: Introduction 

1.1 Background and Significance  

Trends in Cannabis use have been increasing, where 14% of Canadians 15 years or 
older reported using cannabis in the first quarter of 2018, compared to 16.7% reporting 
cannabis use in the last quarter of 2019 (1). Additionally, individuals living with an 
Opioid Use Disorder (OUD) have higher rates of substance use than the general 
population with rates of cannabis use reported to be more than 50% (1–4). Concerningly, 
the short and long-term impacts of cannabis use in OUD are inconclusive, with some 
studies showing its potential as substitute in keeping with a harm reduction approach, 
some showing no association, and others identifying worse outcomes for individuals 
receiving Medication Assisted Treatment (MAT) for an OUD (4–16).   

Further, Canada, along with many other nations, continues face an opioid epidemic, 
with approximately 62 million people reporting opioid use worldwide (17). The 
likelihood of developing an OUD following opioid use is high, with many individuals 
who develop OUD experiencing a chronic remitting course of the disorder with a 
heightened risk of serious adverse outcomes such as increased risk of overdose (18). In 
2017, 115,000 people died from an opioid overdose worldwide and in Canada 
specifically, 5,368 apparently opioid related deaths occurred between January to 
September of 2021 (17,19). As of 2016 the number of patients enrolled in a MAT 
program was over 40,000 patients (20). MATs are a critical part of the strategy to address 
the opioid epidemic and include the controlled administration of opioid agonist or 
antagonists (20,21). Currently, the World Health Organization recommends both 
methadone and buprenorphine/naloxone (also known as suboxone) as MATs for the 
treatment of OUD (17,20). 

Methadone Maintenance Treatment (MMT) has been reported to decrease opioid 
cravings and opioid use, with the treatment target aiming to help individuals control 
opioid use and regain stability within their life (22–24). While methadone has been shown 
to be effective, individual level differences exist in the effective dose of methadone; 
individuals given too low of a dose may experience withdrawal symptoms and individuals 
given too high of a dose may experience drowsiness, confusion and mental impairment 
(25). Due to the chronic relapsing nature of OUD, inappropriate dosing of methadone 
may result in relapse or increased risk of overdose due to the direct or interacting effects 
with other illicitly used opioids (26–28).  

A genetic component has been suggested in both response to MMT and cannabis 
use. Genes of interested in cannabis use outcomes (including cannabis dependence and 
Cannabis Use Disorder (CUD)), genes of interest include the cannabinoid receptors CB1 
(CNR1) and CB2 (CNR2), FAAH, DRD2, ANKK1, ABCB1, CSMD1, ACSS1, SCN9A, 
CADM2, and FOXP2 however, replication of these associations has been inconsistent 
(29–35). For MMT outcomes (including but not limited opioid addiction, treatment 
response, methadone dose) have been identified as OPRM1, OPRD1, ABCB1, and 
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CYP2B6, however many of the studies investigating MMT outcomes are candidate gene 
studies with small sample sizes and show inconsistent findings (36–38).  

This thesis aims to address the need for a comprehensive and current literature 
search for genome wide significant results investigating the genetics of cannabis and 
conduct a Genome-Wide Association Study (GWAS) and Polygenic Risk Score (PRS) to 
inform clinical applications and the direction of future research for both cannabis use and 
MMT outcomes.  

1.2 Objectives  

The specific objectives of this thesis addressed within the four included manuscripts 
are the following: 

1. To systematically and methodologically search the literature on genetic study 
findings regarding cannabis use  

2. To summarize these findings and assess the quality of the published literature  
3. To examine if novel genetic variants are associated with cannabis use within the 

OUD population and create a PRS based on a previously reported GWAS on 
cannabis use 

4. To examine if novel genetic variants are associated with MMT outcomes and create 
a PRS based on a previously reported GWAS on methadone dose 

1.3 Coherence of Thesis Chapters 

This thesis is comprised of four manuscripts, focused on genetics within the OUD 
population. Chapter 2 and 3 provided a background on the current literature of the 
genetics of cannabis use while Chapter 4 and 5 utilize genetic statistical analyses to test 
associations within the OUD population. More specifically, Chapter 2 of this thesis is a 
protocol which outlines a detailed study design and search strategy for the systematic 
review to follow, ensuring methodological transparency and a peer-review process prior 
to conducting the systematic review. This protocol is published in Systematic Reviews. 
Chapter 3 applies the search strategy outlined in the published protocol and summaries 
relevant genome-wide association results to highlight potential SNPs of interest and 
identify gaps within the literature. This systematic review is published in BMC Medical 
Genomics. Chapter 4 employs a GWAS and PRS to identify novel genetic variants 
associated with cannabis use and quantifying the variance explained by genetic 
variability. In addition, Chapter 4 explores genetic differences by sex. Finally, Chapter 5 
applies the methods utilized in Chapter 4, including the GWAS, PRS and sex analyses, to 
investigate differences in MMT outcomes.  

Due to the overlap between each manuscript, including but not limited to the 
population of interest, methodology and the genetic nature of the studies, the chapter-
specific backgrounds, rationale, and methods might contain overlapping information and 
concepts. Despite these similarities, each manuscript discussed in this thesis is unique and 
serves a specific purpose. 
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2 CHAPTER 2 

2.1 COPYRIGHT STATEMENT 

Copyright to the following open-access manuscript, published by Systematic Reviews 
(BioMed Central Ltd.), is retained by the author. The document has been reformatted 
from the original version for inclusion in this thesis. The published manuscript is 
available in the Appendix. The complete citation is below. 
 
Hillmer, A., Chawar, C., Sanger, S., D’Elia, A., Butt, M., Kapoor, R., Kapczinski, F., 
Pare, G., Thabane, L., & Samaan, Z. (2020). Genetic determinants of cannabis use: a 
systematic review protocol. Systematic reviews, 9(1), 1-6.  
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2.2 Genetic determinants of cannabis use: a systematic review protocol. 
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2.2.1 Abstract   
Background: With the legalization of Cannabis in Canada there is an increase trend in 
use. Cannabis has been known to have several health implications, one of which is the 
development of Cannabis Use Disorder (CUD). CUD more common in males than 
females, as well as in certain ethnic groups such as Native Americans. Additionally, both 
environmental and genetic risk factors have been found for cannabis use. The objective of 
this systematic review will be to summarize the genetic variants associated with cannabis 
use which have reached borderline genome-wide significance.  
 
Methods: This systematic review will incorporate articles that have performed a 
Genome-Wide Association Study (GWAS) investigating cannabis use. MEDLINE, Web 
of Science, EMBASE, GWAS Catalog, GWAS Central, and NIH Database of Genotype 
and Phenotype will be searched using a comprehensive search strategy. The Quality of 
Genetic Association Studies (Q-Genie) tool will be utilized to assess the quality of the 
included studies. All screening and data extraction will occur independently by two 
authors. If feasible, a random-effects meta-analysis will be conducted on pooled odds 
ratios of single nucleotide polymorphisms reaching genome-wide significance.  
 
Discussion: This systematic review will synthesise available GWAS on cannabis use. 
Results from this review will inform and direct further investigation of genetic variants 
associated with cannabis use.  
 
Systematic Review Registration PROSPERO CRD42020176016. 
 
Keywords: Systematic Review, Cannabis, Genetics, Genome-wide 
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2.2.2 Background 
On October 17th, 2018 the Cannabis Act came into effect in Canada allowing for 

the legal growth of cannabis plants as well as the recreational possession and 
consumption of cannabis for those who are 18 years or older(1). In response to the 
Cannabis Act, Statistics Canada has introduced a National Cannabis Survey which has 
been conducted every three months since February 2018. The NCS showed that nearly 17 
percent of Canadians aged 15 years and older reported using cannabis within a 3-month 
period between mid-August to mid-September of 2019, a rate that was consistent with the 
rate of the year prior, when cannabis was an illicit substance. However, in the fourth 
quarter of 2019 cannabis use was increased when compared to the fourth quarter of 2018. 
Additionally, regardless of the year of study, cannabis consumption rates continue to be 
higher among males than females(2). 
  Cannabis Use Disorder (CUD) is defined as a problematic pattern of cannabis use 
leading to clinically significant impairment or distress. In 2013 the Diagnostic and 
statistical manual reported that CUD is prevalent in 3.4% of youth aged 12- to 17- years 
old and 1.5% of adults age 18 years or older. Trends of CUD also differ among sex and 
ethnicities. Rates of CUD is higher in males compared to females and rates of CUD is 
higher in Native American and Alaska Natives compared to other ethnic groups(3). 
Results from a meta-analysis on twin studies estimated the heritability for cannabis use 
initiation to be 40-48% and 51-59% for problematic cannabis use, suggesting a genetic 
component to cannabis use and CUD(4). A Genome-Wide Association Study (GWAS) 
combined five cohorts identifying several genes and Single Nucleotide Polymorphisms 
(SNPs) associated with cannabis use and dependence(5). A cluster of correlated SNPs in a 
novel region of chromosome 10 were identified at genome-wide significant levels in 
participants of European descent(5). However, of three meta-analyses conducted on 
cannabis use in the literature, only one study identified a significate association(6–8). One 
region on chromosome 16 was significantly associated with age of first cannabis use, with 
the strongest association for the intronic variant rs1574587(7). 
 Interestingly, one study investigated the genetic and environmental risk factors for 
cannabis availability reported variation in cannabis initiation and symptoms of cannabis 
use disorder. Cannabis availability and initiation had a correlation of 0.48 and cannabis 
availability and symptoms of cannabis use disorder had a correlation of 0.23. 
Additionally, much of the variation associated with problematic use can be explained by 
shared environmental risk in cannabis availability leading to initiation and the genetic 
non-shared environmental risks for cannabis initiation(9). These findings are of specific 
interest to Canada and other countries with legalization of cannabis is already in effect or 
being considered, as cannabis is increasingly more available since the legalization. 

With cannabis availability increasing, and known heritability of CUD, it is 
important to understand the genetic risk factors associated with cannabis use. While meta-
analyses of GWASs provide regions of interest, no known systematic review exists that 
summarises identified genes and/or SNPs that have reached genome-wide significance for 
cannabis use. It is important to provide a summary of the literature which includes recent 
GWASs in the context of cannabis legalization. Further, understanding the genetic basis 
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of cannabis use will assist health care workers in making science-informed decisions 
regarding recreational and prescription cannabis use. 
 
2.2.2.1 Objectives 

The main goal of this systematic review is to identify genetic variants from 
Genome-Wide Association Studies (GWASs) associated with cannabis use. Though 
genetic variants most commonly reported by GWASs are SNPs, this review will be 
inclusive of any other genetic markers reported in GWASs. We will summarize the 
results of GWASs which meet our inclusion criteria, and if possible, we will meta-
analyze genetic variants that are reported in more than one primary study. 
 
Primary objectives of this systematic review include: 

1. Identify genetic variants associated with current cannabis use. Current 
cannabis use is defined by either self-report or positive urine drug screens 
within one month of the study being conducted. 

2. Identify genetic variants associated with lifetime cannabis use. Lifetime 
cannabis use is defined by any self-reported or positive urine drug screens of 
cannabis use within one’s lifetime. 

3. Identify genetic variants associated with CUD. CUD is defined by any 
diagnostic and classification systems used to diagnosis CUD or questionnaires 
validated to assess CUD. 

Secondary objectives of this systematic review include:  
1. Identify genetic variants associated with the adverse outcomes of cannabis use 

including psychiatric (cognitive impairment, psychotic symptoms, depression, 
anxiety, suicidal behaviour), and non-psychiatric (chronic bronchitis, lung 
infections, chronic cough, increased risk of motor vehicle accidents), and any 
other reported adverse outcomes(10–12). 

2. When feasible, perform subgroup summaries by sex or ethnic differences. 
 
 
2.2.3 Methods 

This protocol is reported in accordance with the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses Protocols (PRISMA-P) statement(13) (see 
PRISMA-P checklist in Additional file 1). This protocol was registered within the 
International Prospective Register of Systematic Reviews (PROSPERO) (registration 
number: CRD42020176016). 
 

2.2.3.1 Eligibility Criteria 
GWAS studies presenting original data on associations between cannabis use and 

genetic polymorphisms using any study design (i.e. case-control, cohort, etc.) will be 
included in this systematic review. All other types of studies will be excluded. Studies in 
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any setting will be included and no restriction will be placed on age, sex, ethnic 
background or language. Additionally, articles that do not present sufficient data to 
calculate the odds ratio (OR) with a 95% confidence interval will be excluded from 
quantitative analyses if data cannot be obtained after contacting the studies’ authors and 
the calculations cannot be made with the available published information. However, we 
will include these studies in the qualitative description of the review findings.  

We will include studies investigating Cannabis Use Disorder as defined by the 
Diagnostic and Statistical Manual -5 (DSM-5), or other diagnostic and classification 
systems such as the International Statistical Classification of Diseases and Related Health 
Problems -10 (ICD-10) or specific diagnostic scales designed to screen and diagnose 
dependence or use disorder of cannabis will be included as well as any studies measuring 
any use of cannabis. We define cannabis use based on the included studies’ definitions 
and accept the following definition: Current cannabis use is defined as either self-report 
or positive urine drug screens within one month of the study being conducted; and 
lifetime cannabis use is defined as any self-reported or positive urine drug screens of 
cannabis use within one’s lifetime (14). Clinical diagnoses and questionnaires validated to 
assess CUD will also be accepted. All studies not investigating current cannabis use, 
lifetime cannabis use or CUD will be excluded. In the case of polymorphisms reported in 
duplicate publications from the same study population, the article most recent will be 
included.  

 
2.2.3.2 Information Sources and Search Strategy  

A Health Science Librarian was consulted to develop a comprehensive search 
strategy. No language restriction will be placed on the search strategy, though studies will 
be limited to human studies. MEDLINE, Web of Science, EMBASE, GWAS Catalog, 
GWAS Central, and NIH Database of Genotype and Phenotype will be searched using the 
agreed-upon strategy, modified for each database. The search strategy will include all 
terms relevant to cannabis and genome-wide association studies. Databases will be 
searched from inception onwards. Sources of grey literature including dissertations and 
theses, clinical guidelines and reports from regulatory agencies will be searched. 
Reference lists of relevant systematic reviews and all included studies will be checked to 
identify additional articles.  
 
Search strategy: 
 Draft search strategies for multiple electronic databases are provided in Additional 
file 2. 
 
2.2.3.3 Study Records 
2.2.3.3.1 Data management 

All of the references will be managed and organized through Zotero(15). 
Covidence will be used for the management of this systematic review at the title and 
abstract, full text and data extraction stages(16). Prior to the formal screening process, a 
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calibration will take place to pilot and refine the screening process. Training will be given 
to all team members on using Covidence prior to starting the review. 
 
2.2.3.3.2 Selection Process 

Two independent reviewers will screen titles and abstracts for inclusion criteria. 
Full-text review will also be completed independently by two reviewers. Disagreements 
between reviewers will be resolved by consensus or including a third reviewer. We will 
record the reason for excluding studies at the full-text review stage.  
 
2.2.3.3.3 Data Collection Process 

Data extraction will take place independently and in duplicate for each eligible 
study. Standardized full-text data extraction forms will be constructed. The data 
extraction form will be pilot tested by two independent reviewers to determine the 
feasibility of this review and ensure all details are captured. In the event of missing data, 
we will contact study authors to obtain missing information where possible. All contact 
with the authors will be documented. 
 
2.2.3.3.4 Data Items 

We will extract the following information: author, year of study, country, cohort 
population used, number of participants (separated by those included in the cannabis use 
group and non-cannabis use group), control population, the ethnicity of participants, mean 
age, sex ratio, the measure of Cannabis Use Disorder or cannabis use or definition of 
cannabis use, inclusion and exclusion criteria, how cannabis use was reported (i.e. self-
report, drug urine screens), frequency of cannabis use and finally any genetic variants 
which reached the significance threshold set of p≤10-7. Genome-wide significance is 
generally considered any SNP with a p-value less than 5 x10 -8, however, SNPs reaching 
borderline significance, p<10-7, will also be extracted as borderline significance has been 
found to be generally replicable(17).  
 
2.2.3.4 Outcomes and Prioritization  

The main aim of the systematic review will be to assess variants reaching the given 
threshold associated with cannabis use outcomes from the primary studies included in this 
review.  

The primary outcomes are as follows: 
1. Current cannabis use is defined as either self-reported cannabis use or positive 

cannabis urine drug screens within one-month of the study being conducted. 
2. Lifetime cannabis use, defined as self-reported ever used cannabis during the 

individual’s lifetime. 
3. CUD, defined by a diagnosis from the DSM-5 or other diagnostic and 

classification system such as the ICD-10 or specific diagnostic scales designed 
to screen and diagnose dependence or use disorder of cannabis.  
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For each of the outcomes above we will collect information on each outcome as 
reported in the primary studies meeting the eligibility criteria, including dichotomous use 
of cannabis, percent positive urine screens, questionnaires, diagnostic classification and 
any other form of data collection.  
The secondary outcomes are as follows: 

1. Adverse outcomes of cannabis use including psychiatric and non-psychiatric 
outcomes and any other reported adverse outcomes. We will collect data as 
reported in the primary studies included such as comorbid diagnosis, 
additional medication condition or other adverse outcomes reported in the 
studies. 

2. We will collection information from the included primary studies on sex and 
ethnic groups within the study. We will provide a qualitative summary and, if 
feasible, conduct a subgroup meta-analysis of genetic variants within specific 
ethnic groups.  

 
2.2.3.5 Risk of Bias in Individual Studies  

Quality assessment will be completed in duplicate for each study included. The 
Quality of Genetic Association Studies (Q-Genie) tool [Version 1.1] will be used. 
Disagreements of quality assessments will be resolved through discussion(18). If a 
consensus is not reached through discussion, a third author will be consulted to resolve 
the disagreement. 
2.2.3.6 Data Synthesis 

Studies included in this systematic review will undergo qualitative synthesis. 
Summary tables will be used which will include the sample size, size of cannabis group 
and non-cannabis group, sex distribution, mean age, study design, ethnic population and 
outcome (current cannabis use, lifetime cannabis use or CUD). A separate table will be 
used to display any variants reaching borderline genome-wide significance, the 
corresponding study it was reported in, the corresponding chromosome and position, 
minor allele, gene/locus, population size, outcome associated, measure, measure of 
association value, measure of variability, ethnicity, and p-value reported.  

Heterogeneity between the studies will be assessed through the I2 statistic with a 
95% confidence interval. We will also report summary tables including the study design, 
population, and cannabis use measure/definition to describe heterogeneity qualitatively. If 
appropriate, a random-effects meta-analysis will be conducted on pooled odds ratios for 
the main outcome previously mentioned. If appropriate, the a random-effects meta-
analysis will be conducted on pooled odds ratio for the secondary outcomes previously 
mentioned as well as a subgroup analyses of the participants sex and ethnicities. 
Subgroup analyses by participant sex accounts for any differences in cannabis use 
between sex’s which has been previously reported in the literature (19–21). Additionally, 
due to genetic differences between ethnicities, genetic associations may be more 
predominant in certain ethnic groups than others, as such a subgroup analysis will be 
conducted, if feasible (22). Studies excluded from the quantitative analysis will be listed 
and an exclusion reason will be given. 
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If quantitative methods of analysis are not feasible for both the primary or 
secondary outcomes due to either low heterogeneity found by the I2 statistic or qualitative 
synthesis or no two study reports the same genetic variant, only qualitative synthesis 
results will be reported. We will not conduct a meta-analysis of individual participant 
data. 
 
2.2.3.7 Meta-bias 

To help mitigate publication bias conference abstracts will included, manual 
searches of references lists will be conducted and Cochrane Clinical Trail Protocols 
Registry and ClinicalTrails.gov databases will be searched for relevant clinical trial 
protocols. Additionally, the GWAS catalog will be manual searched for borderline 
significant variants associated with current cannabis use, lifetime cannabis use, or CUD to 
ensure all variants are captured within this review. Authors of conference abstracts will be 
contacted to determine the stage of the research project and all correspondence will be 
documented. If the published work was not captured by the search strategy, and deemed 
eligible by two independent reviewers, it will be included. Two independent reviewers 
will search the references lists of all included studies. Any identified references, deemed 
eligible by two independent reviewers, will be included. 
 
2.2.3.8 Confidence in Cumulative Evidence 

The Grading of Recommendations Assessment, Development and Evaluation 
(GRADE) will be used to assess the strength of evidence. GRADE scores according to 
the risk of bias, publication bias, consistency, directness and precision. A score of high-, 
moderate, low-, or very low-quality evidence will be assigned and summarized in a 
table(23). 
 

2.2.3.9 Presenting and Reporting of Results 
The full review will follow the Preferred Reporting Items for Systematic Reviews 

and Meta-Analysis (PRISMA) guidelines with special consideration to the Human 
Genome Epidemiology Network (HuGENet) guidelines(24). Although HuGENet reviews 
typically focus on a single gene, we will present information on each genetic variant-
phenotype association reported which will include the study details, population, findings 
and source of data.  
 
2.2.4 Discussion 

A lack of consistent evidence exists in the current literature for genetic variants 
associated with cannabis use. In addition, this is the first known systematic review to 
synthesize the available evidence on genetic variants associated with cannabis use. The 
proposed systematic review aims to identify all genetic variants that have reached 
borderline genome-wide significance associated with cannabis use and CUD. The 
proposed systematic review will provide an overview of the current literature on the 
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genetics of cannabis, aiding in the genetic understanding of cannabis use. Understanding 
the genetic contribution to cannabis use and its effects such as cannabis use disorder has 
the potential to aid medical practitioners in making decisions related to cannabis use for 
medical reasons and the associated potential risks. Additionally, variants reaching 
borderline genome-wide significance will be examined in the context of their known or 
biologically plausible relevance to further our understanding.  
 Anticipated limitations of this review existed at both the study and review level. 
Limitations at the study level that may include a lack of reporting quality control steps, 
reporting of variants within linkage disequilibrium, small sample size, and a lack of 
reporting variants that failed to reach genome-wide significance (p<5x10-8) but may have 
reached borderline significance levels (p<10-7). At the review level, limitations exist in 
the expected high heterogeneity, differing outcomes for cannabis use reported in the 
literature and the exclusion of meta-analysis and candidate gene studies. 

On completion of the systematic review, we will publish in a peer-review 
academic journal to reach both clinical and academic experts in the field. This systematic 
review will then inform and direct the further investigation of genetic variants associated 
with cannabis through candidate gene studies.  
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2.2.5 List of Abbreviations  
CUD: Cannabis Use Disorder 
DSM-5: Diagnostic and Statistical Manual 5th edition 
GRADE: Grading of Recommendations Assessment, Development and Evaluation 
GWAS: Genome-wide Association Study 
GWASs: Genome-wide Association Studies 
HuGeNET: The Human Genome Epidemiology Network 
ICD-10: International Statistical Classification of Diseases and Related Health Problems -
10 
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
PRISMA-P: Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
Protocols 
Q-Genie: The quality of genetic association studies 
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2.2.6.7 Amendments 
If amendments to this protocol are made, they will be documented and communicated to 
the journal. A data of amendment, description, and rationale will accompany each 
amendment. 
 
2.2.6.8 Additional Files 

Additional File 1 is provided in .pdf format, is titled “PRISMA-P 2015 Checklist” 
and contains PRISMA-P checklist. 
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1.2.1 Abstract  
Background: With the increase in cannabis use rates, cannabis use disorder is being 
reported as one of the most common drug use disorders globally. Cannabis use has 
several known physical, psychological, and social adverse events, such as altered 
judgement, poor educational outcomes, and respiratory symptoms. The propensity for 
taking cannabis and the development of a cannabis use disorder may be genetically 
influenced for some individuals. Heritability estimates suggest a genetic basis for 
cannabis use, and several genome-wide association studies (GWASs) have identified 
possible regions of association, albeit with inconsistent findings. This systematic review 
aims to summarize the findings from GWASs investigating cannabis use and cannabis use 
disorder. 
Methods: This systematic review incorporates articles that have performed a GWAS 
investigating cannabis use or cannabis use disorder. MEDLINE, Web of Science, 
EMBASE, CINAHL, GWAS Catalog, GWAS Central, and NIH Database of Genotype 
and Phenotype were searched using a comprehensive search strategy. All studies were 
screened in duplicate, and the quality of evidence was assessed using the quality of 
genetic association studies (Q-Genie) tool. All studies underwent qualitative synthesis; 
however, quantitative analysis was not feasible.  
Results: Our search identified 5984 articles. Six studies met our eligibility criteria and 
were included in this review. All six studies reported results that met our significance 
threshold of p≤1.0x10-7. In total 96 genetic variants were identified. While meta-analysis 
was not possible, this review identified the following genes, ANKFN1, INTS7, PI4K2B, 
CSMD1, CST7, ACSS1, and SCN9A, to be associated with cannabis use. These regions 
were previously reported in different mental health conditions, however not in relation to 
cannabis use.  
Conclusion: This systematic review summarized GWAS findings within the field of 
cannabis research. While a meta-analysis was not possible, the summary of findings 
serves to inform future candidate gene studies and replication efforts.  
 
Systematic Review Registration PROSPERO CRD42020176016. 
 
Keywords: Systematic Review, Cannabis, Genetics, Genome-wide Association Study 
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3.2.1  Introduction 
3.2.1.1 Rationale  

 Over the past two decades cannabis use and dependence are estimated to have 
increased, with cannabis use disorder (CUD) reported as one of the most common drug 
use disorders globally(1). In Canada, it has been reported that nearly 17 percent of 
Canadians aged 15 years and older reported using cannabis between October and 
December of 2019, an increase from 14 percent between January to March of 2018. 
Additionally, cannabis consumption rates are higher among males than females(2). 
Concerningly, cannabis has been associated with substantial adverse effects. Like other 
drugs, cannabis can result in cravings, dependence, and drug-seeking behaviour(3,4). 
During intoxication, cannabis can interfere with memory, motor coordination, altered 
judgement, and at higher doses, paranoia or psychosis(3). Further, repeated use of 
cannabis can have long lasting effects, including altered brain development, poor 
education outcome, cognitive impairment, diminished life satisfaction and achievement, 
poor professional and social achievements, symptoms of chronic bronchitis and increased 
risk of chronic psychotic disorders(3,5).  

Heritability estimates for cannabis use initiation varied from 30-48%, and from 
51-59% for problematic cannabis use, suggesting a genetic component exists(6). 
Genome-wide association study (GWAS) meta-analyses have identified possible regions 
of association on chromosome 3 for lifetime cannabis use (CADM2), chromosome 10 for 
CUD (rs77300175), and chromosome 16 for age of first cannabis use (ATP2C2)(7–9). 
Moreover, candidate gene studies have detected some significant associations with 
cannabis use on the CNR1, GABRA2, FAAH, and ABCB1 genes, but as with genome-wide 
association studies (GWASs), replication of these associations has been inconsistent(10).  

GWASs provide a ‘hypothesis-free’ method of identifying novel variant-trait 
associations, leading to the discovery of novel biological mechanisms and diverse clinical 
applications(11). As such, in this systematic review, we will summarize GWAS findings 
relevant to cannabis use or CUD outcomes and discuss future directions. 
 
3.2.1.2 Objectives  

The main goal of this systematic review is to identify genetic variants from GWASs 
associated with cannabis use. 
Primary objectives of this systematic review include the following: 

1. Identify genetic variants associated with current cannabis use. Current cannabis use 
is defined by either self-report or positive urine drug screens within 1 month of the 
study being conducted. 

2. Identify genetic variants associated with lifetime cannabis use. Lifetime cannabis 
use is defined by any self-reported or positive urine drug screens of cannabis use 
within one’s lifetime. 

3. Identify genetic variants associated with CUD. CUD is defined by any diagnostic 
and classification systems used to diagnose CUD or questionnaires validated to 
assess CUD. 
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Secondary objectives of this systematic review include the following: 

1. Identify genetic variants associated with the adverse outcomes of cannabis use, 
including psychiatric (cognitive impairment, psychotic symptoms, depression, 
anxiety, suicidal behavior) and non-psychiatric (chronic bronchitis, lung 
infections, chronic cough, increased risk of motor vehicle accidents)(12–14). 

2. When feasible, perform subgroup summaries by sex or ethnic differences. 

3.2.2 Methods 
This systematic review is reported in accordance with the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) statement(15) (see 
PRISMA checklist in Additional file 1). The Human Genome Epidemiology Network 
(HuGENet) guideline was used to supplement the PRISMA guideline. While this review 
does not conform with the HuGENet guideline expectations of reporting on candidate 
gene study findings, the HuGENet is used to uphold the standard of reporting research 
specific to genetic association studies(16). 
 
3.2.2.1 Protocol and registration 

The protocol for this systematic review has been registered within the 
International Prospective Register of Systematic Reviews (PROSPERO) (registration 
number: CRD42020176016)(17). The full protocol has been published in the journal of 
Systematic Reviews(18). 
 
3.2.2.2 Eligibility criteria  

This review investigates GWASs presenting original data on associations between 
cannabis use and genetic polymorphisms using any study design (i.e. case-control, cohort, 
etc.). We include studies investigating CUD as well as any studies measuring any use of 
cannabis. Studies that investigated CUD as defined by any version of the Diagnostic and 
Statistical Manual (DSM) or other diagnostic and classification systems such as the 
International Statical Classification of Diseases and Related Health Problems-10 (ICD-
10) were included. We define cannabis use based on the included studies’ definitions and 
accept the following definitions: current cannabis use is defined as either self-report or 
positive urine drug screens within one month of the study being conducted, and lifetime 
cannabis use is defined as any self-reported or positive urine drug screens of cannabis use 
within one’s lifetime(19). All other studies that did not perform a GWAS and investigate 
cannabis use or CUD were excluded. No restrictions were placed on the study setting or 
participant’s age, sex, ethnic background or language. Further details on the inclusion 
criteria can be found in the study protocol(18). 
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3.2.2.3 Information sources and search strategy 
A Health Science Librarian was consulted to develop a comprehensive search 

strategy. OVID MEDLINE 1946-Present, Web of Science 1976-Present, OVID EMBASE 
1974-Present, EBSCOHost CINHAL 1981-Present, GWAS Catalog, GWAS Central, and 
NIH Database of Genotype and Phenotype databases were searched using the established 
strategy, modified for each database. All databases were searched from inception to 
February 2nd, 2021. The search strategy included all terms relevant to genome-wide 
association studies and cannabis. The search strategies for each electronic database are 
provided in Table 1.  
 
3.2.2.4 Study selection and data collection process 

Calibration was completed prior to the formal screening process. Title and abstract 
screening, full-text screening and data extraction phases were completed in duplicate 
through Covidence(20). Conflict resolution at the title and abstract and full-text stages 
was performed by a senior reviewer (AH or CC), blind to the reviewer’s vote. 
Disagreements at the data extraction stage was resolved by the consensuses of the two 
reviewers. The reason for study exclusion was recorded at the full-text stage.  
 
3.2.2.5 Data items 

Data extracted included baseline participant characteristics, the measure of cannabis 
used, relevant and significant measured outcomes, statistical measures, and reported study 
limitations and conflicts. For this review, the threshold of significance of genetic variants 
reaching p ≤ 10-7 was set, as some GWAS results with this significance level have been 
shown to be replicable within the literature(21). 
 
3.2.2.6 Risk of bias within studies and data analysis 

Quality assessment was completed in duplicate for each included study using the 
Quality of Genetic Association Studies (Q-Genie) tool [Version 1.1](22). Disagreements 
of quality assessment was resolved through discussion between the two reviewers, and 
the first author reviewed and confirmed all quality assessments. 
 
3.2.2.7 Summary measures and synthesis of results 

A random-effects meta-analysis through pooled odds ratios was planned to 
quantitatively assess the data. However, these measures were not appropriate as data 
extracted from each study were unique and could not be combined. For the 
aforementioned reasons, a heterogeneity test, and a subgroup meta-analyses could not be 
completed. 
 
3.2.2.8 Risk of bias across studies 

The Grading of Recommendations Assessment, Development and Evaluation 
(GRADE) was used to assess the strength of evidence, with specific consideration of 
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prognostic factors(23,24). GRADE scores assess outcomes according to the risk of bias, 
publication bias, consistency, directness, and precision(23). 
 
 
3.2.3 Results  

3.2.3.1 Study selection  
The search strategy, along with hand-searching, yielded 5984 studies. After 

removing duplicates through the Zotero reference manger and Covidence, 4344 studies 
were unique and screened for eligibility at the title and abstract phase(20,25). Of the 69 
studies eligible for full-text screening, 6 studies were included in this review and 
underwent data extraction and quality assessment.  

Studies frequently failed to meet the eligibility criteria for inclusion for the 
following reasons (i) conducted a GWAS meta-analysis, (ii) conducted a candidate gene 
study or (iii) were investigating a factor associated with cannabis use (i.e. aggression) 
rather than cannabis use itself. 
Please see the PRISMA flow diagram in Figure 1. 
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Figure 1. PRISMA Flow Diagram of Study Inclusion. 

 
3.2.3.2 Study characteristics 
 Individual study characteristics are reported in Table 2. Two studies were case-
control, two were cohort, one was case-cohort, and another was case-cohort and cohort. 
Interestingly, the first GWAS in the field of cannabis use was published in 2011 and the 
most recent conducted in 2019(26,27). All studies used data from large study datasets. 
Three studies utilized the Study of Addiction: Genetics and Environment 
(SAGE)(4,26,28). The International Cannabis Consortium (ICC), UKBiobank, and 
23andMe were utilized in one study which performed three independent GWAS on the 
aforementioned datasets(9). Another study combined the Yale-Penn and the International 
Consortium on the Genetics of Heroin Dependence (ICGHD) to perform a single 
GWAS(4). Finally, one study utilized the Integrative Psychiatric Research (iPSYCH)(27) 
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and another the Netherlands twin registry(29). Studies varied in size from 3,053-51,372 
participants. Of the studies which reported participants’ sex and age, three studies had a 
population comprised of mostly female participants(9,26,28,29), while only one reported 
majority male(4). The mean age of study participants varied from mid-thirties to mid-
fifties. Three studies reported on participants of European or African American 
ethnicities(4,26,28) and three studies reported a European only ethnicity(9,27,29). 
Reported outcomes of interest included lifetime cannabis use(8,9), CUD as defined by 
either the DSM-IV(26) or ICD-10(27), CUD criteria count(4,28) or age of onset of 
cannabis use(29). 
  
3.2.3.3 Risk of bias within studies  

The Q-Genie tool [version 1.1] was completed in duplicate and used to assess study 
quality. Studies were assessed on a scale of 1 to 7 for 11 items. An overall score greater 
than or equal to 45 for studies with a control group and studies with an overall score 
greater than 40 without a control group were considered good quality according to the Q-
Genie tool(22). All studies were considered to be good quality except for one study, 
Minica et al., which was deemed moderate quality. It should be noted that Minica et al. 
did not discuss any potential sources of bias or limitations within their study. 
Additionally, the study was conducted using the Netherlands twin registry and while 
individuals with a genetic relatedness larger than 0.025 were excluded for some analyses, 
heritability was not accounted for in all analyses and may therefore introduce bias(29). 
Three studies reported potential conflicts of interest due to involvement with industry 
funding(4,26,28), two studies report conflict in a patent involved in identifying SNPs 
associated with addiction(26,28) and one study reports authors are employees of deCODE 
genetics(27). Please see Table 3 for the studies Q-genie scores of the included studies. 
 
3.2.3.4 Results of individual studies  

All six studies included in this systematic review reported outcomes that reached 
the significance threshold set a priori (Table 4).  

Agrawal et al. (2011) identified two SNPs associated with DSM-IV cannabis 
dependence within the ANKFN1 gene (chromosome 17). European and African American 
participants were selected from the SAGE study which was aimed to primarily study 
DSM-IV alcohol dependence. Case status was defined as a lifetime history of DSM-IV 
cannabis dependence, with controls defined as using cannabis at least once in their 
lifetime but not meeting criteria for DSM-IV cannabis dependence(26). 
 Agrawal et al. (2014) identified a SNP reaching borderline significance threshold 
on chromosome 3 associated with CUD factor scores in African Americans, however, no 
associated gene was identified. Participants were European and African Americans 
selected from the SAGE study. DSM factor scores were developed from 12 DSM-IV and 
DSM-5 criteria for CUD(28).  
 Demontis et al. identified 26 SNPs associated with CUD on chromosome 8, with 
no associated gene identified. However, only 5 SNPs were discussed and identified in the 
paper, and thus only 5 SNPs are reported in this review. Participants were selected from 
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the iPSYCH cohort and were of European ancestry. The iPSYCH cohort was established 
to study six major psychiatric disorders, however, identified participants meeting ICD-10 
CUD(27). 
 Minica et al. reported 3 SNPs associated with cannabis initiation and 24 SNPs 
associated with the age of onset of cannabis use. Identified SNPs were found on 
chromosomes 5, 9, 18 and 19, with one SNP associated with cannabis initiation was 
found on the Zinc finger protein, ZNF181. All participants were of European descent and 
were selected from the Netherlands Twin Registry. Cannabis initiation was defined as 
ever/never having used cannabis while age of onset was determined by asking 
participants an open-ended question(29). 
 Pasman et al. conducted three independent GWASs in three separate cohorts, all 
of which included European participants: ICC, UKBiobank, and 23andMe. While results 
from 23andMe were unable to be shared due to privacy policies, the lead author kindly 
provided SNPs reaching borderline significance threshold with lifetime cannabis use for 
GWAS conducted in the ICC and UKBiobank cohort. One SNP in the ICC cohort and 18 
SNPs in the UKBiobank were associated with lifetime cannabis use, with no genes 
specified in either. Lifetime cannabis use was defined as any cannabis use during 
lifetime(9).  
 Sherva et al. identified 42 SNPs associated with DSM-IV cannabis dependence 
criteria count across 27 different genes/regions including INTS7, SNORA26, RPS20P10, 
PI4K2B, CSMD1, PSMB7, HABP2, MEFV, CST7, APMAP, ACSS1, snoU13, TPST2, 
SCN9A, CTA-445C9.15, CTA-445C9.14-CTA-4, SCN9A-SCN7A, ARL2BPP5-RP11-
541P9.3, RP11-755E23.3-CCDC67, SNORD11-RNU6-1014P, RP5-860P4.2-CST7, 
RNU6-1257P, APMAP-ACSS1, C9.15, RPS20P10-CYP26B1, PI4K2B-ZCCHC4, and 
CST7-APMAP. European and African American participants were selected from the Yale-
Penn Study, the SAGE study and the ICGHD cohorts(4). 

While no SNPs were reported within the same region not allowing further 
quantitative analysis, several phenotypic similarities exist across studies. Interestingly, 
two studies found that educational attainment was negatively associated with CUD(26,27) 
and a third found positive genetic correlations with educational attainment(9). Two 
studies found that cannabis dependence was significantly related to alcohol, nicotine, and 
cocaine dependence(4,26) with a third reporting a positive genetic correlation between 
lifetime cannabis use and smoking and alcohol use and dependence(9).  
 
3.2.3.5 Risk of bias across studies 

Outcomes assessed for GRADE include lifetime cannabis use, diagnosis of CUD, 
criterion count for CUD and age of onset of cannabis use. All outcomes included two 
studies except for age of onset of cannabis use which only included one study. The full 
GRADE table can be found in Table 5. All outcomes were rates as important, and no 
outcome was rated as having a “very serious” concern pertaining to any certainty criteria. 
Only the outcomes of diagnosis of CUD and criterion count for CUD had a serious rating, 
both of which were in the category of indirectness. Both of these outcomes were 
downgraded due to the use of different diagnostic criteria. More specifically, for the 
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outcome of diagnosis of CUD Agrawal et al. (2011) utilized the DSM-IV and Demontis 
et al. (2019) utilized the ICD-10 and for the outcome of criterion count of CUD Sherva et 
al. (2016) utilized the DSM-IV criteria and Agrawal et al. (2014) utilized a combination 
of DSM-IV and DSM-5 criteria. 
 
3.2.4 Discussion  

3.2.4.1 Summary of evidence  
In this review we identified 96 genetic variants to be associated with different 

measures of cannabis. Of these genetic variants, 18 reached the genome-wide significance 
threshold of p ≤ 5 x 10-8, all of which are available in Table 4. As no genetic variants 
included in this review were reported in more than one study, meta-analyses were not 
possible. However, of the genetic variants identified in this review, several are located on 
genes in which previous studies have reported associations with mental health, namely 
ANKFN1, INTS7, PI4K2B, CSMD1, CST7, ACSS1, and SCN9A.   

With cannabis being a legal substance, research on the benefits and harms of 
cannabis has been on the rise. However, a limited number of GWASs have been 
conducted on cannabis use to determine any genetic associations. This systematic review 
was able to qualitatively summarize findings from GWASs reporting borderline genome-
wide significance to aid in identifying SNPs that may be replicable in future studies. We 
have identified six eligible studies that reported independent GWAS results, one of which 
primarily focused on a GWAS meta-analysis. Of the included studies, only participants 
from European or African American ethnicities were included, suggesting a need for 
genetic studies being conducted in more diverse ethnic populations. All six studies 
reported at least one borderline significant SNP; however, no two studies identified the 
same SNP. SNPs were found to be associated with CUD, cannabis initiation, age of onset 
of cannabis use, DSM-IV cannabis dependence criteria count, or lifetime cannabis use on 
various gene regions. According to assessment using the Q-genie tool and GRADE tool, 
no study or outcome was deemed to be of poor quality. Additionally, with GWAS 
requiring a sample size of thousands of participants for adequate power, all studies met 
this threshold(30).  
 While the majority of genes identified in the included studies had either no known 
function or biological plausibility, and none had any additional associations with cannabis 
use, as mentioned above, several did have associations with mental health conditions and 
are discussed briefly, namely ANKFN1, INTS7, PI4K2B, CSMD1, CST7, ACSS1, and 
SCN9A. ANKFN1 is a protein coding gene which has been associated with smoking 
cessation and nicotine dependence(31). INTS7 is a component of the integrator complex, 
which is involved in the small nuclear RNA U1 and U2 transcriptions(32) and has been 
associated with bipolar temperament(31,33). PI4K2B contributes to the overall PI4-kinase 
activity of the cell(32) and is associated with attention deficit hyperactivity disorder 
(ADHD), logical memory and abnormality of neuronal migration(33). CSMD1 has been 
associated with behavioural disinhibition, schizophrenia, cognitive tests, chronic 
bronchitis, and bipolar disorder(31,33). CST7 is associated with alcohol consumption and 
myocardial infarction(31,33). ACSS1 catalyzes the synthesis of acetyl-CoA and has been 
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associated with performance on standardized cognitive tests and bitter alcoholic beverage 
consumption(31–33). SCN9A medicates the voltage-dependent sodium ion permeability 
of excitable membranes and plays a role in pain mechanisms, especially in the 
development of inflammatory pain(31). As it is known that cannabis can have a negative 
impact on learning, memory and chronic bronchitis, known relation to mental illness and 
suggested role in pain management, these regions may have implications in cannabis use 
despite having no clear known biological relevance(3,19).  
 Additionally, it is also important to highlight that genes identified in this review 
associated with cannabis use or CUD have also been associated with other 
neuropsychiatric disorders namely nicotine dependence, ADHD, bipolar disorder, 
schizophrenia, and alcohol consumption suggesting that the genetic risk for the 
development of these disorders may not be independent. Previously genetic associations 
have been found amongst schizophrenia, bipolar disorder, ADHD, depression, and autism 
spectrum disorder, with a high genetic correlation between schizophrenia and bipolar 
disorder and a moderate correlation between ADHD and depression, ADHD and autism 
spectrum disorder, and ADHD and depression(34). A recent GWAS meta-analysis added 
to the evidence on shared genetic associations amongst neuropsychiatric disorders by 
identifying that an increased risk of cannabis use disorder is genetically correlated with 
increased liability for smoking initiation, alcohol use, nicotine dependence, and 
psychiatric disorders (e.g. ADHD, schizophrenia, major depression)(35). These genetic 
correlations among neuropsychiatric disorders, including cannabis, could reflect genuine 
pleiotropy or could indicate these psychiatric disorders, including CUD, are not 
completely independent(34,35). As such, it is important to discuss the biological and 
individual factors that influence the development of neuropsychiatric disorders. 

Neuropsychiatric disorders are influenced by a range of factors, including 
genetics, personality/mood characteristics, psychological status, behaviour, 
neurocognitive functioning, and demographic characteristics(36,37). To begin, non-
specific to CUD, the prenatal environment, including prenatal nutrition, maternal stress, 
and maternal substance abuse, can impact brain development and therefore the 
behavioural outcome of children. Potential mechanisms through which the prenatal 
environment can impact brain development occurs on multiple levels including genetic 
selection, epigenetic modification, mediation of brain-immune communications, 
abnormal metabolism pathways, synthetic mediation of hormones and the hypothalamic-
pituitary-adrenal axis, and mediation of the microbiota-gut brain axis(37). Furthermore, 
nutritional deficiency during critical stages of pregnancy has been linked to emotional and 
behavioural problems in children including decreased attention, decreased IQ, language 
delay, and neurodevelopment and related neuropsychiatric disorders(37–39). More 
specifically, prenatal malnutrition has been linked to an increased risk of schizophrenia 
during the 1944-1945 Dutch Hunger Winter and the 1959-1961 Chinese famine. 
Additionally, a “U” relationship between serum 12(OH)D concentration and emotion, 
behaviour and attention has been found(38,40). Interestingly, the hippocampus, which 
plays an important role in learning and memory, has been suggested to be sensitive to the 
exposure of prenatal nutrition deficiency(39,41). The hippocampus has also been proven 
to be crucial in the pathophysiology of many neuropsychiatric disorders, in which the 
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changes result from alerted brain development(41). Maternal stress has been associated 
with poor offspring outcomes including cognition, health and educational attainment, 
however methodological challenges exist leading to potential misattribution of socially 
mediated (i.e. postnatal parenting) mechanisms to biological ones (i.e. alterations to 
developing fetal brain)(42,43). Finally, prenatal exposure to alcohol and other substances 
has been increasingly common and the consequence of the exposure differs depending on 
the substance used. Alcohol, tobacco, cannabis and opioids are among the most frequent 
used substances during pregnancy and offspring outcomes may include birth defects, 
developmental disability, fetal alcohol syndrome, childhood obesity, decreased birth 
weight, poor inhibitory control and other organ deficits(44). Thus, many neuropsychiatric 
disorders appear to result from interactions among genetic background, the prenatal 
environment and postnatal lifestyle choices(45,46). Given the known association between 
deficits within the prenatal environment and other neuropsychiatric disorders it is 
plausible to suggest that the prenatal environment and subsequential gene expression may 
play a role in future cannabis use and/or CUD. 

As previously mentioned, a variety of factors contribute to the complex etiology 
of neuropsychiatric disorders such as epigenetic modification. Epigenetic modifications 
that can regulate gene expression include DNA methylation, nucleosomal structure and 
positioning, post-translational modification of nucleosome histones, histone replacement 
and small RNA molecules that influence protein production(47). The most studied form 
of epigenetic modification is DNA methylation, which can be influenced by a range of 
factors including genetic factors, disease, environmental exposures, and lifestyle. DNA 
methylation changes can be either persistent or reversible once the exposure is no longer 
present, adding value for biomarker development(48). How cannabis, THC and other 
exogenous cannabis receptor modulators alter epigenetic mechanisms have been 
previously reviewed(47). Relatively little is known about the molecular pathways 
influenced by cannabis, however, one study identified 13 proteins, 3 metabolites and 2 
lipids significantly associated with a metabolite of THC and another found acute effects 
of cannabis or THC on the central nervous system and heart rate(49,50). In addition to 
DNA methylation, post-transcriptional chemical medication of RNA is rapidly emerging 
as a key role in regulating gene expression, known as epitranscriptomics(51). Of growing 
interest within this felid is N4-acetylcytidine (ac4C), a key role in the transcriptional 
translation process. ac4C has been implicated in the occurrence of various disease such as 
inflammation, metabolic diseases, autoimmune diseases, and cancer(52). While the role 
ac4C may play in neuropsychiatric disorders remains unknown, it is important to consider 
the role epitransciptomics plays in the gene expression with normal development.  
 Current knowledge on cannabis has demonstrated that cannabis can induce 
structural changes to brain regions including the hippocampus, amygdala, cerebellum, 
prefrontal cortex and striatum as well as grey matter volume(53–55). Potential pre-
existing neurobiological factors may exist in cannabis use as well as gene x drug 
interactions. For instance, in young teens, reduced orbitofrontal cortex volume has been 
found to predict initiation of cannabis use in later adolescence. The G allele of rs2023239 
of CNR1 is linked with higher cortical CBR1 and is associated with smaller hippocampal 
volume in chronic cannabis users, but not healthy controls and findings that suggest only 
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individuals with a high genetic risk of schizophrenia experience a negative impact on 
cortical maturation during early adolescence thus suggestive of gene x drug 
interactions(56–58). In addition, functional MRI evidence suggest specific brain activity 
signatures with cannabis use such as increased functional connectivity associated with the 
default node network and insula networks and hippocampal and parahippocampal atrophy 
have been associated with chronic cannabis use(59,60). However, neuroimaging studies 
of cannabis users have yielded inconsistent findings and may reflect individual 
differences that preceded cannabis use. The inconsistent findings in the literature 
highlight the need for large longitudinal studies utilizing before-and-after cannabis use 
neuroimaging(61). Taken together, it is plausible that structural differences in brain 
regions could be influenced by genetic differences between individuals, explaining the 
mixed evidence within neuroimaging. Further research is required to determine the 
complex interactions amongst individual genetic predispositions, prenatal environment, 
and postnatal environment contributing to individual cannabis use behaviour and/or the 
development of CUD. Understanding the genetic predispositions is one piece of the 
puzzle in understanding the complex development of cannabis use and CUD.  
 Finally, it is important to consider the shared genetic basis of other substance use 
disorders. Heritability estimates across substance use disorders vary, with heritability 
lowest for hallucinogens (0.39) and highest for cocaine use (0.72)(62,63). Additionally, 
substance use disorders are the result of gene x environment interactions, with partial risk 
inborn and another part determined by environmental experiences(62). Previous reviews 
have summarized the literature on GWASs for various substance use disorders including 
alcohol use disorder, nicotine use disorder, CUD, OUD, and cocaine use disorder. 
However, genetic studies within specific substance use disorders have had varying 
success in replicating previously identified associations, limiting evidence for shared 
genetic basis across substance use disorders(63,64). The complexity of substance use 
disorder make genetic prediction efforts difficult, and while currently only alcohol use 
disorder have been genetically correlated with CUD, continued advancements in 
molecular genetic studies and substance use disorder at larges further our understanding 
of the biological pathways underlying substance use disorders(9,63,65). For instance, 
CNR1 and CNR2, components of the endocannabinoid system, are major targets of 
investigation for their impact in neuropsychiatry and addiction phenotypes suggested 
shared genetic risk factors(66,67). In regards to neuropsychiatric disorders, Mendelian 
randomization studies have found mixed evidence on the causal effect of cannabis 
initiation and schizophrenia, finding weak evidence that cannabis initiation increases 
schizophrenia risk and strong evidence that schizophrenia liability increases the odds of 
cannabis initiation, and causal evidence of ADHD on cannabis initiation(68–72). Through 
continued advances, it is hoped that the underlying genetic basis for CUD, or a shared 
genetic basis for all substance use disorders, will be identified to provide preventative 
measures and treatment for substance use disorders in the future.  
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3.2.4.2 Limitations  
 While this systematic review was rigorous and involved a peer-reviewed protocol, it 
is not without limitations. First, our inclusion criteria limited our review to only GWASs, 
meaning any GWAS meta-analyses and candidate gene studies were excluded. GWAS 
meta-analyses and candidate gene studies are often more powered due to their larger 
sample sizes and minimal genetic variants tested, respectfully(11). However, including 
only GWASs was decided a priori to capture novel genetic variants associated with 
cannabis use and avoid the inclusion of multiple studies which could use the same genetic 
dataset. Second, it is important to note that this review is susceptible to publication bias, 
as studies that do not achieve genome-wide significance may be less likely to be 
published, and thus, not included in this review. Unpublished GWAS findings may exist 
with SNPs reaching the borderline significance threshold. While we cannot eliminate 
publication bias entirely, we searched abstracts, GWAS catalogs, and databases for any 
near significant findings that were not published. If a relevant abstract was identified, 
without the full study published, the first author was contacted to determine whether the 
full GWAS had been published or was going to be submitted to a journal. Finally, if a 
study met our inclusion criteria but did not report any SNPs that fell below the genome-
wide significance threshold, study authors were contacted to confirm if any SNPs had 
reached the borderline significant threshold set for this review. Third, due to the 
heterogeneity of the reported findings, it was not possible to conduct a meta-analysis or 
sex and ethnicity subgroup analyses. Although we could not conduct a meta-analysis, we 
qualitatively summarized the studies and reported a comprehensive list of all SNPs 
reaching the significance threshold for this study. 
 
3.2.5  Conclusions  

This systematic review was able to summarize GWAS findings within the field of 
cannabis use. The results can inform future candidate gene studies and GWASs of 
possible replicable SNPs that require further investigation. We were able to identify all 
GWASs conducted on cannabis use, highlighting the need for further research as no two 
GWASs reported the same SNP or gene associated with cannabis use. Further, included 
GWASs had limited ethnic diversity, with only European or African American 
participants. Recommendations are made for future research to replicate reported 
associations and include diverse ethnic populations to test whether SNPs associated with 
cannabis use reported are generalizable across study populations and if associations differ 
by ethnicity. 
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3.2.6 List of Abbreviations 
GWAS: Genome-wide Association Study 
CUD: Cannabis Use Disorder 
GWASs: Genome-wide Association Studies 
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
HuGeNET: The Human Genome Epidemiology Network 
PROSPERO: International Prospective Register of Systematic Reviews 
DSM: Diagnostic and Statistical Manual 
ICD-10: International Statistical Classification of Diseases and Related Health Problems -
10 
Q-Genie: The quality of genetic association studies 
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3.2.9 Tables 
Table 1. Search strategy 

OVID MEDLINE 1. Genome-Wide Association Study/ 
2. Genotyping Techniques/ 
3. Genome, Human/ 
4. Genetic Variation/ 
5. genetics/ or exp human genetics/ 
6. (human* adj2 (genotyp* or genome* or genetic*)).ti,ab,kw,kf. 
7. (GWS or GWAS or GWA).mp. 
8. genome wide.ti,ab,kw,kf. 
9. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 
10. exp Cannabis/ 
11. ((cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or 

kush* or weed* or pot* or THC* or CBD*) adj2 (overdose* or use* or 
using or misuse* or abus* or dependence* or addict*)).ti,ab,kw,kf. 

12. 10 or 11  
13. 9 and 12 
14. Limit 13 to humans 

Web of Science 1. TS=(genome-wide association study or genome-wide association or GWAS or 
GWA or genome wide) 

2. TS=(human NEAR/2 genome) 
3. TS=(( cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or 

kush* or weed* or pot* or THC* or CBD*) NEAR/2  (overdose* or use* or 
using or misuse* or abus* or dependence* or addict*))  

4. TS=(cannabis* or marijuana* or marihuana*) 
5. #1 OR #2 
6. #3 OR #4 
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7. #5 and #6 

OVID EMBASE 1. Genome-Wide Association Study/ 
2. Genotyping Techniques/ 
3. Genome, Human/ 
4. Genetic Variation/ 
5. genetics/ or exp human genetics/ 
6. (human* adj2 (genotyp* or genome* or genetic*)).ti,ab,kw. 
7. (GWS or GWAS or GWA).mp. 
8. genome wide.ti,ab,kw. 
9. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 
10. exp Cannabis/ 
11. ((cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or kush* or 

weed* or pot* or THC* or CBD*) adj2 (overdose* or use* or using or misuse* 
or abus* or dependence* or addict*)).ti,ab,kw. 

12. 10 or 11  
13. 9 and 12 
14. Limit 13 to human 

EBSCOHost CINAHL 1. genome-wide association study or genome-wide association or GWAS or GWA 
or genome wide or genome 

2. cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or kush* or 
weed* or pot* or THC* or CBD*)  

3. overdose* or use* or using or misuse* or abus* or dependence* or addict* 
4. S2 and S3 
5. S1 and S4  
6. Limit to Human  

GWAS Catalog Terms Searched: 

- Cannabis 
- Cannabis dependence 
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- Marihuana 
- Marijuana 
- Cannabinoids 
- Hash 
- Kush 
- Weed 
- Pot 
- THC 
- CBD  

GWAS Central Terms Searched: 
- Cannabis 
- Cannabis dependence 
- Marijuana 
- Marihuana 
- Cannabinoids 
- Hash 
- Kush 
- Weed 
- Pot 
- THC 
- CBD  

NIH Database of Genotypes and 
Phenotypes 

Terms Searched: 

- Cannabis 
- Cannabis dependence  
- Marijuana 
- THC 
- Marihuana 
- Cannabinoids 
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- Hash 
- Kush 
- Weed 
- Pot 
- CBD 
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Table 2. Individual Study Characteristics 

First 
Author 
Last 
Name, 
Year 

Title of Publication Study Design Cohort used  Sample 
Size 

% 
Male 

Mean 
age 

Ethnicity Outcome of 
interest 

Agrawal, 
2011 

A Genome-wide 
Association Study 
of DSM-IV 
Cannabis 
Dependence 

Case-Control SAGE 3054 NR 39.00 2019 
European-
Americans, 
1035 African 
Americans 

Life-time 
history of 
DSM-IV 
cannabis 
dependence, 
modified to 
included 
cannabis 
withdrawal 

Agrawal, 
2014 

DSM-5 Cannabis 
Use Disorder: A 
Phenotypic and 
Genomic 
Perspective 

Case-control SAGE 3053 49% 38.10 2018 
European-
Americans, 
1035 African 
Americans 

DSM-5 
cannabis use 
disorder factor 
scores 

Demontis, 
2019 

Genome-wide 
association study 
implicates 
CHRNA2 in 
cannabis use 
disorder 

Case-cohort iPSYCH CUD: 
2387 
Control: 
48985 
Total: 
51372 

NR CUD: 
24.77 
Control: 
22.67 

European International 
Statistical 
Classification 
of Disease and 
Related Health 
Problems, 10th 
revision (ICD-
10) diagnosis 
reflecting 
problematic 
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and persistent 
use of cannabis 

Minica, 
2015 

Heritability, SNP- 
and Gene-Based 
Analyses of 
Cannabis Use 
Initiation and Age 
at Onset 

Cohort Netherlands 
twin registry 

6744 39.1% 39.09 European Self-reported 
use of cannabis 
ever in lifetime 
and self-
reported age of 
onset of 
cannabis use 

Pasman, 
2018 

GWAS of lifetime 
cannabis use 
reveals new risk 
loci, genetic 
overlap with 
psychiatric traits, 
and a causal effect 
of schizophrenia 
liability 

Cohort ICC study 35297 44.3% 35.7 European Any cannabis 
use within 
lifetime 

UK Biobank 126785 43.7% 55 
23andMe 22683 NR NR 

Sherva, 
2016 

Genome-wide 
Association Study 
of Cannabis 
Dependence 
Severity, Novel 
Risk Variants, and 
Shared Genetic 
Risks 

Cohort/Case-
cohort 

Yale-Penn, 
SAGE, 
ICGHD 

14754 53.4%  39.24 8754 
European-
American, 
6000 African 
American 

Criterion count 
for DSM-IV 
Cannabis 
Dependence 
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Table 3. Q-genie scores 

First Author 
Last Name, 
Year 

Reported conflicts of interest Reported study limitations Q-Genie Score Quality 
Assessment 

Agrawal, 2011 Drs. LJ Bierut, J. Rice, A. Goate 
and S Saccone are listed as 
inventors on the patent "Markers 
for Addiction" (US 20070258898): 
covering the use of certain SNPs in 
determining the diagnosis, 
prognosis, and treatment of 
addiction. Dr. Bierut has acted as a 
consultant for Pfizer, Inc. in 2008. 
All other authors report no 
competing interests. 

• SAGE study was ascertained for 
alcohol dependence led to a high level 
of comorbidity in the cannabis 
dependent cases and exposed controls 

• Use of controls with other forms of 
substance dependence but not 
cannabis dependence protected 
against signals that may have been 
less specific 

• Power computations revealed that 
minor allele frequencies ranging from 
15-40% association signals with odds 
ration exceeding 1.45 were able to be 
detected 

53 Good 
Quality 

Agrawal, 2014 Laura J. Bierut is listed as an 
inventor on Issued U.S. Patent 
8,080,371,“Markers for Addiction” 
covering the use of certain SNPs in 
determining the diagnosis, 
prognosis, and treatment of 
addiction. 

• The sample was ascertained from 
three family studies of substance use 
disorders for the express purpose of 
identifying genetic variants for 
alcoholism, nicotine and cocaine 
dependence and related pathology 

• Differences in DSM-IV and DSM-5 
criteria leading to different 
assessments of withdrawal and 
diagnosis of CUD across study 
populations 

55 Good quality 
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Demontis, 2019 T. Werge has been a lecturer and 
advisor to H. Lundbeck A/S. T.E. 
Thorgeirsson, D.F. Gudbjartsson, 
G.W. Reginsson, H. Stefansson 
and K. Stefansson are employees 
of deCODE genetics/Amgen. 

• None reported 57 Good quality 

Minica, 2015 None • No statistically significant GWAS 
findings that pass the threshold 
p<1.0x10-8 

49 Moderate 
quality 

Pasman, 2018 P.F., S.L.E. and members of the 
23andMe Research Team are 
employees of 23andMe Inc. 
J.A.R.-Q. was on the speakers’ 
bureau and/or acted as consultant 
for Eli Lilly, Janssen- Cilag, 
Novartis, Shire, Lundbeck, 
Almirall, BRAINGAZE, Sincrolab 
and Rubió in the last 5 years. He 
also received travel awards (air 
tickets and hotel) for taking part in 
psychiatric meetings from Janssen-
Cilag, Rubió, Shire and Eli Lilly. 
The Department of Psychiatry 
chaired by him received 
unrestricted educational and 
research support from the 
following pharmaceutical 
companies in the last 5 years: Eli 
Lilly, Lundbeck, Janssen- Cilag, 
Actelion, Shire, Ferrer and Rubió. 

• Lifetime cannabis was analyzed as a 
single dichotomous measure 
combining experimental and regular 
users in a single group 

• The power of some analyses may 
have been limited 

52 Good quality 

Sherva, 2016 Dr Kranzler reports being a • One of the significant SNPs identified 52 Good quality 
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consultant or an advisory board 
member for Alkermes, Indivior, 
Lundbeck, and Otsuka (unrelated 
to the present study) and being a 
member of the American Society 
of Clinical Psychopharmacology’s 
Alcohol Clinical Trials Initiative, 
which is supported by AbbVie, 
Ethypharm, Lilly, Lundbeck, and 
Pfizer. No other disclosures were 
reported. 

(rs143244591 on chromosome 3) has 
little supportive evidence for 
association from other SNPs in the 
region 

• None of the GWAS SNPs identified 
in the full GWAS analysis are rare 

• Lack of evidence of associations in 
both the European American and 
African American participants 

• The Yale-Penn samples who 
underwent genotyping on the 
HumanOmni1-Quad and Human Core 
Exome chips showed more consistent 
results than the corresponding SAGE 
population 

• The cohorts used have higher rates of 
polysubstance dependence than the 
general population and may not be 
generalizable to individuals who only 
use cannabis 
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Table 4. SNPs reaching borderline significance threshold 

First 
Author 
Last 
Name, 
Year 

Outco
me 
associat
ed with 
SNP 

Buil
d 

SNP 
IDs 

Chr:P
os 

Allele
s 

Minor 
Allele 

Gene 
or 
Locus 

MAF N Meas
ure of 
Assoc
iation 
type 

Meas
ure of 
Assoc
iation 
value 

Measur
e of 
Variabi
lity 

Mea
sure 
of 
Vari
abili
ty 
valu
e 

p-
value 

Ethn
icity 

Agrawa
l, 2011 

DSM-
IV 

cannabi
s 

depend
ence 

hg18 rs101
9238 

17   ANK
FN1 

EA=0
.4, 
AA=0
.1 

3054 OR 1.453 95% CI 1.25
4 - 
1.68
2 

6.1E-
07 

AA 
& 
EA 

rs143
1318 

17   ANK
FN1 

EA=0
.44, 
AA=0
.25 

3054 OR 0.708 95% CI 0.61
6 - 
0.81
2 

9.14E
-07 

AA 
& 
EA 

Agrawa
l, 2014 

Cannab
is use 
disorde
r factor 
scores 
from 12 
DSM 
IV + 5 
criteria 

hg18 rs436
4205 

3  T  0.41 1035 β -0.19 95% CI -
0.26
- (-
0.12
) 

1.3E-
07 

AA 

Demon
tis, 
2019 

Cannab
is use 

disorde
r 

hg19 rs563
72821 

8 A/G A  0.163 5137
2 

OR 0.728   9.31E
-12 

EA 

rs473
2724 

8 C/G C  0.324 5137
2 

OR 0.82   1.34E
-08 

EA 
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rs655
8008 

8 A/C A  0.755 5137
2 

OR 1.237   2.45E
-08 

EA 

rs732
29090 

8 A/C A  0.11 5137
2 

OR 0.702   7.41E
-10 

EA 

rs937
220 

8 A/G A  0.259 5137
2 

OR 0.825
8 

  2.46E
-07 

EA 

Minica, 
2015 

Cannab
is 

initiatio
n 

GR
Ch3
7 

rs354
87050 

19:35
22122
8 

C/T  ZNF1
81 

 6744 β 0.81 SE 0.16 1.68E
-07 

E 

rs359
17943 

19:35
14718
3 

C/A   <0.05 6744 β 0.77 SE 0.15 1.62E
-07 

E 

rs357
60174 

19:35
22158
2 

C/G    6744 β 0.76 SE 0.15 7.04E
-07 

E 

Age of 
onset of 
cannabi

s use 

rs142
32406
0 

5:954
25757 

G/A   <0.05 5148 β 0.68 SE 0.11 7.66E
-08 

E 

rs785
05392 

5:954
22966 

C/G    5148 β 0.58 SE 0.1 2.16E
-07 

E 

rs120
03072 

9:867
71161 

A/C    5148 β 0.52 SE 0.09 3.04E
-07 

E 

rs770
97806 

5:954
56735 

A/G    5148 β 0.56 SE 0.1 3.54E
-07 

E 

rs687
9646 

5:954
50187 

A/G    5148 β 0.57 SE 0.1 3.61E
-07 

E 

rs461
3744 

5:954
51494 

C/T    5148 β 0.55 SE 0.1 5.07E
-07 

E 

rs602
18730 

5:954
92765 

G/T    5148 β 0.59 SE 0.11 5.98E
-07 

E 
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rs743
05417 

9:867
79774 

C/G    5148 β 0.52 SE 0.09 6.2E-
07 

E 

rs142
98106
9 

18:58
82602
2 

G/A    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs123
86084 

18:58
82714
5 

C/G    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs117
91893
6 

18:58
82832
3 

G/A    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs216
0801 

18:58
82902
4 

T/A    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs145
42417
3 

18:58
82959
7 

T/C    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs117
53840
9 

18:58
83094
2 

G/C    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs178
17245 

18:58
83213
5 

A/G    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs140
20680
9 

18:58
83321
5 

A/G    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs117
69271
2 

18:58
83450
6 

T/G    5148 β 0.47 SE 0.09 7.25E
-07 

E 
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rs178
17423 

18:58
83546
2 

C/T    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs991
6935 

18:58
83593
1 

T/C    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs192
01360
4 

18:58
83832
4 

T/C    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs117
47164
0 

18:58
83840
2 

A/G    5148 β 0.47 SE 0.09 7.25E
-07 

E 

rs784
56402 

9:867
81900 

C/A    5148 β 0.5 SE 0.09 9.09E
-07 

E 

rs119
98981 

9:867
83107 

T/C    5148 β 0.5 SE 0.09 9.09E
-07 

E 

rs792
36058 

5:954
78830 

G/A    5148 β 0.57 SE 0.1 9.59E
-07 

E 

Pasman
, 2018 

Lifetim
e 

cannabi
s use 

hg19 rs760
9594 

3:854
82595 

G/A A CAD
M2 

0.38 1267
85 

β 0.068 SE 0.01 5.86E
-11 

E 

rs409
9556 

4:370
67936 

G/A A MIR4
801 

0.176 1267
85 

β -0.079 SE 0.01
3 

3.56E
-09 

E 

rs786
80891 

3:510
28954 

C/G C  0.002
299 

1265
74 

β -
0.524

73 

SE 0.10
6473 

8.30E
-07 

E 

rs207
1704 

4:324
0159 

C/T C  0.419
929 

1259
53 

β -
0.049

74 

SE 0.01
0162 

9.83E
-07 

E 
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rs765
65656 

7:148
04845
3 

G/A G  0.122
539 

1249
18 

β -
0.079

74 

SE 0.01
5258 

1.73E
-07 

E 

rs430
8708 

8:767
02058 

A/C A  0.041
699 

1261
93 

β -
0.136

28 

SE 0.02
5107 

5.70E
-08 

E 

rs108
83796 

10:10
46553
15 

G/A G  0.296
441 

1264
44 

β -
0.056

38 

SE 0.01
0951 

2.62E
-07 

E 

rs111
86071 

10:91
96933
7 

G/A G  0.004
168 

1267
11 

β -
0.909

07 

SE 0.18
524 

9.22E
-07 

E 

rs112
14441 

11:11
28467
13 

T/A T  0.394
257 

1267
61 

β -
0.053

54 

SE 0.01
0263 

1.82E
-07 

E 

rs544
2 

12:69
54864 

G/A G  0.066
921 

1267
85 

β -
0.096

22 

SE 0.01
9181 

5.27E
-07 

E 

rs754
48266 

12:67
98632 

A/C A  0.084
049 

1256
72 

β -
0.094

4 

SE 0.01
7746 

1.04E
-07 

E 

rs170
83392 

13:69
02655
9 

A/G A  0.004
286 

1267
45 

β -
1.609

24 

SE 0.31
77 

4.08E
-07 

E 

rs201
9135 

13:69
03432
3 

T/C T  0.004
267 

1267
72 

β -
1.760

61 

SE 0.32
3766 

5.39E
-08 

E 

rs201
9150 

13:69
03418
8 

C/A C  0.004
262 

1267
71 

β -
1.760

61 

SE 0.32
3766 

5.39E
-08 

E 
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rs677
755 

13:69
04143
8 

T/C T  0.004
86 

1267
60 

β 1.426 SE 0.29
0601 

9.24E
-07 

E 

rs746
32168 

13:69
04895
4 

C/T C  0.004
056 

1267
72 

β -
1.720

62 

SE 0.31
9014 

6.91E
-08 

E 

rs265
0494 

16:28
31844
0 

A/G A  0.414
312 

1242
86 

β -
0.052

59 

SE 0.01
0223 

2.68E
-07 

E 

rs325
363 

18:38
33129
5 

G/A G  0.229
965 

1266
24 

β 0.059
212 

SE 0.01
1689 

4.07E
-07 

E 

rs449
2854 

11:11
29835
34 

C/T C  0.436
3 

3036
6 

β 0.111
3 

SE 0.02
1251 

1.63E
-07 

E 

Sherva, 
2016 

DSM-
IV 

cannabi
s 

depend
ence 

criteria 
count 

GR
Ch3
7 

 -  1:212
18311
4:I 

  INTS
7 

 1250     2.05E
-07 

AA 

rs141
48222
8 

   INTS
7 

 1250     8.84E
-10 

AA 

rs773
49458 

   SNO
RA26,
INTS
7 

 1250     1.57E
-07 

AA 

rs774
48142 

   RPS2
0P10,
RPS2
0P10-
CYP2
6B1 

 1250     2.13E
-07 

AA 
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 -  2:167
23981
8:D 

  SCN9
A-
SCN7
A 

 4750     7.43E
-07 

AA 

rs313
542 

   PI4K2
B 

 2640     7.12E
-10 

EA 

rs768
9780 

   PI4K2
B,PI4
K2B-
ZCC
HC4 

 2640     4.63E
-07 

EA 

rs733
23306 

   ARL2
BPP5-
RP11-
541P9
.3 

 4750     7.61E
-09 

AA 

rs783
2545 

   CSM
D1 

 2640     3.61E
-10 

EA 

3.02E
-07* 

rs773
78271 

   CSM
D1 

 2640     5.30E
-10 

EA 

6.69E
-07* 

rs757
21860 

   CSM
D1 

 2640     2.75E
-09 

EA 

rs785
3028 

   PSM
B7 

 1250     8.94E
-09 

AA 

rs464
3011 

   HAB
P2 

 1250     7.21E
-07 

AA 
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rs116
47404
2 

   RP11-
755E2
3.3-
CCD
C67 

 4750     3.81E
-07 

AA 

rs189
16703
8 

   SNO
RD11
-
RNU6
-
1014P 

 1250     2.64E
-09 

AA 

rs142
16241
5 

   SNO
RD11
-
RNU6
-
1014P 

 1250     1.88E
-08 

AA 

rs117
04781
0 

   SNO
RD11
-
RNU6
-
1014P 

 1250     5.68E
-08 

AA 

rs114
66037 

   MEF
V 

 1250     8.08E
-07 

AA 

rs183
56857
8 

   MEF
V 

 1250     5.62E
-07 

AA 

   RP5-
860P4

 1250     2.13E
-07 

AA 
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rs114
26999
2 

.2-
CST7 

1.63E
-07* 

rs114
62052
9 

   RP5-
860P4
.2-
CST7 

 1250     2.15E
-07 

1.61E
-07 

AA 

rs116
62908
4 

   RP5-
860P4
.2-
CST7 

 1250     1.70E
-07 

AA 

1.27E
-07* 

rs115
38451
2 

   RP5-
860P4
.2-
CST7 

 1250     8.91E
-08 

AA 

7.19E
-08* 

rs147
64166
2 

   CST7,
RP5-
860P4
.2-
CST7 

 1250     8.87E
-08 

AA 

7.13E
-08* 

rs191
78314
4 

   CST7,
RP5-
860P4
.2-
CST7 

 1250     8.81E
-08 

AA 

7.07E
-08* 

rs146
80633
8 

   CST7,
RP5-
860P4
.2-
CST7 

 1250     8.80E
-08 

AA 

7.03E
-08* 
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rs114
82872
7 

   CST7,
APM
AP,C
ST7-
APM
AP  

 1250     9.01E
-08 

AA 

6.92E
-08* 

rs114
12800
2 

   APM
AP 

 1250     8.06E
-08 

AA 

6.33E
-08* 

rs115
34271
1 

   RNU6
-
1257P
,APM
AP  

 1250     2.54E
-07 

AA 

1.15E
-07* 

 -  20:24
95542
2:I 

  RNU6
-
1257P
,APM
AP  

 1250     2.54E
-07 

AA 

1.15E
-07* 

rs115
76444
0 

   APM
AP 

 1250     2.33E
-07 

AA 

9.03E
-08* 

rs116
06833
5 

   APM
AP-
ACSS
1 

 1250     1.66E
-07 

AA 

5.62E
-08* 
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rs114
63714
2 

   ACSS
1,AP
MAP-
ACSS
1 

 1250     9.15E
-08 

AA 

rs114
07190
1 

   ACSS
1 

 1250     1.06E
-07 

AA 

rs113
23274
2 

   ACSS
1 

 1250     8.82E
-08 

AA 

rs114
19992
8 

   ACSS
1 

 1250     8.42E
-08 

AA 

rs114
83636
4 

   ACSS
1 

 1250     8.23E
-08 

AA 

rs116
66936
8 

   ACSS
1 

 1250     5.08E
-08 

AA 

rs145
37993
4 

   ACSS
1 

 1250     3.96E
-08 

AA 

rs143
02022
5 

2:167
21471
4 

G/A G snoU1
3,SC
N9A 

0.95 4750     5.85E
-07 

AA 

- chr22:
26917
069:I 

  C9.15
,TPST
2,CT
A-
445C

 2640     3.15E
-10 

EA 
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9.14-
CTA-
4 

rs414
9485 

   TPST
2,CT
A-
445C
9.15 

 2640     2.24E
-10 

EA 

*Adjusted for the DSM-IV criteria counts for alcohol, cocaine, and opioid dependence  
AA=African American, EA=European American, E=European 
Bold type indicates variants for which the p value reached genome-wide significance (p ≤ 5 x 10-8) 
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Table 5. GRADE Assessment 

№ of 
studies 

Certainty assessment Effect Certainty Importance 

Study design Risk of 
bias 

Inconsistency Indirectness Imprecision Other 
considerations 

№ of 
events 

№ of 
individuals 

Rate 
(95% 

CI) 

Cannabis use in lifetime 

2  observational 
studies  

not 
serious  

not serious  not serious  not serious  
    

-  IMPORTANT  

Diagnosis of cannabis use disorder 

2  observational 
studies  

not 
serious  

not serious  serious a not serious  
    

-  IMPORTANT  

Criterion count of cannabis use disorder  

2  observational 
studies  

not 
serious  

not serious  serious a not serious  
 

-  
  

-  IMPORTANT  

Age of onset of cannabis use 

1  observational 
studies  

not 
serious  

not serious  not serious  not serious  
 

-  
  

-  IMPORTANT  

Explanations 
a. Different diagnostic classification  
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4 CHAPTER 4 

4.1 Genetics of cannabis use in opioid use disorder: A Genome-Wide Association 
Study and Polygenic Risk Score study 

Authors & Affiliations 
Alannah Hillmer1, Caroul Chawar2, Amel Lamri3, Jacqueline Hudson4, Flavio 
Kapczinski5, Luciano Minuzzi6, David C. Marsh7, Lehana Thabane8, Zainab Samaan9* & 
Andrew D. Paterson10* 
 
1. Neuroscience Graduate Program; Department of Psychiatry and Behavioural 
Neurosciences; McMaster University; 100 West 5th St., Hamilton, ON, L8N 3K7; 
hillmea@mcmaster.ca 
2. MEND Research Lab; Department of Psychiatry and Behavioural Neurosciences; 
McMaster University; 100 West 5th St., Hamilton, ON, L8N 3K7; 
caroulchawar@gmail.com 
3. Population Health Research Institute, Hamilton, ON, Canada; Department of Health 
Research Method, Evidence, and Impact, McMaster University, Hamilton, ON, Canada; 
lamria@mcmaster.ca  
4. Department of Psychiatry and Behavioural Neurosciences; McMaster University; 100 
West 5th St., Hamilton, ON, L8N 3K7; jhudson@mcmaster.ca 
5. Professor Emeritus, McMaster University, Hamilton, ON, Canada; Faculty of Medical 
Sciences, Universidade Federal do Rio Grande do Sol, Porto Alegre, Brazil; 
flavio.kapczinski@gmail.com 
6. Department of Psychiatry and Behavioural Neuroscience; McMaster University; 100 
West 5th St., Hamilton, ON, L8N 3K7; minuzzi@mcmaster.ca 
7. Canadian Addiction Treatment Centres; Northern Ontario School of Medicine; 935 
Ramsey Lake Rd., Sudbury, ON, P3E 2C6; dmarsh@nosm.ca  
8. Department of Health Research Method, Evidence & Impact; 1280 Main St. W., 
Hamilton, ON, L8S 4L8; thabanl@mcmaster.ca 
9. Department of Psychiatry and Behavioural Neurosciences; McMaster University; 100 
West 5th St., Hamilton, ON, L8N 3K7; samaanz@mcmaster.ca 
10. Program in Genetics and Genome Biology, The Hospital for Sick Children; Divisions 
of Biostatistics and Epidemiology, Dalla Lana School of Public Health; University of 
Toronto; 686 Bay Street, Toronto, Ontario Canada M5G 0A4; 
andrew.paterson@sickkids.ca 
 
*Corresponding Authors:  
Dr. Zainab Samaan (responsible for phenotype and study methods) 
100 West 5th St., Hamilton, ON L8N3K7, Canada 
Telephone: 905-522-1155 ext. 35448 
Fax: 905-381-5629 
 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 62 

Dr. Andrew Paterson (responsible for genotype analysis and methods) 
686 Bay Street, Toronto, ON M5G0A4, Canada 
Telephone: 416-813-6994 
Fax: 416-813-2150 
 
 
  



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 63 

4.1.1 Abstract  
Background: Trends in cannabis use rates have increased in the Canadian population 
from 14.0% to 16.7% between 2018-2019. Further, individuals living with an Opioid Use 
Disorder (OUD) have increased rates of cannabis use in comparison to the general 
population. Research on the short- and long-term impacts of cannabis use in OUD 
patients, including its use as a harm reduction strategy, has been inconclusive. A genetic 
component may contribute to cannabis dependence; however, replication of findings has 
been inconsistent.  
Objectives: This study aims to explore novel genetic variants associated with cannabis 
use through Genome-wide Association Study (GWAS) methods and to investigate genetic 
variants previously associated with cannabis use in a novel sample through a Polygenic 
Risk Score (PRS). 
Methods: Participants were recruited from the GENetics of Opioid Addiction (GENOA) 
and the Pharmacogenetics of Opioid Substitution Treatment (POST) studies. The study 
outcomes of interest are: regular cannabis use (yes/no) (n= 2616) and heaviness of 
cannabis use (product of number of days used within a 30-day period and typical amount 
in grams) (n= 1293). Logistic and linear regressions were preformed, respectively, to test 
the association between each outcome, regular cannabis use and heaviness of cannabis 
use. GWAS summary statistics from a recent large GWAS meta-analysis investigating 
cannabis use disorder were used to conduct a polygenic risk score.  
Results: Results from the GWASs indicated no genome-wide significant associations, 
however, rs1813412 on chromosome 17 for regular cannabis use and rs62378502 on 
chromosome 5 for heaviness of cannabis use were approaching genome-wide 
significance. Both SNPs approaching genome-wide significance were found to be 
significant (p<0.05) within both males and females when analyzed separately, however 
sex did not modify the association. The PRS identified statistically significant results for 
the regular cannabis PRS at the p-value 0.05. PRS scores for both regular cannabis use 
and heaviness of use R2 were less than 2.50E-03.  
Conclusion: This study provides promising results in understanding the genetic 
contribution to cannabis use in individuals living with OUD. However, findings are 
limited to a European ancestry sample. 
 
Keywords: genetics, cannabis, opioid, polygenic risk score, genome-wide analysis 
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4.1.2  Introduction 
Background/Rationale 

In Canada, trends in cannabis use have been increasing, where 14.0% of 
Canadians 15 years or older reported cannabis in the first quarter of 2018 compared to 
16.7% in the last quarter of 2019 (1). Globally, over the past two decades cannabis use 
and dependence are estimated to have increased and Cannabis Use Disorder (CUD) is 
reported as one of the most common drug use disorders (2). Concerningly, cannabis use is 
associated with adverse events such as impaired ability to concentrate and react quickly, 
impaired memory, motor coordination and judgement, increased anxiety, fear or panic, as 
well as possible paranoid feelings and psychosis (3). Repeating use of cannabis can have 
long lasting effects including, but not limited to, social outcomes such as poor education 
outcomes, diminished life satisfaction and achievement, poor professional and social 
achievements, as well as physical outcomes such as altered brain development, cognitive 
impairment, symptoms of chronic bronchitis and increased risk of chronic psychologic 
disorders (3–5).  

It has been suggested that a genetic component may exist to cannabis dependence, 
with heritability estimates varied from 30-48% for cannabis use initiation and from 51-
59% for problematic cannabis use (6). Genes of interest include those that encode for the 
cannabinoid receptors CB1 (CNR1) and CB2 (CNR2), however only limited evidence 
exists for CNR1 role in cannabis dependence and CNR2 has never been examined in 
relation to any substance-related behaviour other than alcohol related use, to our 
knowledge (7). Additional candidate genes of interest include FAAH, MGLL, TRPV1, 
GPR55, GABRA2, DRD2, ANKK1, and ABCB1, however, replication of these 
associations has been inconsistent (7,8). A recent systematic review identifying genetic 
variants from genome-wide association studies (GWASs) associated with cannabis found 
gene regions of interest in INTS7, PI4K2B, CSMD1, CST7, ACSS1, and SCN9A (9). 
Further, to date, five GWAS meta-analyses have been conducted identifying CADM2, 
ATP2C2, and FOXP2 as gene regions of interest associated with cannabis use, and 
regions of interest on chromosome 10 (rs77300175) and chromosome 8 (rs4732724) 
associated with CUD (8,10–13). Several metabolites of cannabis have been identified and 
FAAH and CYP2C9 are genes of interest in the metabolism of cannabis (14–17).  

Individuals living with an Opioid Use Disorder (OUD) have higher rates of 
substance use than the general population(18). Cannabis use in particular is highly 
prevalent in individuals with OUD, at rates more than 50%, higher than that of the 
general Canadian population (16.7%). Despite the high prevalence of cannabis use in the 
OUD population, the short and long-term impacts of cannabis use in OUD are 
inconclusive, with some studies showing harm reduction as a substitute, some showing no 
association, and others identifying worse outcomes for patients receiving Medication-
Assisted Treatment (MAT) (19–31). Being that cannabis is a widely used substance, with 
policies supporting the legalization and with a growing viewpoint with the potential 
substitution of cannabis for other drugs, it is important to not only understand the genetic 
factors associated with cannabis use but also how cannabis use effects vulnerable 
populations such as the OUD population.  
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We aim to examine if novel genetic variants are associated with cannabis use within 
the OUD population. Further, we aim to determine if the known genetic variants 
associated with cannabis use in other populations are associated with cannabis use within 
OUD patients receiving MAT through a Polygenic Risk Score (PRS).  
 
4.1.2.1 Objectives 

The study aims to identify novel genetic variants and test the association between 
genetic variants previously associated with cannabis use in a novel sample. The 
objectives of the study are to:  

1. Conduct a GWAS to identify novel genetic variants 
2. Investigate sex differences of any novel genetic variants approaching or reaching 

genome-wide significance 
3. Conduct a PRS based on a large previous GWAS meta-analysis 
4. Conduct an exploratory PRS using an outcome to approximate cannabis 

dependence 
 
4.1.3  Methods 

This study is reported in accordance to the Strengthening the Reporting of Genetic 
Association studies (STREGA) guidelines, an extension of Strengthening the Reporting 
of Observational studies in Epidemiology (STROBE) statement (32). An accompanying 
STREGA checklist can be found in Supplementary File 1. 

 
4.1.3.1 Study Design and Setting 

Data were collected as part of the Genetics of Opioid Addiction (GENOA) and 
Pharmacogenetics of Opioid Substitution Treatment Response (POST) programs, 
prospective cohort studies conducted in collaboration with the Canadian Addiction 
Treatment Centre (CATC) and McMaster University designed to identify factors 
associated with opioid use and treatment outcomes including genetic risk factors in 
patients diagnosed with OUD and receiving treatment. Participants (nGENOA=1536, 
nPOST=2544) were recruited from 76 CATC sites across Ontario, Canada, from 2013 to 
2016 and 2018 to present for GENOA and POST respectively. At study recruitment, 
participants completed an extensive interview with a trained researcher in which they 
completed the Maudsley Addition Profile (MAP) among other measures, were asked 
about their substance use and any related behaviour in the past 30 days and provided a 
DNA sample (33). Participants were followed for a 12-month period through their 
electronic medical record documenting weekly or biweekly routine urine drug screening 
and participants within the GENOA study completed follow up interview at 12 months. In 
addition, when participants were recruited at study entry, their drug urine screens for 3-
months prior to study enrollment were collected from medical records. Therefore, in total, 
15-months of urine drug screens were obtained from participants electronic medical 
records. Participants were given a small coffee shop gift card after every face-to-face 
interview in appreciation for participating. 
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The GENOA and POST studies were reviewed and approved by the Hamilton 
Integrated Research Ethics Board (GENOA: 11-056, POST: 4556). 
 
4.1.3.2 Participants  

Patients were eligible to participate in the GENOA study if they were 18 years or 
older and met the criteria for Diagnostic and Statistical Manual – fourth edition (DSM-
IV) opioid addiction requiring treatment (later replaced in DSM-5 as Opioid Use Disorder 
(OUD)) (34). Patients were excluded if they did not speak English or refused to provide a 
blood sample (for DNA). Patients were eligible to participate in the POST study if they 
were 16 years or older and met the criteria for Diagnostic and Statistical Manual – fifth 
edition (DSM-5) Opioid Use Disorder (OUD). Patients were excluded if they did not 
speak English or refused to provide a saliva sample (for DNA). In addition to meeting 
eligibility for the GENOA or POST study criteria, further inclusion criteria for this study 
included completing the cannabis related questions on the MAP or self-reported current 
cannabis use and a viable DNA sample. 
 
4.1.3.3 Outcomes and Quantitative variables 
Outcomes measured in the study include the following: 

1. Regular cannabis use, defined as self-reported cannabis use at least twice in a 30-
day period. 

2. Heaviness of cannabis use, defined as the product of number of days of cannabis 
use and the typical dose within a 30-day period (35). 

3. Cannabis dependence, defined as the score obtained from the Marijuana Cravings 
Questionnaire – Short Form (MCQ-SF) (36). 

Covariates for the measures of regular cannabis use, heaviness of cannabis and 
cannabis dependence that were accounted for in the statistical models included: sex, age 
in years, and principal components accounting for differences due to population 
stratification.  
 
4.1.3.4 Data Sources/Measurement 

Cannabis use was self-reported by participants at baseline in which they indicated 
how many days in the past 30 days they used cannabis, the amount used in a typical day 
and how it was taken (ie. orally, smoked) as per the MAP.  Other substances were self-
reported as with cannabis through use of the MAP and also by urine drug screens. Urine 
drug screens were done on average once a week. Participant’s urine sample was tested 
based on reported or suspected drug use, analyzed and reported as the number of positive 
screens for the drug detected in the test using the FaStep Assay (Trimedic Supply 
Network Ltd, Concord, Ontario, Canada) (37). Unfortunately, urine drug testing for 
cannabis was not consistent in all the clinical sites, however previously we reported the 
validity of self-reported cannabis use versus objective urine drug screen (35). Sensitivity 
and specificity were determined using participants who had data for both urinalysis and 
MAP (n=349). The sensitivity was 79.9% (95% CI 72.7, 85.8) and specificity was 80.0% 
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(95% CI 73.6, 85.4).  Sensitivity and specificity values did not significantly differ 
between men and women, and there were no significant differences between false 
negatives and false positives. Thus, self-reported cannabis use was deemed as an 
appropriate measure of cannabis use (35).   

Regular cannabis was reported as a binary construct. Participants were reported as 
regularly using cannabis if they had self-reported cannabis use two or more days on the 
MAP. As previously stated, heaviness of cannabis use was determined by the number of 
days of cannabis use as well as the typical dose used within a 30-day period for self-
reported cannabis users. To determine typical dose, we followed a protocol previously 
used in the literature and converted all amounts to grams of cannabis (35). In addition, 
participants who reported one or two “puffs of a joint” were given the equivalent grams 
as reported in the literature, assuming 10 puffs is equal to 0.5 grams of cannabis (38). The 
log of heaviness of cannabis use was used in all statistical analyses to approach a normal 
distribution. 

Post-hoc, we conducted an exploratory analysis using the MCQ-SF to 
approximate cannabis dependence. Cannabis dependence was reported as a continuous 
variable with a range of 12-84 based on scores obtained by the MCQ-SF. The MCQ-SF 
was administered to POST research participants who had indicated past month cannabis 
use. The administration of the MCQ-SF has been previously described (39). Briefly, the 
MCQ-SF is a 12-item Questionnaire, scored on a 7-point Likert scale, which assess four 
components of cannabis cravings (compulsivity, emotional benefit, expectancy of 
positive outcomes through use and purposefulness of cannabis) (36). The MCQ-SF score 
was summed for all participants, and the log of the total score was used for the statistical 
analysis to approach a normal distribution.  
 
4.1.3.5 Quality Control Checks 

Blood samples collected as part of the GENOA study and saliva samples collected 
as part of the POST study at study recruitment and were genotyped by Génome Québec 
Innovation Centre using GenomeStudio and the Illumina Global Screening Array – 24 
v1.0 (40–42). Further details on the DNA collection can be found in Supplementary File 
2. Variant quality control procedures were applied using PLINK v1.90 (43). Additionally, 
R version 3.3.3 was used for quality control checks (44).  

Samples were excluded if they have a low variant call rate (<99%), 
inconsistencies between self-reported vs. genetically determined sex or ancestry or if they 
exhibit excess heterozygosity suggestive of sample contamination (exchange of DNA 
between two or more samples). Samples were also excluded if they were a duplicate and a 
heritability analysis was performed to exclude first-degree and second-degree relatives. 
Variants were excluded if they have a low call rate across samples (<99%), or if the 
minor allele was less than 0.05. 
 Due to the predominantly European ancestry, only data from samples of European 
decent (n=2958) were selected for imputation. Imputation was completed by TOPMed 
Imputation Server (version R2) using the software Eagle v2.4 and Minimac4 for phasing 
and Single Nucleotide Polymorphism (SNP) imputation, respectively, with the reference 
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panel of TOPMed r2 (45–48). Post-imputation filtering excluded SNPs with Rsq quality 
metrics of less than 0.3 and minor allele frequencies lower than 0.05. A detailed 
description of the steps taken is reported and available in Supplementary File 2. 
 
4.1.3.6 Bias  

While measures were taken to identify and mitigate potential bias, possible 
sources of bias inevitably remained. Although sensitivity and specificity analyses were 
conducted on self-reported cannabis use behaviour, cannabis was an illegal substance at 
the earlier time of the study (cannabis was legalized in Canada as of October 2018), 
potentially leading to social desirability and recall biases. Participants might have 
provided incorrect information to be viewed more favourable or could have had difficulty 
recalling the duration and amount of cannabis used within 30 days. Further, the findings 
might have been affected by volunteer bias, not only for participating in a research study 
but more specifically in a genetic study, where the sample may not be representative of 
the entire OUD population receiving treatment.  Additionally, the study results may not 
be generalizable outside of the European ancestry and may not be replicable in other 
populations. With respect to measuring cannabis use, bias exists as cannabis includes 
different components, mainly detla-9-tetrahydrocannabinol (THC) and cannabidiol 
(CBD), amounts (referring to the amount of THC and CBD included in various strains of 
cannabis as well as physically measuring of cannabis) and methods of consumption which 
are imprecisely estimated as no standard currently exists (38,49). Finally, due to the 
observational nature of this study, it is not possible to control for all variables or for 
extraneous confounding variables. 
 
4.1.3.7 Sample Size  

Of the total 4990 participants enrolled in the GENOA and POST studies, 4621 
genetic samples were available. As only participants from European ancestry were 
included, 2625 participants of European ancestry passed genetic quality control steps and 
were used for this study. A detailed chart outlining the steps conducted to reach the final 
sample size is reported in the Supplementary File 2.  
 
4.1.3.8 Statistical methods  

Descriptive statistics were conducted on the total samples to describe the 
demographic and clinical characteristics, with continuous variables expressed as means 
with standard deviations, while categorical variables are expressed as counts.  

Separate regression analyses were performed to test the association between 
genetic variants and the outcomes of interest. Logistic regressions were conducted to 
measure the association of regular cannabis use and linear regressions were used for 
heaviness of cannabis use and cannabis dependence. All aforementioned covariates were 
adjusted for by using additive models for genotype coding. Further, identical regression 
analyses were conducted separately for male and female subsets as well as an interaction 
model for SNPs approaching or meeting genome-wide significance. 
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The statistical software PRSice-2 was used to conduct the PRS to investigate the 
polygenic risk of cannabis use (50). Discovery GWAS results were obtained from a large 
meta-GWAS conducted on CUD which included summary statistics from the Psychiatric 
Genomics Consortium Substance Use Disorders group, the iPSYCH sample and deCODE 
sample (13). The UCSCliftOver tool was used to convert the GWAS summary statistics 
from GRCh build 37 to build 38 in order to match the target data (51). Discovery GWAS 
results were pruned using PRSice-2 using an R2 threshold of 0.5 and within 250kb. Subset 
of SNPs were selected at decreasingly liberal P-value thresholds (1, 0.5, 0.4, 0.3, 0.2, 0.1, 
0.05, 0.001, 0.0001, 1x10-5 and 5x10-8). PRS were calculated separately for regular 
cannabis use, heaviness of cannabis use and cannabis dependence, with all 
aforementioned covariates adjusted for. 

All statistical analyses were performed on PLINK v1.09, R studio 3.3.3 and 
PRSice-2 (43,44,50,52).  
 
4.1.4  Results 

4.1.4.1 Participants  
Of the 2625 participants whose samples passed the genetic quality control checks, 9 

participants with genetic data had missing or incomplete self-reported cannabis use data 
as collected on the MAP and were excluded from the current study, therefore 2616 
participants were included. For the outcome of heaviness of cannabis use, participants 
were required to self-report at least one day of cannabis use in the past 30 days and report 
the average number of grams used. Of the 2616 participants, 1321 participants completed 
the MAP and reported at least 1 day of cannabis use. However, 28 participants did not 
report the average number of grams of cannabis or were not able to convert their reported 
usage in grams (e.g. reported the use of cannabis oil), therefore 1293 participants were 
included in the outcome of heaviness of use. Finally, for the outcome cannabis 
dependence, of the 1321 participants who reported at least 1 day of cannabis use, 485 
individuals did not complete the MCQ-SF and therefore 836 individuals were included in 
the cannabis dependence analysis. The total number of participants included for each 
outcome were 2616 for regular cannabis use, 1293 for heaviness of cannabis use and 836 
for cannabis dependence. A flow chart is available in Supplementary File 2, Figure S4. 
 
4.1.4.2 Descriptive Data  

For the current study, 965 participants from the GENOA study and 1,651 from the 
POST study were included. Slightly more participants were male than female (57.45%) 
with a mean age of 38.23. Majority of participants had never been married, are 
unemployed and completed some level of high school. Nearly half of the sample reported 
regular cannabis use (47.94%), of those who reported cannabis use a mean of 21.30 days 
out of 30 with and an average of 1.36 grams per day was reported. Cannabis users 
reported an average score of 37.17 on the MCQ-SF. Finally, 6,377,206 SNPs passed the 
quality control steps and were included in the GWAS, 381,569 SNPs were included in the 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 70 

regular cannabis use PRS, 381,358 SNPs in the heaviness of use PRS and 380,998 SNPs 
in the cannabis dependence PRS. Participants demographics can be found in Table 1.  

 

Table 1. Sample demographics 

 Total Male Female 
N (%) 2616 1503 (57.45) 1113 (42.55) 
GENOA 965 560 (58.03) 405 (41.97) 
POST 1651 943 (57.12) 708 (42.88) 
Age in years, Mean (SD) 38.23 (11.08) 39.89 (11.17) 38.35 (10.90) 
Marital status, N (%)    
Never Married 1251 (47.83) 761 (50.63) 490 (44.03) 
Common law 539 (20.60) 275 (18.30) 264 (23.72) 
Currently Married 258 (9.86) 156 (10.38) 102 (9.16) 
Separated 241 (9.21) 118 (7.85) 123 (11.05) 
Divorced 251 (9.59) 157 (10.45) 94 (8.45) 
Widowed 76 (2.91) 36 (2.40) 40 (3.59) 
Currently employed, N 
(%) 

931 (35.59) 631 (41.98) 300 (26.95) 

Education, Na (%)    
Less than grade 9 574 (21.97) 326 (21.69) 248 (22.34) 
Grade 9-12 1212 (46.38) 769 (51.16) 443 (39.91) 
Trade School 87 (3.33) 59 (4.56) 28 (2.52) 
College/University/Graduate 
School  

722 (27.63) 336 (22.36) 386 (34.77) 

Regular use of cannabis, N 
(%) 

1254 (47.94) 782 (52.03) 472 (42.41) 

Day’s cannabis used in last 
30, Mean (SD)b 

21.30 (11.59) 21.50 (11.56) 21.05 (11.65) 

Average cannabis dose in 
g/day, Mean (SD)b 

1.36 (2.27) 1.41 (1.69) 1.27 (2.98) 

Average MCQ-SF total 
score, Mean (SD)c 

37.17 (16.18) 37.16 (15.87) 37.18 (16.67) 

aData available for nTotal= 2,613, nMale= 1503, nFemale= 1,110 
bData available for nTotal= 1,293, nMale= 802, nFemale= 491 
cData available for nTotal= 836, nMale= 507, nFemale= 329 

 
4.1.4.3 Main results 

We identified two SNPs in our GWASs approaching genome-wide significance; 
for regular cannabis use rs1813412 on chromosome 17 (p=2.05x10-7) and for heaviness of 
use rs62378502 on chromosome 5 (p=5.56x10-7). For both regular and heaviness of 
cannabis use, using the top SNP as a covariate in the analysis did not result in any further 
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significant results, thus no other strong signals within the region exist. Results from the 
top SNPs of each respective GWAS can be found in Table 2.  

 

Table 2. Top SNPs from each GWAS 

Outcome Chr SNP BP A1 OR/BETA P 
Regular 
Cannabis 
Use 

17 rs1813412 22193901 G 1.352 2.05×10-7 

Heaviness 
of 
Cannabis 
Use 

5 rs62378502 168815119 A 0.189 5.56x10-7 

Chr=chromosome, SNP=single nucleotide polymorphism, BP=base pair, A1=reference allele, 
OR=odds ratio, BETA= beta coefficient  

  
Results from the sex-stratified association analyses between the SNPs 

approaching GWAS significance for regular cannabis use and heaviness of cannabis use 
are reported in Table 3 and interpreted with the significance threshold of p<0.5. The G 
allele of rs1813412 was significantly associated with an increased odds of regular 
cannabis use in both males [odds ratio (OR)=1.31, 95% confidence interval (CI)=1.13, 
1.52, p=4.32E-04] and females [OR= 1.47, 95% CI=1.23, 1.76, p=2.33E-05], however the 
sex by SNP interaction was not significant. The C allele of rs62378502 was significantly 
associated with heaviness of cannabis use in both males [Beta=0.19, standard error 
(SE)=0.05, p=6.59e-05] and females [Beta=0.19, SE=0.07, p=3.44E-03], however, as 
with regular cannabis use, the sex by SNP interaction was not significant. 
 

Table 3. SNPs and associated outcomes stratified by sex 

Outcome SNP N Reference 
Allele 

OR/BETA 95 % 
CI/SE 

P 

Regular 
cannabis 
use 

rs1813412  G    
Males 1497  1.31 1.13, 1.52 4.32E-4 
Females 1109  1.47 1.23, 1.76 2.33E-5 

 Interaction 2616  1.15 0.92, 1.46 0.23 
Heaviness 
of 
cannabis 
use 

rs62378502  C    
Males 799  0.19 0.05 6.59E-5 
Females 490  0.19 0.07 3.44E-3 

 Interaction 1293  0.01 0.08 0.92 
OR=odds ratio, BETA= beta coefficient, 95% CI = 95% confidence interval levels 
(lower, upper), SE=standard error 
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Results from the PRS include the best-fit model and the PRS model fit across p-
value thresholds observed in the previously reported GWAS for regular cannabis use and 
heaviness of cannabis use are reported in Table 4 and Table 5, respectively. Two PRS 
reached significance in the regular cannabis use outcome, and none reached significance 
in heaviness of use. Using the p-value threshold of 0.0001 and 0.001 for the base data, a 
significant PRS was found for regular cannabis use with an R2 value of 2.38E-3 and 
2.28E-3 respectively. A bar plot depicting the model of fit for the regular cannabis use and 
heaviness of cannabis use can be seen in Figure 5 and 6, respectively.  
 

Table 4. PRS best model fit for each outcome 

 

Table 6. PRS model fit across thresholds for each outcome 

Outcome Threshold R2 Coefficient SE P Number 
of SNPs 

Regular 
cannabis use 

5.0E-8 5.11E-04 1.63 1.60 0.308 2 
1.0E-5 3.82E-04 7.05 8.00 0.379 45 
0.0001 2.38E-03 38.58 17.56 0.028 204 
0.001 2.28E-03 104.55 48.69 0.032 1280 
0.05 4.20E-04 277.29 300.29 0.356 36660 
0.1 7.68E-04 520.81 417.11 0.212 66179 

 0.2 2.67E-04 436.65 592.98 0.462 118682 
 0.3 7.22E-05 285.56 745.90 0.702 166435 
 0.4 1.79E-06 53.68 889.52 0.952 209778 
 0.5 3.00E-05 252.46 1023.25 0.805 249212 
 1 2.54E-05 344.23 1514.88 0.820 381569 
Heaviness of 
cannabis use 

5.0E-8 4.14E-04 0.52 0.70 0.462 2 
1.0E-5 9.06E-04 -3.71 3.41 0.277 45 
0.0001 7.30E-04 -7.30 7.48 0.329 203 
0.001 6.35E-07 -0.60 20.80 0.977 1280 

Outcome Threshold PRS 
R2 

Full 
R2 

Null 
R2 

Coefficient SE P Number 
of SNPs 

Regular 
cannabis 
use 

0.0001 2.50E-
3 

4.82E-
2 

4.58E-
2 

38.58 
 

17.56 
 

0.028 
 

204 

Heaviness 
of 
cannabis 
use 

1.0 E-5 9.19E-
4 

1.51E-
2 

1.42E-
2 

-3.71 3.41 0.277 45 

PRS R2=Variance explained by the PRS, Full R2=Variance explained by the full model, 
Null R2=Variance explained by the covariates, SE=standard error, Number of 
SNPs=number of SNPs included in the model 
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0.05 8.16E-05 42.08 128.96 0.744 36662 
0.1 5.51E-05 48.25 180.01 0.789 66241 
0.2 5.42E-05 67.87 255.24 0.790 118664 
0.3 3.96E-05 73.07 321.35 0.820 166396 
0.4 4.59E-05 -94.13 384.80 0.807 209735 
0.5 3.44E-05 -93.98 443.35 0.832 249091 
1 4.64E-05 -161.91 658.24 0.806 381358 

R2=Variance explained by the PRS, SE=standard error, Number of SNPs=number of 
SNPs included in the model 

 
4.1.4.4 Exploratory Analysis 
Post-hoc we decided to conduct an exploratory PRS with a new outcome using the MCQ-
SF to approximate cannabis dependence (36). The results from the exploratory PRS can 
be found below in Table 6 and Table 7, however no PRS was found to be significantly 
associated with cannabis dependence.  
 

Table 7. PRS best model fit for cannabis dependence 

Table 8. PRS model fit across thresholds for cannabis dependence 

Outcome Threshold R2 Coefficient SE P Number 
of SNPs 

MCQ-SF 5.0E-8 1.35E-03 0.29 0.266 0.287 2 
1.0E-5 4.01E-05 0.24 1.32 0.854 45 
0.0001 2.89E-04 1.39 2.82 0.622 203 
0.001 1.94E-04 3.16 7.83 0.687 1285 
0.05 2.15E-04 20.51 48.26 0.671 36679 
0.1 8.22E-05 17.62 67.01 0.793 66169 

 0.2 1.30E-07 -1.00 95.76 0.992 118625 
 0.3 4.23E-05 22.65 120.10 0.850 166251 
 0.4 9.06E-05 -39.87 144.42 0.783 209574 
 0.5 1.31E-04 -55.21 166.40 0.740 248834 
 1 8.07E-05 -64.41 247.17 0.794 380998 
R2=Variance explained by the PRS, SE=standard error, Number of SNPs=number of 
SNPs included in the model 

Outcome Threshold PRS 
R2 

Full 
R2 

Null 
R2 

Coefficient SE P Number 
of SNPs 

MCQ-
SF 

5.0E-8 1.37E-
03 

1.56E-
02 

1.42E-
02 

0.28 
 

0.27 
 

0.287 
 

2 

PRS R2=Variance explained by the PRS, Full R2=Variance explained by the full model, 
Null R2=Variance explained by the covariates, SE=standard error, Number of 
SNPs=number of SNPs included in the model 
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4.1.5 Discussion 

4.1.5.1 Key results  
For the GWASs, rs1813412 on chromosome 17 for regular cannabis use and 

rs62378502 on chromosome 5 for heaviness of cannabis use were approaching genome-
wide significance. Further, both rs1813412 and rs62378502 were found to be 
significantly associated with the outcome of regular cannabis use and heaviness of 
cannabis use, respectively, in males and in females separately, however sex did not 
modify the association between the SNP and the outcomes of the study. For the PRS, 
statistically significant results were observed for the regular cannabis PRS at the p-value 
threshold of 0.0001 and 0.001. The exploratory PRS did not result in any significant 
results for cannabis dependence or increased variance explained by genetic contribution 
of cannabis dependence. 

 
4.1.5.2 Interpretation 

This GWAS did not replicate any previous known genetic associations of 
cannabis use from the literature. Additionally, rs1813412 on chromosome 17 and 
rs62378502 on chromosome 5 have no know associations with other traits or pathways 
within the literature. It is important to note that cannabis use and CUD have been reported 
to be modestly genetically correlated and show divergent genetic relationships with 
educational attainment, BMI and age at birth of first child (13). Thus, it is plausible that 
the lack of replication is due to majority of known GWASs reported in the literature 
which investigated CUD, a narrow phenotype compared to cannabis use without the 
associated features of a disorder (9). Additionally, within our exploratory PRS using the 
MCQ-SF to approximate cannabis dependence, we did not find an increased amount of 
genetic variance explained, which is in contrast with our predictions, therefore suggesting 
that within our study, even when approximating cannabis dependence, potential 
confounding variables exist leading to a lack of replication in our GWAS’s. 

While pervious literature on the genetics of cannabis use have identified several 
SNPs and genes of interest, growing evidence in genetic studies suggest that the majority 
of genetic variants have small effects which collectively contribute to the risk of certain 
diseases (9,53–55). PRS provide a method to aggregate the effects of variants across the 
genome by generating a weighted sum of the number of risk alleles an individual carries 
(54,56). We found a statistically significant PRS for regular cannabis use, suggesting this 
score can be applied to assess individual genetic risk of cannabis use. However, the 
variance explained by genetic variants was minor, less than 2.50E-03, therefore 
suggesting that the majority of variance contributing to regular cannabis use and 
heaviness of cannabis use is due to other, non-genetic, factors (i.e. environmental). From 
a clinical stance, as genetics are not as modifiable as factors such as environment, there is 
a greater possibility for changing the modifying risk factors in those who currently use 
cannabis. Additionally, it is possible that so little of the variance is explained by the PRS 
is due to the high degree of polysubstance use within this population, suggesting that 
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genetic factors may be contributing to addiction more broadly rather than to a single 
substance, such as cannabis.  
 It is important to recognize that this sample includes individuals currently 
undergoing treatment for an OUD. Individuals who live with an OUD are likely to have 
used multiple substances and it is relatively common for individuals receiving addiction 
treatment to engage in continued substance use and polysubstance use while on treatment 
(18,57). Further, in our population it has been previously found that cannabis use is 
associated with continued substance use while on treatment (58). However, the evidence 
surrounding the association between cannabis and illicit opioid use is mixed, with one 
study reporting cannabis users being less likely to be using heroin and another reporting 
cannabis use being significantly associated with illicit opioid use in women (35,58). 
Therefore, it is possible that the lack of significant findings is due to a shared genetic 
contribution among various substances, commonalities of addictive substances such as 
being dopamine-agonists or the high degree of polysubstance use within this population 
(59). 

Finally, this study was unique in stratifying analyses by sex. Previous studies on 
cannabis use suggest that neurodevelopmental, pharmacological, metabolic, behavioural, 
and hormonal differences all contribute to sex differences in cannabis use (60,61). 
Compared to men, women show a greater sensitivity to the subjective effects of cannabis, 
have faster trajectories to CUD and worse mental health outcomes, such as increased 
anxiety and a higher risk of early onset psychosis (62–64). Given that animal and clinical 
studies suggest sex-specific differences, it is important to investigate how sex-specific 
genetic differences are associated with cannabis use outcomes (64). The current study did 
not find sex-specific associations for both top SNPs identified in the GWASs, rs1813412 
and rs62378502. Nonetheless, investigating sex-specific differences at the genetic level 
can aid in understanding sex-specific differences at the neurodevelopment, 
pharmacological, metabolic, and hormonal levels. Although no sex-specific differences 
were found, it is important to continue to explore sex analyses within the field of genetics 
to understand sex-specific differences within addiction for clinical implications, ensuring 
that if underlying genetic differences exist within patterns of substance use, sex-specific 
treatment decisions are being developed to provide personalized care.  
 
4.1.5.3 Limitations and generalizability  

The current study has several limitations. This study utilized self-report data on 
cannabis use introducing potential reporting bias. Additionally, missingness within the 
data in respect to the measure of heaviness of cannabis use, resulting in a smaller sample 
size for this outcome. Second, due to limited genetic data on individuals of various 
ancestral backgrounds, the current findings are limited to those of European ancestry. 
Third, as no other studies to our knowledge have reported on results by sex, they are not 
comparable to other study findings. Fourth, as our study populations did not screen for 
CUD we used an approximation of cannabis dependence. Additionally, the GWASs for 
regular cannabis use and heaviness of cannabis use were both under-powered. Thus, the 
results of both GWASs and further investigation of sex-specific differences for the top 
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SNPs should be interpreted with caution. Finally, it is important to note that participation 
bias in genetic studies exist. While our study collected genetic data at study recruitment 
mitigating the loss to follow, a bias may exist wherein potential genetic differences in 
willingness to participate in genetic studies is overrepresented (65).  
 Despite these limitations, the current study provides additional evidence for the 
genetic liability of cannabis use within a high risk population with polysubstance 
addiction. While further research is required on the genetic susceptibility to cannabis use 
within the OUD population, the current study identifies the need for investigation of the 
contribution of sex to cannabis use.  
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4.1.9 Figures 

Figure 1. Regular cannabis use Manhattan Plot 
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Figure 2. Regular cannabis use QQ Plot 
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Figure 3. Heaviness of use Manhattan Plot 
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Figure 4. Heaviness of cannabis use QQ Plot 
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Figure 5. Regular cannabis PRS model fit 
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Figure 6. Heaviness of use PRS model fit 
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Figure 7. Cannabis dependence PRS model of fit 
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5.1 Genetic contribution to opioid use disorder treatment outcomes: A genome-
wide association study and polygenic risk score study 
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5.1.1 Abstract 
Background: Opioid Use Disorder continues to be a health concern with a high rate of 
opioid related deaths occurring worldwide as well as in Canada. Medication Assisted 
Treatment (MAT) has been shown to reduce opioid withdrawal and cravings, and 
reducing opioid use, however variability exists in individual’s treatment outcomes. 
Pharmacogenetic studies investigating methadone (a common MAT) dose has identified 
several candidate genes, namely OPRM1, OPRD1, ABCB1, and CYP2B6, however only 5 
genome-wide associations studies have ever been reported on MAT, showing inconsistent 
findings. 
 
Objectives: This study aims to explore genetic variants associated with MAT outcomes 
through genome-wide association study (GWAS) methods and test the association 
between genetic variants previously associated with opioid use outcomes in a novel 
sample through a polygenic risk score (PRS).  
 
Methods: Participants were recruited from the GENetics of Opioid Addiction (GENOA) 
and the Pharmacogenetics of Opioid Substitution Treatment (POST) studies. The study 
outcomes of interest are: continued opioid use while on treatment (yes/no), relapse 
(yes/no), methadone dose (daily dose reported in milligrams) and opioid overdose 
(yes/no). Logistic regressions were performed for binary outcomes and a linear regression 
preformed for the continuous outcome, to test the association between genetic variants 
and each outcome. GWAS summary statistics from a recent large GWAS meta-analysis 
investigating methadone dose were used to conduct PRS.   
 
Results: All GWASs conducted in this study did not identify any SNPs reaching genome-
wide significance. SNPs approaching genome-wide significance included rs5868616 on 
chromosome 5, rs10912116 on chromosome 1, rs6670338 on chromosome 1 and 
rs12777585 on chromosome 10 for continued opioid use, relapse, methadone dose and 
opioid overdose respectively. The PRS identified statistically significant results (p<0.05) 
for the outcome of methadone dose (R2=3.45E-3) only.  
 
Conclusion: While this study did not identify any SNPs reaching genome-wide 
significance, it provides an association between a PRS and methadone dose. The PRS 
may have a potential as a tool to help identify a suitable methadone dose in this 
population and indirectly influence treatment outcome. 
 
Keywords: genetics, opioid, methadone, polygenic risk score, genome-wide 
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5.1.2 Introduction 
Opioid Use Disorder (OUD) continues to be a health concern with a high rate of 

opioid related deaths being reported worldwide. Globally, approximately 62 million 
people reporting opioid use in 2019 and approximately 115,000 people died from an 
opioid overdose in 2017 worldwide (1). In Canada, 5,368 apparent opioid related deaths 
occurred between January to September of 2021 and an increasing trend of opioid related 
deaths exists from 2016-2020 (2). OUD is a chronic relapsing condition and Medication 
Assisted Treatments (MATs) are critical parts of the strategy to address the opioid 
epidemic and include the controlled administration of opioid agonist or antagonist (3,4). 
The World Health Organization recommends both methadone and 
buprenorphine/naloxone (also known as suboxone) as MATs (1,3).  
 Methadone Maintenance Treatment (MMT) has been reported to decrease opioid 
cravings and opioid use, with the treatment target aiming to help individuals control 
opioid use and regain stability (5–7). While methadone can be effective, there is a large 
variability in methadone effective dose; if individuals are on too low of a dose they may 
experience withdrawal symptoms and if too high of a dose, they may experience 
drowsiness, confusion and mental impairment (8). Of further concern, inappropriate 
dosing of methadone may lead to relapse or increase the individuals risk of overdose due 
to direct effects or interacting with other illicitly used opioids, and as such, continued 
opioid use is one of the most common risk factors for mortality among patients receiving 
MMT (9–11). Further, while MMT has been shown effect in reducing rates of relapse, 
there are a number of individuals who continue to use illicit opioid while in treatment and 
are at risk of opioid overdose (12,13). Thus, it is important to consider outcomes of MMT 
treatment in addition to methadone dose such as continued opioid use, relapse and opioid 
overdose. 
 Due to the variability in individual methadone dose tolerance and risk, interest in a 
genetic predisposition to MMT outcomes has been the focus of research (14–18). The 
most common Single Nucleotide Polymorphisms (SNPs) associated with MMT outcomes 
(including opioid addiction, methadone dose, methadone metabolism and plasma 
concentrations, opioid cessation, response to treatment and continued opioid use) 
corresponds to OPRM1, OPRD1, ABCB1, and CYP2B6 (16,19,20). However, many of the 
genetic studies assessing the pharmacogenetics of MAT are candidate gene studies with 
small sample size, with a recent systematic review identifying 5 genome-wide association 
studies investigating MAT outcomes showing inconsistent findings (19).  

With the few studies reporting Genome-wide Association Study (GWAS) results 
of MAT outcomes and the risk of mortality faced by this population, we aim to examine 
if novel genetic variants are associated with MMT outcomes, including continued opioid 
use, relapse, methadone dose and opioid overdose. Further, we aim to determine the 
known genetic variants associated with methadone dose in the literature are associated 
with MMT outcomes in our population through a Polygenic Risk Score (PRS).  
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5.1.2.1 Objectives 
This study aims to identify novel genetic variants and test the association between genetic 
variants previously associated with MMT outcomes in a clinical sample. The study 
objectives are to:  

1. Conduct a GWAS to identify novel genetic variants with various MMT outcomes 
2. Investigate sex differences of any genetic variants approaching or reaching 

genome-wide significance 
3. Conduct a PRS based on a large previously published GWAS on MMT 

 
5.1.3 Methods 

In accordance with the Strengthening the Reporting of Genetic Association studies 
(STREGA) guidelines, an extension of Strengthening the Reporting of Observational 
studies in Epidemiology (STROBE) statement, an accompanying STREGA checklist can 
be found in Supplementary File 1 (21). 
 
5.1.3.1 Study Design and Setting 

Data were collected as part of the GENetics of Opioid Addiction (GENOA) and 
Pharmacogenetics of Opioid Substitution Treatment Response (POST) programs. The 
GENOA and POST studies are prospective cohort studies conducted in collaboration with 
the Canadian Addiction Treatment Centre (CATC) and McMaster University. The 
GENOA and POST studies were designed to identify factors associated with opioid use 
and treatment outcomes including genetic risk factors in patients diagnosed with OUD 
and receiving treatment (22). Details on the GENOA and POST study have been 
previously reported (22). Briefly, participants (nGENOA=1,536, nPOST=2,544) were 
recruited from 76 CATC sites across Ontario, Canada (GENOA; 2013-2016, POST; 
2018-present). At study recruitment, participants completed an extensive interview with a 
trained researcher and were asked to provide a DNA sample. As previously reported, 
participants were followed for a 12-month period through their electronic medical record 
which documented their weekly or biweekly Urine Drug Screens (UDS). At study 
recruitment, participants UDS for 3-months prior to study entry was collected, thus a total 
of 15-months of UDS were obtained. Participants were given a small coffee shop gift card 
after every face-to-face interview in appreciation for participating (23,24). 

The GENOA and POST studies were reviewed and approved by the Hamilton 
Integrated Research Ethics Board (GENOA: 11-056, POST: 4556). 
 
5.1.3.2 Participants 

While GENOA and POST studies had similar methods, differences in inclusion 
criteria exits. For the GENOA study, patients were eligible to participate if they were 18 
years or older and met the criteria for Diagnostic and Statistical Manual – fourth edition 
(DSM-IV) opioid addiction requiring treatment (later replaced in Diagnostic and 
Statistical Manual – fifth edition  (DSM-5) as Opioid Use Disorder (OUD)) (25). Patients 
were excluded if they did not speak English or refused to provide a blood sample (for 
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DNA). For the POST study, patients were eligible to participate if they were 16 years or 
older and met the criteria for DSM-5 Opioid Use Disorder (OUD). Patients were excluded 
if they did not speak English or refused to provide a saliva sample (for DNA).  
 
5.1.3.3 Eligibility criteria 

In addition to meeting eligibility for the GENOA or POST study criteria, further 
inclusion criteria for this study included being on MMT. For the measures of continued 
opioid use and relapse participants had to have UDSs assessing for the presence of 
opioids for a minimum duration of 3 months and 6 months, respectively. For continued 
opioid use and relapse, participants were excluded for self-reporting a current prescription 
for opioids due to the uncertainty for UDS screens for opioids would be from licit or 
illicit use. For the measures of methadone dose and opioid overdose participants were 
excluded if they did not self-report methadone dose or if they have ever had an opioid 
overdose, respectively. Participants in the GENOA study were not asked about lifetime 
opioid overdoes, and were therefore excluded from the opioid overdose analyses.  
 
5.1.3.4 Variables and Quantitative variables 
Outcomes measured in the study include the following:  

1. Continued opioid use; defined as any opioid positive UDS observed over a 
duration of 3 to 15 months, measured as a binary variable 

2. Relapse; defined as an event of an opioid positive UDS following at least 3 
months of opioid negative UDSs, measured as a binary variable  

3. Methadone dose; defined as the amount of methadone a patient is administered at 
the time of study recruitment in milligrams, measured as a continuous variable  

4. Opioid overdose; defined as any self-reported opioid overdose reported at the time 
of study recruitment, measured as a binary variable 

Covariates for the measures of continued opioid use, relapse and opioid overdose that 
were accounted for in the statistical models included: sex, age in years, dose of 
methadone in milligrams, duration on MMT in months and principal components 
accounting for differences due to population stratification. Covariate for the measure of 
methadone dose that were accounted for in the statistical models included: sex, age in 
years, duration on MMT in months, weight in kilograms and principal components.  
 
5.1.3.5 Data Sources/Measurement 

Participant’s urine sample was tested based on reported or suspected drug use and 
were analyzed and reported as the number of positive screens for the drug detected in the 
test using the FaStep Assay (Trimedic Supply Network Ltd, Concord, Ontario, Canada) 
(26). Methadone dose and opioid overdose was self-reported by participants at study 
recruitment. Methadone dose was transformed by dividing by 10 for clinical 
interpretation, as changes in 10 milligrams of methadone was deemed as clinically 
meaningful compared to changes in 1 milligrams of methadone.  
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5.1.3.6 Quality Control Checks 
The GENOA study collected blood samples and the POST study collected saliva 

samples at study recruitment for the extraction of DNA. The blood and saliva samples 
were sent to Génome Québec Innovation Centre for genotyping using GenomeStudio and 
the Illumina Global Screening Array – 24 v1.0 (27–29). R version 3.3.3 was used for 
quality control checks and variant quality control procedures were applied using PLINK 
v1.90 (30,31).  

Samples were excluded if they have a low variant call rate (<99%), 
inconsistencies between self-reported vs. genetically determined sex or ancestry, if they 
exhibit excess heterozygosity suggestive of sample contamination (exchange of DNA 
between two or more samples), if they were a duplicate of if they were determined to be a 
first-degree or second-degree relative through a heritability analysis. Variants were 
excluded if they have a low call rate across samples (<99%), or if the minor allele was 
less than 0.05. As participants were predominantly European Ancestry (n=2,958), only 
those who were of European Ancestry were selected for imputation. Imputation was 
completed by TOPMed Imputation Server (Version R2) using the software Eagle v2.4 
and Minimac4 for phasing (32–35). Post-imputation filtering excluded SNPs with Rsq 
quality metrics of less than 0.3 and minor allele frequencies lower than 0.05. Further 
information on the quality control steps were previously reported (22).  
 
5.1.3.7 Bias 

Although measures were taken to identify and mitigate areas of bias, potential 
sources of bias remained. While outcomes of continued opioid use and relapse were 
defined through UDSs to provide an objective measure, methadone dose and opioid 
overdose were self-report, allowing for potential social desirability or recall biases. Sex-
differences have been identified in social desirability biases, such that differing response 
may have occurred within males and females based on what response seemed more 
desirable (36). Further, it is possible that participants did not accurately recall what their 
current methadone dose is or if they have experienced an opioid overdose. Additionally, 
the current study may be biased by volunteer bias. In addition to bias that exists within 
individuals for the participation of research, biases exist in participants who are willing to 
participate in genetic studies, thus the sample population may not be representative of the 
entire OUD population receiving treatment (37). In addition, study results are not 
generalizable outside of the European Ancestry or those receiving other MAT for OUD 
other than MMT. Lastly, due to the observational nature of this study, it is not possible to 
control for all extraneous confounding variables that may exist.  
 
5.1.3.8 Sample Size 
 Of the total participants enrolled in the GENOA and POST study with genetic 
samples available (n=4,621), 2251 participants of European Ancestry passed the genetic 
quality control steps and were used for this study.  
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5.1.3.9 Statistical Methods 
Descriptive statistics were reported on the total sample, by sex, to describe the 

demographic and clinical characteristics. Continuous variables were expressed as means 
with standard deviations, while categorical variables were expressed as counts. 
 Separate regression analyses were preformed to test the association between the 
outcomes and genetic variants. Logistic regressions were conducted for the outcomes of 
continued opioid use, relapse, and opioid overdose and a linear regression was used for 
the outcome of methadone dose. All aforementioned covariates were adjusted for in their 
respective analyses through the use of an additive model for genotype coding. Identical 
regression analyses as above were conducted separately for male and female subsets, as 
well as an interaction model, for SNPs approaching, or meeting, genome-wide 
significance.  

For the PRS discovery statistics of SNPs reaching the threshold of P < 5.0 × 10−5 
from a GWAS investigating daily methadone dose, using only the European Ancestry 
summary statistics (38). The GWAS summary statistics were converted from GRCh build 
37 to 38 to match our data using the UCSCliftOver tool (39). The GWAS summary 
statistics results were pruned using PRSice-2 using an R2 threshold of 0.5 and within 
250kb. Subset of SNPs were selected at decreasingly liberal P-value thresholds (0.0001 
and 1x10-5), based on the previously reported GWAS data availability. PRSs were 
calculated separately for each outcome, with all aforementioned covariates adjusted for in 
their respective analyses. 

Samples with missing outcome values were excluded from the analysis. Missing 
values for the covariates of each analysis were imputed via mean substitution, from the 
averages of the values calculated per analysis using R studio 3.3.3 (31,40). For the 
outcome of continued opioid use, methadone dose and duration on MMT were imputed 
and for the outcome of methadone dose, duration on MMT and weight were imputed 
using the method mentioned above. 

All statistical analyses were performed on PLINK v1.09, R studio 3.3.3 and 
PRSice-2 (30,31,40–42).  
 
5.1.4 Results 

5.1.4.1 Participants 
Of the 2,251 participants included in this study, 2 were missing their methadone 

dose amount and 94 had no UDS reported. Of the remaining 2,157 participants with UDS, 
169 only had one time-point and were excluded from the relapse outcome. Finally, only 
1,327 of 2,251 participants reported if they had previously experienced an opioid 
overdose. Therefore, 2,157 were included in the continued opioid use analysis, 1,988 in 
the relapse analysis, 2,249 in the methadone dose analysis and 1,327 in the opioid 
overdose analysis. 
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5.1.4.2 Descriptive Data 
The current study included 924 participants from the GENOA study and 1,327 from 

the POST study. Majority of study participants were male (57.53%) and had a mean age 
of 39.26 years. It was most common for participants to report to never been married, 
unemployed and have less than a grade 12 education. Participants reported an average 
methadone dose of 71.76 mg/day and have been on treatment for 53.53 months, or 
approximately 4.5 years, and 23.56% reported currently having a prescription to opioids, 
other than methadone for medical indications, namely, pain conditions. Finally, 6,377,206 
SNPs passed the quality control steps and were included in the GWAS and of the 293 
SNPs available from the previously reported GWAS summary statistics, 39 SNPs were 
included in the PRSs. The full list of participants demographics can be found in Table 1.  

 

Table 9. Sample demographics 

 Total Male Female 
N (%) 2251 1295 (57.53) 956 (42.47) 
GENOA 924 539 (58.33) 385 (41.67) 
POST 1327 756 (56.97) 571 (43.03) 
Age in years, Mean (SD) 39.26 (11.11) 40.06 (11.17) 38.19 (10.95) 
Marital status, N (%)a    
Never Married 1030 (48.75) 623 (51.70) 407 (44.82) 
Common law 425 (20.11) 222 (18.42) 203 (22.36) 
Currently Married 194 (9.18) 111 (9.21) 83 (9.14) 
Separated 202 (9.56) 99 (8.22) 103 (11.34) 
Divorced 195 (9.23) 120 (9.96) 75 (8.26) 
Widowed 67 (3.17) 30 (2.59) 37 (4.07) 
Currently employed, N 
(%)b 

717 (33.93) 487 (40.38) 230 (25.36) 

Education, N (%)c    
Less than grade 9 516 (24.47) 296 (24.56) 220 (24.34) 
Grade 9-12 974 (46.18) 606 (50.29) 368 (40.71) 
Trade School 66 (3.13) 48 (3.98) 18 (1.99) 
College/University/Graduate 
School  

553 (26.22) 255 (21.16) 298 (32.96) 

Methadone Dose in 
mg/day, Mean (SD)d 

71.76 (43.07) 74.18 (44.57) 68.47 (40.75) 

Duration on MMT in 
months, Mean (SD)e 

53.53 (58.92) 53.50 (56.89) 53.57 (61.61) 

Current opioid 
prescription, N (%)f 

53 (23.56) 31 (2.39) 22 (2.30) 

Continued opioid use, N 
(%)g 

1716 (79.55) 993 (80.02) 723 (78.93) 
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Relapse, N (%)h 631 (31.74) 362 (31.81) 269 (31.65) 
Reported opioid overdose 
in lifetime, N (%)i 

437 (32.93) 244 (32.28) 193 (33.80) 

aData available for nTotal= 2,113, nMale= 1,205, nFemale=908 
bData available for nTotal= 2,113, nMale= 1,206, nFemale=907 
cData available for nTotal= 2,109, nMale= 1,205, nFemale= 904 
dData available for nTotal= 2,249, nMale= 1,294, nFemale= 955 
eData available for nTotal= 2,242, nMale= 1,290, nFemale= 952 
fData available for nTotal= 2,250, nMale= 1,295, nFemale= 955 
gData available for nTotal= 2,157, nMale= 1,241, nFemale= 916 
hData available for nTotal= 1,988, nMale= 1,138, nFemale= 850 
iData available for nTotal= 1,327, nMale= 756, nFemale= 571 

 
5.1.4.3 Main Results 

We identified one SNP approaching genome-wide significance for each outcome; 
for continued opioid use rs5868616 on chromosome 5 (8.87×10-7), for relapse 
rs10912116 on chromosome 1 (4.40x10-7), for methadone dose rs6670338 on 
chromosome 1 (5.79x10-7), and for opioid overdose rs12777585 on chromosome 10 
(2.60x10-6). For all outcomes, using the top SNP as a covariate in the analysis did not 
result in any further significant results, thus no other strong signals within the region 
exist. Results on the top SNPs for each respective outcome can be found in Table 2. 
Manhattan plots and QQ plots for the respective study outcomes can be found in Figure 
1-8. 

 

Table 10. Top SNPs from each GWAS 

Outcome Chr SNP BP A1 OR/BETA P 
Continued 
Opioid Use 

5 rs5868616 71874588 GT 1.624 8.87×10-7 

Relapse 1 rs10912116 187657898 T 0.684 4.40x10-7 
Methadone 
Dose 

1 rs6670338 91764748 G 0.043 5.79x10-7 

Opioid 
Overdose 

10 rs12777585 116685252 C 1.551 2.60x10-6 

Chr=chromosome, SNP=single nucleotide polymorphism, BP=base pair, A1=reference allele, 
OR=odds ratio, BETA= beta coefficient 

 
 Results from the sex-stratified association analyses between the SNPs 
approaching GWAS significance for each respective outcome are reported in Table 3, 
using the p-value of less than 0.05 to indicate statistical significance. The GT allele of 
rs5868616 was significant associated with an increased odds of continued opioid use in 
both males [odds ratio (OR)=1.56, 95% confidence interval (CI)=1.19, 2.03, p=1.09E-3] 
and females [OR= 1.70, 95% CI=1.28, 2.25, p=2.65E-4], however the sex by SNP 
interaction was not significant. The T allele of rs10912116 was significantly associated 
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with a decreased odds of relapse in both males [OR= 0.77, 95% CI= 0.63, 0.94, p=8.87E-
3] and females [OR= 0.59, 95% CI=0.47, 0.74, p=5.07E-6] and the sex by SNP 
interaction was also significant [OR= 0.74, 95% CI=0.55, 1.00, p=4.89E-2]. The A allele 
of rs6670338 was significantly associated with methadone dose in both males [Beta=0.04, 
standard error (SE)=0.01, p=8.21E-4] and females [Beta=0.05, SE=0.01, p=2.32E-4], 
however, the sex by SNP interaction was not significant. Finally, the G allele of 
rs12777585 was significantly associated with an increased odds of opioid overdose in 
both males [OR=1.67, 95% CI=1.31, 2.13, p=3.76E-5] and females [OR=1.40, 95% 
CI=1.06, 1.86, p=1.88E-2], however the sex by SNP interaction was not significant. 
 

Table 11. SNPs and associated outcomes stratified by sex 

Outcome SNP N Reference 
Allele 

OR/BETA 95 % 
CI/SE 

P 

Continued 
Opioid Use 

rs5868616  GT    
Males 1241  1.56 1.19, 2.03 1.09E-3 
Females 916  1.70 1.28, 2.25 2.65E-4 

 Interaction 2157  1.10 0.75, 1.62 0.63 
Relapse rs10912116  T    

Males 1138  0.77 0.63, 0.94 8.87E-3 
Females 850  0.59 0.47, 0.74 5.07E-6 

 Interaction 1988  0.74 0.55, 1.00 4.89E-2 

Methadone 
dose 

rs6670338  A    
Males 1294  0.04 0.01 8.21E-4 
Females 955  0.05 0.01 2.32E-4 
Interaction 2249  0.01 0.02 0.39 

Opioid 
Overdose 

rs12777585  G    
Males 756  1.67 1.31, 2.13 3.76E-5 
Females 571  1.40 1.06, 1.86 1.88E-2 
Interaction  1327  0.85 0.59, 1.23 0.39 

OR=odds ratio, BETA= beta coefficient, 95% CI = 95% confidence interval levels (lower, upper), 
SE=standard error 

 
Results from the PRS best-fit model for continued opioid use, relapse, methadone 

dose and opioid overdose are reported in Table 4, and interpreted with the significance 
threshold of p<0.05. Using the p-value threshold of 1.0 E-5 for the previous GWAS 
summary statistics, a significant PRS was found for methadone dose (PRS R2=3.45E-3). 
No other PRS association with other outcomes were significant. The bar plots depicting 
the model of fit across p-value thresholds from the previously reported GWAS for each 
outcome can be seen in Figures 9-12.  
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Table 12. PRS best model fit for each outcome 

 
5.1.5 Discussion 

5.1.5.1 Key Results 
No SNPs reached genome-wide significance in any GWAS. However, rs5868616 

on chromosome 5 for continued opioid use, rs10912116 on chromosome 1 for relapse, 
rs6670338 on chromosome 1 for methadone dose, and rs12777585 on chromosome 10 for 
opioid overdose were identified as approaching genome-wide significance. All SNPs 
were found to be significantly associated with their respective outcome in males and 
females separately (P<0.05), however sex did not modify the association between 
rs5868616, rs6670338 or rs12777585. The interaction was significant for rs10912116, 
where sex modifies the association between rs10912116 and relapse such that the odds of 
relapse higher for females. For the PRS, statistically significant (P<0.05) results were 
observed for methadone dose, however no other significant results were observed.  
 
5.1.5.2 Interpretation 

The GWASs did not replicate any known genetic associations of MMT outcomes 
from the literature. Two SNPs, rs5868616 on chromosome 5 and rs10912116 on 
chromosome 1, have no known associations with other traits or pathways in the literature. 
The SNP associated with methadone dose, rs6670338, is part of the transforming growth 
factor beta receptor 3 (TGFBR3), however traits previously associated with areas in this 
gene include systolic blood pressure, ischemic stroke, diabetes and other traits that are not 
related to mental health conditions or addiction (43). The SNP associated with opioid 
overdose, rs12777585, is part of the heat shock protein family A member 12A 
(HSPA12A), wherein SNPs in this region have been previously associated with 
externalizing behaviours (namely attention deficit hyperactivity disorder, substance use, 
and antisocial behaviours), educational attainment and smoking initiation (43–46). As 
OUD, or more specifically substance use behaviour as a whole, is classified as 

Outcome Threshold PRS 
R2 

Full 
R2 

Null 
R2 

Coefficient SE P Number 
of SNPs 

Continued 
opioid use 

1.0 E-5 7.37E-
4 

3.39E-
2 

3.31E-
2 

2.07 
 

2.07 
 

0.32 8 

Relapse 0.0001 6.70E-
4 

1.41E-
2 

1.35E-
2 

-4.27 4.38 0.33 39 

Methadone 
dose 

1.0 E-5 3.45E-
3 

5.20E-
2 

5.43E-
2 

-0.54 0.20 5.42E-
3 

8 

Opioid 
overdose 

0.0001 9.58E-
4 

2.43E-
2 

2.34E-
2 

5.12 5.38 0.34 39 

PRS R2=Variance explained by the PRS, Full R2=Variance explained by the full model, Null 
R2=Variance explained by the covariates, SE=standard error, Number of SNPs=number of SNPs 
included in the model 
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externalizing as well as known associations with education attainment and smoking 
behaviour it is possible that this gene region could indicate these traits are not 
independent or reflect genuine pleiotropy (44,47–49). Further investigation into 
HSPA12A is required to determine the genetic association with opioid overdose. 
 With growing evidence suggesting that the majority of genetic variants have small 
effects which collectively contribute to the risk of a disease, it is important to consider 
other methods, such as PRS, as they are able to aggregate the effects of variants across the 
genome through creating a weighted sum of the number of risk alleles an individual 
carries (50–52). We found a statistically significant PRS for methadone dose, suggesting 
it can be applied to assess the individual level variability in methadone dose. However, 
the variability explained by genetics was minor, 3.45E-3, with majority of the variance 
reported explained by the covariates (Null R2=5.43E-2), suggesting that much of the 
variance is due to other, non-genetic, factors such as the environment. The PRSs for 
continued opioid use, relapse and opioid overdose were not significant and, similar to the 
PRS for methadone dose, the variability explained by genetics was minor (less than 
6.70E-4). It is important to note that the GWAS summary statistics from the literature 
investigated methadone dose, and thus SNPs contributing to individual variability in 
methadone dose may not contribute to genetic variability in the outcomes of continued 
opioid use, relapse and opioid overdose despite their clinical associations (38). Thus, it is 
also important to consider that the lack of significant findings within this study may be 
due to shared genetic contribution of various substances of abuse or externalizing 
behaviours (44,53). 
 Lastly, it is important to discuss the results of the sex-specific analyses as it has 
been previously reported that women are more likely to present to treatment with higher 
rates of psychiatric comorbidities, greater life instability, have higher relapse rates, and 
experience faster dependence progression rates and men are more likely to present to 
treatment with ongoing drug use and other risky drug-related behaviours than women 
(18,54,55). Further, biological differences between women and men have been reported, 
including neuroanatomy and neurochemistry, as well as psychological and behavioural 
differences such as in cognition, aggression and neurological diseases (56). Thus, while 
this study did not fine sex-specific differences within MMT outcomes, it is important to 
continue to investigate the potential genetic differences that may exist in sex-specific 
treatment outcomes. 
 
5.1.5.3 Limitations and generalizability 

In addition to the sources of bias discussed earlier, limitations exist within the 
study. First, the results from this study are limited to those of European Ancestry and 
therefore may not be generalizable to individuals from different ancestry backgrounds. 
Further, it is important to note the level of missing data. Due to the specific criteria of 
each outcome, multiple participants were lost either due to a lack of UDS or, for opioid 
overdose specifically, not being a part of the POST study where data collection slightly 
varied from the GENOA study. It is important to mention that some participants with 
missing UDS could have left treatment due to a relapse (and continued opioid use), 
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transferred to another clinic and reminded stable on MMT or entered another treatment 
facility. More importantly, it is important to note that we do not know their true outcome. 
Finally, it is important to note that methadone dose or UDS may not have been an 
accurate measure of treatment response as treatment outcomes can be complex and no 
one definition has been agreed upon to be the ultimate treatment response (57). In 
addition, study participants were enrolled in different stages of treatment, as such 
participants could have been at induction, treatment stabilization or taper stages, each of 
which vary the amount of methadone as well likelihood of opioid use based on opioid 
cravings (58).  
 Regardless, this study provides additional insight into the genetics of MMT 
response. While further research is required to understand the complexity of OUD and 
treatment outcomes, it is important to continue to investigate genetic differences in MMT 
response given the known individual level variability and future clinical implications of 
personalized care.  
 
5.1.6 Other Information 

5.1.6.1 Funding 
This study was supported by CIHR (PJT-156306), which played no role in the study 
design, analysis, reporting or publication.  
 
5.1.6.2 Authors Contributions 
ZS is the guarantor. AH, ZS and AP conceptualized the genetic study. AH implemented 
the design, quality control steps, and methodology with the aid of CC, AL, AP and ZS. 
AP provided genetic statistical guidance and data clean up methods. DM and JH provided 
support and collaboration with the CATC clinics. AH prepared the first draft. FK, LM, 
LT, ZS and AP revised the study design, data analysis, and data interpretation. All authors 
reviewed and approved the final manuscript.  
 
5.1.7 List of Abbreviations  
Canadian Addiction Treatment Centre (CATC) 
Confidence Interval (CI) 
Diagnostic and Statistical Manual – fourth edition (DSM-IV)  
Diagnostic and Statistical Manual – fifth edition (DSM-5)  
GENetics of Opioid Addiction (GENOA)  
Genome-Wide Association Study (GWAS)  
Medication Assisted Treatment (MAT) 
Methadone Maintenance Treatment (MMT) 
Odds Ratio (OR) 
Opioid Use Disorder (OUD)  
Pharmacogenetics of Opioid Substitution Treatment Response (POST)  
Polygenic Risk Score (PRS)  
Single Nucleotide Polymorphism (SNP)  
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Standard Error (SE) 
Strengthening the Reporting of Genetic Association studies (STREGA)  
Strengthening the Reporting of Observational studies in Epidemiology (STROBE)  
Urine Drug Screens (UDS) 
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5.1.8.1 Figures 
Figure 1. Continued opioid use Manhattan Plot 
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Figure 2. Continued opioid use QQ Plot 
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Figure 3. Relapse Manhattan Plot 
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Figure 4. Relapse QQ Plot 
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Figure 5. Methadone dose Manhattan Plot 

 
 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 114 

Figure 6. Methadone dose QQ Plot 
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Figure 7. Opioid overdose Manhattan Plot 
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Figure 8. Opioid overdose QQ Plot 
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Figure 9. Continued opioid use PRS model fit 
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Figure 10. Relapse PRS model fit 
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Figure 11. Methadone dose PRS model fit 

 
 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 120 

Figure 112. Opioid overdose PRS model fit 
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6 CHAPTER 6: Conclusion  

6.1 Overview  

Through this thesis, we have explored the genetics of cannabis use and MMT 
outcomes. First, we methodologically planned a systematic review and meta-analysis of 
genetic studies of cannabis use (Chapter 2) and implemented it, while carefully assessing 
the quality of the findings (Chapter 3). We identified 96 genetic variants associated with 
cannabis dependence, CUD, age of onset of cannabis use, or lifetime cannabis use and 
multiple genes of interest, including ANKFN1, INTS7, PI4K2B, CSMD1, CST7, ACSS1, 
and SCN9A. The results from the systematic review were able to summarize the current 
literature of GWASs investigating cannabis use, and highlight potential regions of interest 
to inform future genetic studies. Next, we employed GWAS and PRS methods to 
investigate the genetics of cannabis (Chapter 4) and MMT outcomes (Chapter 5). With 
GWAS investigating novel genetic variants, PRSs creating an individuals weighted 
genetic risk score for a trait and an exploration into sex-differences, we were able to 
provide further insight into the genetics of cannabis use and MMT outcomes, with 
possible future implications for personalized care. Chapter 4 did not identify any regions 
reaching genome-wide significance or sex-specific results, however, did find statistically 
significant PRS for regular cannabis with minor variance explained (R2=2.50E-3). 
Similarly, Chapter 5 did not identify any regions of genome-wide significance or sex-
specific results and found a statistically significant PRS score for methadone dose with 
minor variance explained (R2=3.45E-3).  

6.2 Overall Implications 

The evidence provided in this systematic review significantly contributes to the 
genetics of cannabis use and MMT outcomes. The systematic review and meta-analysis 
provide an overview of the current literature on GWASs investigating cannabis use while 
maintaining transparency in reporting. The GWAS and PRS on cannabis use provided 
insight into the genetics of cannabis use within the OUD population, a unique population 
of interest in which cannabis use is prevalent. The GWAS and PRS on MMT outcomes 
provided insight into the genetics of continued opioid use, relapse, methadone dose and 
opioid overdose. Finally, the genetic studies presented were some of the first to introduce 
sex differences to the analysis and analyzing same-sex groups independently.  

Importantly, this thesis conducted research on a vulnerable population, that is, 
individuals living with an OUD. While the results within this thesis reaching statistical 
significance are limited, this thesis does provide more information for opioid addiction 
clinicians that may help improve treatment for patients. We have identified background 
information on the importance of sex-differences for both cannabis use and methadone 
dose. Additionally, we provide important information on the genetic predispositions that 
might play a role in cannabis use and response to MMT. Finally, with the support of 
future research, we aid in the advancement of personalized medicine through evidence 
which demonstrates that an individual’s genetic makeup may impact MMT treatment 
response. Personalized medicine involves utilizing individual characteristics, including 
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their genetics, to guide treatment plans with the aim of better outcomes (39). In cannabis 
use and response to MMT, personalized medicine could include informing individuals of 
their predisposed genetic risk to certain substances or reduce the likelihood of exposing 
individuals to a treatment that would be ineffective to them (40). 

Finally, in addition to disseminating information to opioid addiction clinicians, this 
thesis aims to disseminate information to researchers and policy makers. Through 
publishing the systematic review protocol and full review, as well as intentions to submit 
the GWASs and PRSs for cannabis use and MMT outcomes, this work promotes research 
transparency and encourages future research.  

6.3 Future Directions 

While the PRSs conducted had a sufficient sample size, the GWASs were 
underpowered. Thus, although the GWASs provided SNPs approaching genome-wide 
significance, it is recommended for larger, more powerful, GWASs to be conducted 
within the OUD population. Additionally, given the low variance explained by the PRSs, 
it is recommended to test additional previous GWAS on traits associated with our 
outcomes, such as externalizing behaviours, to explore whether the lack of genetic 
variance explained may be due to genetic pleiotropy of different risk-taking traits. Finally, 
it is important to continue to test sex-differences within genetics due to the known 
phenotypic differences between males and females, and the possibility of personalized 
care.  
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8 Appendix 

8.1 CHAPTER 2 Additional File 1 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 127 
 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 128 
 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 129 

8.2 CHAPTER 2 Additional File 2 

Search Strategy 

MEDLINE	 15. Genome-Wide Association Study/ 
16. Genotyping Techniques/ 
17. Genome, Human/ 
18. Genetic Variation/ 
19. genetics/ or exp human genetics/ 
20. (human* adj2 (genotyp* or genome* or 

genetic*)).ti,ab,kw,kf. 
21. (GWS or GWAS or GWA).mp. 
22. genome wide.ti,ab,kw,kf. 
23. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 
24. exp Cannabis/ 
25. ((cannabis* or marijuana* or 

cannabinoids* or marihuana* or hash* or 
kush* or weed* or pot* or THC* or 
CBD*) adj2 (overdose* or use* or using 
or misuse* or abus* or dependence* or 
addict*)).ti,ab,kw,kf. 

26. 10 or 11  
27. 9 and 12 
28. Limit 13 to humans 

Web	of	Science	 8. TS=(genome-wide association study or 
genome-wide association or GWAS or 
GWA or genome wide) 

9. TS=(human NEAR/2 genome) 
10. TS=(( cannabis* or marijuana* or 

cannabinoids* or marihuana* or hash* or 
kush* or weed* or pot* or THC* or CBD*) 
NEAR/2  (overdose* or use* or using or 
misuse* or abus* or dependence* or 
addict*))  

11. TS=(cannabis* or marijuana* or 
marihuana*) 

12. #1 OR #2 
13. #3 OR #4 
14. #5 and #6 

EMBASE	 15. Genome-Wide Association Study/ 
16. Genotyping Techniques/ 
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17. Genome, Human/ 
18. Genetic Variation/ 
19. genetics/ or exp human genetics/ 
20. (human* adj2 (genotyp* or genome* or 

genetic*)).ti,ab,kw. 
21. (GWS or GWAS or GWA).mp. 
22. genome wide.ti,ab,kw. 
23. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 
24. exp Cannabis/ 
25. ((cannabis* or marijuana* or cannabinoids* 

or marihuana* or hash* or kush* or weed* 
or pot* or THC* or CBD*) adj2 (overdose* 
or use* or using or misuse* or abus* or 
dependence* or addict*)).ti,ab,kw. 

26. 10 or 11  
27. 9 and 12 
28. Limit 13 to human 

CINAHL	 7. genome-wide association study or genome-
wide association or GWAS or GWA or 
genome wide or genome 

8. cannabis* or marijuana* or cannabinoids* or 
marihuana* or hash* or kush* or weed* or 
pot* or THC* or CBD*)  

9. overdose* or use* or using or misuse* or 
abus* or dependence* or addict* 

10. S2 and S3 
11. S1 and S4  
12. Limit to Human  

GWAS	Catalog	 Terms	Searched:	

- Cannabis 
- Cannabis dependence 
- Marihuana 
- Marijuana 
- Cannabinoids 
- Hash 
- Kush 
- Weed 
- Pot 
- THC 
- CBD  

GWAS	Central	 Terms	Searched:	
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- Cannabis 
- Cannabis dependence 
- Marijuana 
- Marihuana 
- Cannabinoids 
- Hash 
- Kush 
- Weed 
- Pot 
- THC 
- CBD  

NIH	Database	of	Genotypes	and	
Phenotypes	

Terms	Searched:	

- Cannabis 
- Cannabis dependence  
- Marijuana 
- THC 
- Marihuana 
- Cannabinoids 
- Hash 
- Kush 
- Weed 
- Pot 
- CBD 
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8.3 CHAPTER 2 Published Protocol 

 

PROTOCOL Open Access

Genetic determinants of cannabis use: a
systematic review protocol
Alannah Hillmer1, Caroul Chawar1, Stephanie Sanger2, Alessia D’Elia1, Mehreen Butt3, Raveena Kapoor4,
Flavio Kapczinski5, Guillaume Pare6, Lehana Thabane7 and Zainab Samaan5*

Abstract

Background: With the legalization of cannabis in Canada, there is an increase trend in use. Cannabis has been
known to have several health implications, one of which is the development of cannabis use disorder (CUD). CUD
is more common in males than females, as well as in certain ethnic groups such as Native Americans. Additionally,
both environmental and genetic risk factors have been found for cannabis use. The objective of this systematic
review will be to summarize the genetic variants associated with cannabis use which have reached borderline
genome-wide significance.

Methods: This systematic review will incorporate articles that have performed a genome-wide association study
(GWAS) investigating cannabis use. MEDLINE, Web of Science, EMBASE, GWAS Catalog, GWAS Central, and NIH
Database of Genotype and Phenotype will be searched using a comprehensive search strategy. The quality of genetic
association studies (Q-Genie) tool will be utilized to assess the quality of the included studies. All screening and data
extraction will occur independently by two authors. If feasible, a random-effects meta-analysis will be conducted on
pooled odds ratios of single nucleotide polymorphisms reaching borderline genome-wide significance.

Discussion: This systematic review will synthesize available GWAS on cannabis use. Results from this review will inform
and direct further investigation of genetic variants associated with cannabis use.

Systematic review registration: PROSPERO CRD42020176016

Keywords: Systematic review, Cannabis, Genetics, Genome-wide

Background
On October 17, 2018, the Cannabis Act came into effect
in Canada allowing for the legal growth of cannabis
plants as well as the recreational possession and con-
sumption of cannabis for those who are 18 years or older
[1]. In response to the Cannabis Act, Statistics Canada
has introduced a National Cannabis Survey which has
been conducted every 3 months since February 2018.
The NCS showed that nearly 17% of Canadians aged 15
years and older reported using cannabis within a 3-

month period between mid-August and mid-September
of 2019, a rate that was consistent with the rate of the
year prior, when cannabis was an illicit substance. How-
ever, in the fourth quarter of 2019, cannabis use was in-
creased when compared to the fourth quarter of 2018.
Additionally, regardless of the year of study, cannabis
consumption rates continue to be higher among males
than females [2].
Cannabis use disorder (CUD) is defined as a problem-

atic pattern of cannabis use leading to clinically signifi-
cant impairment or distress. In 2013, the Diagnostic and
Statistical Manual reported that CUD is prevalent in
3.4% of youth aged 12 to 17 years old and 1.5% of adults
age 18 years or older. Trends of CUD also differ among

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: samaanz@mcmaster.ca
5Department of Psychiatry and Behavioural Neurosciences, McMaster
University, 100 West 5th St., Hamilton, ON L8N 3 K7, Canada
Full list of author information is available at the end of the article
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sex and ethnicities. Rates of CUD are higher in males
compared to females and rates of CUD are higher in Na-
tive American and Alaska Natives compared to other
ethnic groups [3]. Results from a meta-analysis on twin
studies estimated the heritability for cannabis use initi-
ation to be 40–48% and 51–59% for problematic canna-
bis use, suggesting a genetic component to cannabis use
and CUD [4]. A genome-wide association study (GWAS)
combined five cohorts identifying several genes and sin-
gle nucleotide polymorphisms (SNPs) associated with
cannabis use and dependence [5]. A cluster of correlated
SNPs in a novel region of chromosome 10 were identi-
fied at genome-wide significant levels in participants of
European descent [5]. However, of three meta-analyses
conducted on cannabis use in the literature, only one
study identified a significate association [6–8]. One re-
gion on chromosome 16 was significantly associated
with age of first cannabis use, with the strongest associ-
ation for the intronic variant rs1574587 [7].
Interestingly, one study investigated the genetic and

environmental risk factors for cannabis availability re-
ported variation in cannabis initiation and symptoms of
cannabis use disorder. Cannabis availability and initi-
ation had a correlation of 0.48 and cannabis availability
and symptoms of cannabis use disorder had a correl-
ation of 0.23. Additionally, much of the variation associ-
ated with problematic use can be explained by shared
environmental risk in cannabis availability leading to ini-
tiation and the genetic non-shared environmental risks
for cannabis initiation [9]. These findings are of specific
interest to Canada and other countries with legalization
of cannabis is already in effect or being considered, as
cannabis is increasingly more available since the
legalization.
With cannabis availability increasing, and known herit-

ability of CUD, it is important to understand the genetic
risk factors associated with cannabis use. While meta-
analyses of GWASs provide regions of interest, no known
systematic review exists that summarizes identified genes
and/or SNPs that have reached genome-wide significance
for cannabis use. It is important to provide a summary of
the literature which includes recent GWASs in the context
of cannabis legalization. Further, understanding the genetic
basis of cannabis use will assist health care workers in mak-
ing science-informed decisions regarding the recommenda-
tion of recreational use and prescription of cannabis.

Objectives
The main goal of this systematic review is to identify
genetic variants from genome-wide association studies
(GWASs) associated with cannabis use. Though genetic
variants most commonly reported by GWASs are SNPs,
this review will be inclusive of any other genetic markers
reported in GWASs. We will summarize the results of

GWASs which meet our inclusion criteria, and if pos-
sible, we will meta-analyze genetic variants that are re-
ported in more than one primary study.
Primary objectives of this systematic review include

the following:

1. Identify genetic variants associated with current
cannabis use. Current cannabis use is defined by
either self-report or positive urine drug screens
within 1 month of the study being conducted.

2. Identify genetic variants associated with lifetime
cannabis use. Lifetime cannabis use is defined by
any self-reported or positive urine drug screens of
cannabis use within one’s lifetime.

3. Identify genetic variants associated with CUD. CUD
is defined by any diagnostic and classification
systems used to diagnosis CUD or questionnaires
validated to assess CUD.

Secondary objectives of this systematic review include
the following:

1. Identify genetic variants associated with the adverse
outcomes of cannabis use including psychiatric
(cognitive impairment, psychotic symptoms,
depression, anxiety, suicidal behavior) and non-
psychiatric (chronic bronchitis, lung infections,
chronic cough, increased risk of motor vehicle
accidents) [10–12].

2. When feasible, perform subgroup summaries by sex
or ethnic differences.

Methods and analysis
This protocol is reported in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses Protocols (PRISMA-P) statement [13]
(see PRISMA-P checklist in Additional file 1). This
protocol was registered within the International Pro-
spective Register of Systematic Reviews (PROSPERO)
(registration number: CRD42020176016).

Eligibility criteria
GWAS studies presenting original data on associations be-
tween cannabis use and genetic polymorphisms using any
study design (i.e., case-control, cohort, etc.) will be in-
cluded in this systematic review. All other types of studies
will be excluded. Studies in any setting will be included
and no restriction will be placed on age, sex, ethnic back-
ground, or language. Additionally, articles that do not
present sufficient data to calculate the odds ratio (OR)
with a 95% confidence interval will be excluded from
quantitative analyses if data cannot be obtained after con-
tacting the studies’ authors and the calculations cannot be
made with the available published information. However,
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we will include these studies in the qualitative description
of the review findings.
We will include studies investigating cannabis use dis-

order as defined by the Diagnostic and Statistical
Manual-5 (DSM-5) or other diagnostic and classification
systems such as the International Statistical Classifica-
tion of Diseases and Related Health Problems-10 (ICD-
10) or specific diagnostic scales designed to screen and
diagnose dependence or use disorder of cannabis as well
as any studies measuring any use of cannabis. We define
cannabis use based on the included studies’ definitions
and accept the following definition: current cannabis use
is defined as either self-report or positive urine drug
screens within 1 month of the study being conducted
and lifetime cannabis use is defined as any self-reported
or positive urine drug screens of cannabis use within
one’s lifetime [14]. Clinical diagnoses and questionnaires
validated to assess CUD will also be accepted. All studies
not investigating current cannabis use, lifetime cannabis
use, or CUD will be excluded. In the case of polymor-
phisms reported in duplicate publications from the same
study population, the article that is the most recent will
be included.

Information sources
A Health Science Librarian was consulted to develop a
comprehensive search strategy. No language restriction
will be placed on the search strategy, though studies will
be limited to human studies. MEDLINE, Web of Sci-
ence, EMBASE, GWAS Catalog, GWAS Central, and
NIH Database of Genotype and Phenotype will be
searched using the agreed-upon strategy, modified for
each database. The search strategy will include all terms
relevant to cannabis and genome-wide association stud-
ies. Databases will be searched from inception onwards.
Sources of gray literature including dissertations and
theses, clinical guidelines, and reports from regulatory
agencies will be searched. Reference lists of relevant sys-
tematic reviews and all included studies will be checked
to identify additional articles.

Search strategy
Draft search strategies for multiple electronic databases
are provided in Additional file 2.

Study records
Data management
All of the references will be managed and organized
through Zotero [15]. Covidence will be used for the
management of this systematic review at the title and
abstract, full text, and data extraction stages [16]. Prior
to the formal screening process, a calibration will take
place to pilot and refine the screening process. Training

will be given to all team members on using Covidence
prior to starting the review.

Selection process
Two independent reviewers will screen titles and ab-
stracts for inclusion criteria. Full-text review will also be
completed independently by two reviewers. Disagree-
ments between reviewers will be resolved by consensus
or including a third reviewer. We will record the reason
for excluding studies at the full-text review stage.

Data collection process
Data extraction will take place independently and in du-
plicate for each eligible study. Standardized full-text data
extraction forms will be constructed. The data extraction
form will be pilot tested by two independent reviewers
to determine the feasibility of this review and ensure all
details are captured. In the event of missing data, we will
contact study authors to obtain missing information
where possible. All contact with the authors will be
documented.

Data items
We will extract the following information: author, year
of study, country, cohort population used, number of
participants (separated by those included in the cannabis
use group and non-cannabis use group), control popula-
tion, the ethnicity of participants, mean age, sex ratio,
the measure of cannabis use disorder or cannabis use or
definition of cannabis use, inclusion and exclusion cri-
teria, how cannabis use was reported (i.e., self-report,
drug urine screens), frequency of cannabis use, and fi-
nally any genetic variants which reached the significance
threshold set of p ≤ 10−7. Genome-wide significance is
generally considered any SNP with a p value less than 5
× 10−8; however, SNPs reaching borderline significance,
p < 10−7, will also be extracted as borderline significance
has been found to be generally replicable [17].

Outcomes and prioritization
The main aim of the systematic review will be to assess
variants reaching the given threshold associated with
cannabis use outcomes from the primary studies in-
cluded in this review.
The primary outcomes are as follows:

1. Current cannabis use is defined as either self-
reported cannabis use or positive cannabis urine
drug screens within 1 month of the study being
conducted.

2. Lifetime cannabis use is defined as self-reported
ever used cannabis during the individual’s lifetime.

3. CUD is defined by a diagnosis from the DSM-5 or
other diagnostic and classification system such as
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the ICD-10 or specific diagnostic scales designed to
screen and diagnose dependence or use disorder of
cannabis.

For each of the outcomes above, we will collect infor-
mation on each outcome as reported in the primary
studies meeting the eligibility criteria, including dichot-
omous use of cannabis, percent positive urine screens,
questionnaires, and diagnostic classification.
The secondary outcomes are as follows:

1. Adverse outcomes of cannabis use including
psychiatric and non-psychiatric outcomes. We will
collect data as reported in the primary studies in-
cluded such as comorbid diagnosis and additional
medication condition.

2. We will collect information from the included
primary studies on sex and ethnic groups within the
study. We will provide a qualitative summary and, if
feasible, conduct a subgroup meta-analysis of gen-
etic variants within specific ethnic groups.

Risk of bias in individual studies
Quality assessment will be completed in duplicate for
each study included. The quality of genetic association
studies (Q-Genie) tool [version 1.1] will be used. Dis-
agreements of quality assessments will be resolved
through discussion [18]. If a consensus is not reached
through discussion, a third author will be consulted to
resolve the disagreement.

Data synthesis
Studies included in this systematic review will undergo
qualitative synthesis. Summary tables will be used which
will include the sample size, size of cannabis group and
non-cannabis group, sex distribution, mean age, study
design, ethnic population, and outcome (current canna-
bis use, lifetime cannabis use, or CUD). A separate table
will be used to display any variants reaching borderline
genome-wide significance, the corresponding study it
was reported in, the corresponding chromosome and
position, minor allele, gene/locus, population size, out-
come associated, measure, measure of association value,
measure of variability, ethnicity, and p value reported.
Heterogeneity between the studies will be assessed

through the I2 statistic with a 95% confidence interval.
We will also report summary tables including the study
design, population, and cannabis use measure/definition
to describe heterogeneity qualitatively. If appropriate, a
random-effects meta-analysis will be conducted on
pooled odds ratios for the main outcome previously
mentioned. If appropriate, the a random-effects meta-
analysis will be conducted on pooled odds ratio for the
secondary outcomes previously mentioned as well as a

subgroup analyses of the participants’ sex and ethnici-
ties. Subgroup analyses by participant’s sex account for
any differences in cannabis use between sexes which has
been previously reported in the literature [19–21]. Add-
itionally, due to genetic differences between ethnicities,
genetic associations may be more predominant in cer-
tain ethnic groups than others, as such a subgroup ana-
lysis will be conducted, if feasible [22]. Studies excluded
from the quantitative analysis will be listed and an exclu-
sion reason will be given.
If quantitative methods of analysis are not feasible for

both the primary or secondary outcomes due to either
low heterogeneity found by the I2 statistic or qualitative
synthesis or no two study reports the same genetic vari-
ant, only qualitative synthesis results will be reported.
We will not conduct a meta-analysis of individual par-
ticipant data.

Meta-bias
To help mitigate publication bias conference, abstracts
will included, manual searches of references lists will be
conducted, and Cochrane Clinical Trail Protocols Regis-
try and ClinicalTrails.gov databases will be searched for
relevant clinical trial protocols. Additionally, the GWAS
catalog will be manual searched for borderline signifi-
cant variants associated with current cannabis use, life-
time cannabis use, or CUD to ensure all variants are
captured within this review. Authors of conference ab-
stracts will be contacted to determine the stage of the
research project and all correspondence will be docu-
mented. If the published work was not captured by the
search strategy and deemed eligible by two independent
reviewers, it will be included. Two independent re-
viewers will search the references lists of all included
studies. Any identified references, deemed eligible by
two independent reviewers, will be included.

Confidence in cumulative estimate
The Grading of Recommendations Assessment, Devel-
opment and Evaluation (GRADE) will be used to assess
the strength of evidence. GRADE scores according to
the risk of bias, publication bias, consistency, directness,
and precision. A score of high-, moderate, low-, or very
low-quality evidence will be assigned and summarized in
a table [23].

Presenting and reporting of results
The full review will follow the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines with special consideration to the Human
Genome Epidemiology Network (HuGENet) guidelines
[24]. Although HuGENet reviews typically focus on a
single gene, we will present information on each genetic
variant-phenotype association reported which will
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include the study details, population, findings, and
source of data.

Discussion
A lack of consistent evidence exists in the current litera-
ture for genetic variants associated with cannabis use. In
addition, this is the first known systematic review to
synthesize the available evidence on genetic variants as-
sociated with cannabis use. The proposed systematic re-
view aims to identify all genetic variants that have
reached borderline genome-wide significance associated
with cannabis use and CUD. The proposed systematic
review will provide an overview of the current literature
on the genetics of cannabis, aiding in the genetic under-
standing of cannabis use. Understanding the genetic
contribution to cannabis use and its effects such as can-
nabis use disorder has the potential to aid medical prac-
titioners in making decisions related to cannabis use for
medical reasons and the associated potential risks. Add-
itionally, variants reaching borderline genome-wide sig-
nificance will be examined in the context of their known
or biologically plausible relevance to further our
understanding.
Anticipated limitations of this review existed at both the

study and review level. Limitations at the study level may
include a lack of reporting quality control steps, reporting
of variants within linkage disequilibrium, small sample
size, and a lack of reporting variants that failed to reach
genome-wide significance (p < 5 × 10−8) but may have
reached borderline significance levels (p < 10−7). At the re-
view level, limitations exist in the expected high hetero-
geneity, differing outcomes for cannabis use reported in
the literature and the exclusion of meta-analysis and can-
didate gene studies.
On completion of the systematic review, we will pub-

lish in a peer-review academic journal to reach both
clinical and academic experts in the field. This system-
atic review will then inform and direct the further inves-
tigation of genetic variants associated with cannabis
through candidate gene studies.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13643-020-01442-2.

Additional file 1. “PRISMA-P 2015 Checklist” and contains PRISMA-P
checklist.

Additional file 2. Search strategy.
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review
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Abstract 
Background: With the increase in cannabis use rates, cannabis use disorder is being reported as one of the most 
common drug use disorders globally. Cannabis use has several known physical, psychological, and social adverse 
events, such as altered judgement, poor educational outcomes, and respiratory symptoms. The propensity for taking 
cannabis and the development of a cannabis use disorder may be genetically influenced for some individuals. Herit-
ability estimates suggest a genetic basis for cannabis use, and several genome-wide association studies (GWASs) have 
identified possible regions of association, albeit with inconsistent findings. This systematic review aims to summarize 
the findings from GWASs investigating cannabis use and cannabis use disorder.

Methods: This systematic review incorporates articles that have performed a GWAS investigating cannabis use or 
cannabis use disorder. MEDLINE, Web of Science, EMBASE, CINAHL, GWAS Catalog, GWAS Central, and NIH Database 
of Genotype and Phenotype were searched using a comprehensive search strategy. All studies were screened in 
duplicate, and the quality of evidence was assessed using the quality of genetic association studies (Q-Genie) tool. All 
studies underwent qualitative synthesis; however, quantitative analysis was not feasible.

Results: Our search identified 5984 articles. Six studies met our eligibility criteria and were included in this review. 
All six studies reported results that met our significance threshold of p ≤ 1.0 ×  10–7. In total 96 genetic variants were 
identified. While meta-analysis was not possible, this review identified the following genes, ANKFN1, INTS7, PI4K2B, 
CSMD1, CST7, ACSS1, and SCN9A, to be associated with cannabis use. These regions were previously reported in differ-
ent mental health conditions, however not in relation to cannabis use.

Conclusion: This systematic review summarized GWAS findings within the field of cannabis research. While a meta-
analysis was not possible, the summary of findings serves to inform future candidate gene studies and replication 
efforts.

Systematic Review Registration PROSPERO CRD42020176016.
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Introduction
Rationale
Over the past two decades cannabis use and depend-
ence are estimated to have increased, with cannabis 
use disorder (CUD) reported as one of the most com-
mon drug use disorders globally [1]. In Canada, it has 
been reported that nearly 17 percent of Canadians aged 
15  years and older reported using cannabis between 
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October and December of 2019, an increase from 14 
percent between January to March of 2018. Addition-
ally, cannabis consumption rates are higher among males 
than females [2]. Concerningly, cannabis has been asso-
ciated with substantial adverse effects. Like other drugs, 
cannabis can result in cravings, dependence, and drug-
seeking behaviour [3, 4]. During intoxication, cannabis 
can interfere with memory, motor coordination, altered 
judgement, and at higher doses, paranoia or psychosis 
[3]. Further, repeated use of cannabis can have long last-
ing effects, including altered brain development, poor 
education outcome, cognitive impairment, diminished 
life satisfaction and achievement, poor professional and 
social achievements, symptoms of chronic bronchitis and 
increased risk of chronic psychotic disorders [3, 5].

Heritability estimates for cannabis use initiation var-
ied from 30 to 48%, and from 51 to 59% for problematic 
cannabis use, suggesting a genetic component exists [6]. 
Genome-wide association study (GWAS) meta-analyses 
have identified possible regions of association on chro-
mosome 3 for lifetime cannabis use (CADM2), chromo-
some 10 for CUD (rs77300175), and chromosome 16 
for age of first cannabis use (ATP2C2) [7–9]. Moreover, 
candidate gene studies have detected some significant 
associations with cannabis use on the CNR1, GABRA2, 
FAAH, and ABCB1 genes, but as with genome-wide asso-
ciation studies (GWASs), replication of these associations 
has been inconsistent [10].

GWASs provide a ‘hypothesis-free’ method of identify-
ing novel variant-trait associations, leading to the discov-
ery of novel biological mechanisms and diverse clinical 
applications [11]. As such, in this systematic review, we 
will summarize GWAS findings relevant to cannabis use 
or CUD outcomes and discuss future directions.

Objectives:
"e main goal of this systematic review is to identify 

genetic variants from GWASs associated with cannabis 
use.

Primary objectives of this systematic review include the 
following:

1. Identify genetic variants associated with current can-
nabis use. Current cannabis use is defined by either 
self-report or positive urine drug screens within 
1 month of the study being conducted.

2. Identify genetic variants associated with lifetime can-
nabis use. Lifetime cannabis use is defined by any 
self-reported or positive urine drug screens of canna-
bis use within one’s lifetime.

3. Identify genetic variants associated with CUD. CUD 
is defined by any diagnostic and classification systems 
used to diagnose CUD or questionnaires validated to 
assess CUD.

Secondary objectives of this systematic review include 
the following:

1. Identify genetic variants associated with the adverse 
outcomes of cannabis use, including psychiatric 
(cognitive impairment, psychotic symptoms, depres-
sion, anxiety, suicidal behavior) and non-psychiatric 
(chronic bronchitis, lung infections, chronic cough, 
increased risk of motor vehicle accidents) [12–14].

2. When feasible, perform subgroup summaries by sex 
or ethnic differences.

Methods
"is systematic review is reported in accordance with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) statement [15] (see PRISMA 
checklist in Additional file 1). "e Human Genome Epi-
demiology Network (HuGENet) guideline was used to 
supplement the PRISMA guideline. While this review 
does not conform with the HuGENet guideline expecta-
tions of reporting on candidate gene study findings, the 
HuGENet is used to uphold the standard of reporting 
research specific to genetic association studies [16].

Protocol and registration
"e protocol for this systematic review has been regis-
tered within the International Prospective Register of 
Systematic Reviews (PROSPERO) (registration number: 
CRD42020176016) [17]. "e full protocol has been pub-
lished in the journal of Systematic Reviews [18].

Eligibility criteria
"is review investigates GWASs presenting original data 
on associations between cannabis use and genetic poly-
morphisms using any study design (i.e. case–control, 
cohort, etc.). We include studies investigating CUD as 
well as any studies measuring any use of cannabis. Stud-
ies that investigated CUD as defined by any version of 
the Diagnostic and Statistical Manual (DSM) or other 
diagnostic and classification systems such as the Inter-
national Statical Classification of Diseases and Related 
Health Problems-10 (ICD-10) were included. We define 
cannabis use based on the included studies’ definitions 
and accept the following definitions: current canna-
bis use is defined as either self-report or positive urine 
drug screens within one month of the study being con-
ducted, and lifetime cannabis use is defined as any self-
reported or positive urine drug screens of cannabis use 
within one’s lifetime [19]. All other studies that did not 
perform a GWAS and investigate cannabis use or CUD 
were excluded. No restrictions were placed on the study 
setting or participant’s age, sex, ethnic background or 
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language. Further details on the inclusion criteria can be 
found in the study protocol [18].

Information sources and search strategy
A Health Science Librarian was consulted to develop 
a comprehensive search strategy. OVID MEDLINE 
1946-Present, Web of Science 1976-Present, OVID 
EMBASE 1974-Present, EBSCOHost CINHAL 1981-Pre-
sent, GWAS Catalog, GWAS Central, and NIH Database 
of Genotype and Phenotype databases were searched 
using the established strategy, modified for each data-
base. All databases were searched from inception to Feb-
ruary  2nd, 2021. !e search strategy included all terms 
relevant to genome-wide association studies and canna-
bis. !e search strategies for each electronic database are 
provided in Table 1.

Study selection and data collection process
Calibration was completed prior to the formal screening 
process. Title and abstract screening, full-text screening 
and data extraction phases were completed in duplicate 
through Covidence [20]. Conflict resolution at the title 
and abstract and full-text stages was performed by a sen-
ior reviewer (AH or CC), blind to the reviewer’s vote. 
Disagreements at the data extraction stage was resolved 
by the consensuses of the two reviewers. !e reason for 
study exclusion was recorded at the full-text stage.

Data items
Data extracted included baseline participant character-
istics, the measure of cannabis used, relevant and sig-
nificant measured outcomes, statistical measures, and 
reported study limitations and conflicts. For this review, 
the threshold of significance of genetic variants reaching 
p ≤  10–7 was set, as some GWAS results with this signifi-
cance level have been shown to be replicable within the 
literature [21].

Risk of bias within studies and data analysis
Quality assessment was completed in duplicate for each 
included study using the Quality of Genetic Association 
Studies (Q-Genie) tool [Version 1.1] [22]. Disagreements 
of quality assessment was resolved through discussion 
between the two reviewers, and the first author reviewed 
and confirmed all quality assessments.

Summary measures and synthesis of results
A random-effects meta-analysis through pooled odds 
ratios was planned to quantitatively assess the data. 
However, these measures were not appropriate as 
data extracted from each study were unique and could 
not be combined. For the aforementioned reasons, a 

heterogeneity test, and a subgroup meta-analyses could 
not be completed.

Risk of bias across studies
!e Grading of Recommendations Assessment, Devel-
opment and Evaluation (GRADE) was used to assess the 
strength of evidence, with specific consideration of prog-
nostic factors [23, 24]. GRADE scores assess outcomes 
according to the risk of bias, publication bias, consist-
ency, directness, and precision [23].

Results
Study selection
!e search strategy, along with hand-searching, yielded 
5984 studies. After removing duplicates through the 
Zotero reference manger and Covidence, 4344 studies 
were unique and screened for eligibility at the title and 
abstract phase [20, 25]. Of the 69 studies eligible for full-
text screening, 6 studies were included in this review and 
underwent data extraction and quality assessment.

Studies frequently failed to meet the eligibility crite-
ria for inclusion for the following reasons (i) conducted 
a GWAS meta-analysis, (ii) conducted a candidate gene 
study or (iii) were investigating a factor associated with 
cannabis use (i.e. aggression) rather than cannabis use 
itself.

Please see the PRISMA flow diagram in Fig. 1.

Study characteristics
Individual study characteristics are reported in Table 2. 
Two studies were case–control, two were cohort, one 
was case-cohort, and another was case-cohort and 
cohort. Interestingly, the first GWAS in the field of can-
nabis use was published in 2011 and the most recent 
conducted in 2019 [26, 27]. All studies used data from 
large study datasets. !ree studies utilized the Study 
of Addiction: Genetics and Environment (SAGE) [4, 
26, 28]. !e International Cannabis Consortium (ICC), 
UKBiobank, and 23andMe were utilized in one study 
which performed three independent GWAS on the 
aforementioned datasets [9]. Another study combined 
the Yale-Penn and the International Consortium on the 
Genetics of Heroin Dependence (ICGHD) to perform 
a single GWAS [4]. Finally, one study utilized the Inte-
grative Psychiatric Research (iPSYCH) [27] and another 
the Netherlands twin registry [29]. Studies varied in 
size from 3053 to 51,372 participants. Of the studies 
which reported participants’ sex and age, three studies 
had a population comprised of mostly female partici-
pants [9, 26, 28, 29], while only one reported major-
ity male [4]. !e mean age of study participants varied 
from mid-thirties to mid-fifties. !ree studies reported 
on participants of European or African American 
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Table 1 Search strategy

OVID MEDLINE 1. Genome-Wide Association Study/
2. Genotyping Techniques/
3. Genome, Human/
4. Genetic Variation/
5. genetics/ or exp human genetics/
6. (human* adj2 (genotyp* or genome* or genetic*)).ti,ab,kw,kf
7. (GWS or GWAS or GWA).mp
8. genome wide.ti,ab,kw,kf
9. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8
10. exp Cannabis/
11. ((cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or kush* or weed* or pot* or THC* or CBD*) adj2 (over-

dose* or use* or using or misuse* or abus* or dependence* or addict*)).ti,ab,kw,kf
12. 10 or 11
13. 9 and 12
14. Limit 13 to humans

Web of Science TS = (genome-wide association study or genome-wide association or GWAS or GWA or genome wide)
TS = (human NEAR/2 genome)
TS = (( cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or kush* or weed* or pot* or THC* or CBD*) NEAR/2 

(overdose* or use* or using or misuse* or abus* or dependence* or addict*))
TS = (cannabis* or marijuana* or marihuana*)
#1 OR #2
#3 OR #4
#5 and #6

OVID EMBASE Genome-Wide Association Study/
Genotyping Techniques/
Genome, Human/
Genetic Variation/
genetics/ or exp human genetics/
(human* adj2 (genotyp* or genome* or genetic*)).ti,ab,kw.
(GWS or GWAS or GWA).mp.
genome wide.ti,ab,kw.
1 or 2 or 3 or 4 or 5 or 6 or 7 or 8
exp Cannabis/
((cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or kush* or weed* or pot* or THC* or CBD*) adj2 (overdose* 

or use* or using or misuse* or abus* or dependence* or addict*)).ti,ab,kw.
10 or 11
9 and 12
Limit 13 to human

EBSCOHost CINAHL genome-wide association study or genome-wide association or GWAS or GWA or genome wide or genome
cannabis* or marijuana* or cannabinoids* or marihuana* or hash* or kush* or weed* or pot* or THC* or CBD*)
overdose* or use* or using or misuse* or abus* or dependence* or addict*
S2 and S3
S1 and S4
Limit to Human

GWAS Catalog Terms Searched:
Cannabis
Cannabis dependence
Marihuana
Marijuana
Cannabinoids
Hash
Kush
Weed
Pot
THC
CBD
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include the study details, population, findings, and
source of data.

Discussion
A lack of consistent evidence exists in the current litera-
ture for genetic variants associated with cannabis use. In
addition, this is the first known systematic review to
synthesize the available evidence on genetic variants as-
sociated with cannabis use. The proposed systematic re-
view aims to identify all genetic variants that have
reached borderline genome-wide significance associated
with cannabis use and CUD. The proposed systematic
review will provide an overview of the current literature
on the genetics of cannabis, aiding in the genetic under-
standing of cannabis use. Understanding the genetic
contribution to cannabis use and its effects such as can-
nabis use disorder has the potential to aid medical prac-
titioners in making decisions related to cannabis use for
medical reasons and the associated potential risks. Add-
itionally, variants reaching borderline genome-wide sig-
nificance will be examined in the context of their known
or biologically plausible relevance to further our
understanding.
Anticipated limitations of this review existed at both the

study and review level. Limitations at the study level may
include a lack of reporting quality control steps, reporting
of variants within linkage disequilibrium, small sample
size, and a lack of reporting variants that failed to reach
genome-wide significance (p < 5 × 10−8) but may have
reached borderline significance levels (p < 10−7). At the re-
view level, limitations exist in the expected high hetero-
geneity, differing outcomes for cannabis use reported in
the literature and the exclusion of meta-analysis and can-
didate gene studies.
On completion of the systematic review, we will pub-

lish in a peer-review academic journal to reach both
clinical and academic experts in the field. This system-
atic review will then inform and direct the further inves-
tigation of genetic variants associated with cannabis
through candidate gene studies.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13643-020-01442-2.

Additional file 1. “PRISMA-P 2015 Checklist” and contains PRISMA-P
checklist.

Additional file 2. Search strategy.
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onset of cannabis use. Identified SNPs were found on 
chromosomes 5, 9, 18 and 19, with one SNP associated 
with cannabis initiation was found on the Zinc finger 
protein, ZNF181. All participants were of European 
descent and were selected from the Netherlands Twin 
Registry. Cannabis initiation was defined as ever/never 
having used cannabis while age of onset was deter-
mined by asking participants an open-ended question 
[29].

Pasman et  al. conducted three independent GWASs 
in three separate cohorts, all of which included Euro-
pean participants: ICC, UKBiobank, and 23andMe. 
While results from 23andMe were unable to be shared 
due to privacy policies, the lead author kindly provided 
SNPs reaching borderline significance threshold with 
lifetime cannabis use for GWAS conducted in the ICC 
and UKBiobank cohort. One SNP in the ICC cohort 

and 18 SNPs in the UKBiobank were associated with 
lifetime cannabis use, with no genes specified in either. 
Lifetime cannabis use was defined as any cannabis use 
during lifetime [9].

Sherva et al. identified 42 SNPs associated with DSM-
IV cannabis dependence criteria count across 27 dif-
ferent genes/regions including INTS7, SNORA26, 
RPS20P10, PI4K2B, CSMD1, PSMB7, HABP2, MEFV, 
CST7, APMAP, ACSS1, snoU13, TPST2, SCN9A, CTA-
445C9.15, CTA-445C9.14-CTA-4, SCN9A-SCN7A, 
ARL2BPP5-RP11-541P9.3, RP11-755E23.3-CCDC67, 
SNORD11-RNU6-1014P, RP5-860P4.2-CST7, RNU6-
1257P, APMAP-ACSS1, C9.15, RPS20P10-CYP26B1, 
PI4K2B-ZCCHC4, and CST7-APMAP. European and 
African American participants were selected from 
the Yale-Penn Study, the SAGE study and the ICGHD 
cohorts [4].
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While no SNPs were reported within the same region 
not allowing further quantitative analysis, several pheno-
typic similarities exist across studies. Interestingly, two 
studies found that educational attainment was negatively 
associated with CUD [26, 27] and a third found positive 
genetic correlations with educational attainment [9]. Two 
studies found that cannabis dependence was significantly 
related to alcohol, nicotine, and cocaine dependence [4, 
26] with a third reporting a positive genetic correlation 
between lifetime cannabis use and smoking and alcohol 
use and dependence [9].

Risk of bias across studies
Outcomes assessed for GRADE include lifetime canna-
bis use, diagnosis of CUD, criterion count for CUD and 
age of onset of cannabis use. All outcomes included two 
studies except for age of onset of cannabis use which only 
included one study. !e full GRADE table can be found 
in Table 5. All outcomes were rates as important, and no 
outcome was rated as having a “very serious” concern 
pertaining to any certainty criteria. Only the outcomes 
of diagnosis of CUD and criterion count for CUD had a 
serious rating, both of which were in the category of indi-
rectness. Both of these outcomes were downgraded due 
to the use of different diagnostic criteria. More specifi-
cally, for the outcome of diagnosis of CUD Agrawal et al. 
[26] utilized the DSM-IV and Demontis et al. (2019) uti-
lized the ICD-10 and for the outcome of criterion count 
of CUD Sherva et al. [4] utilized the DSM-IV criteria and 
Agrawal et al. [28] utilized a combination of DSM-IV and 
DSM-5 criteria.

Discussion
Summary of evidence
In this review we identified 96 genetic variants to be 
associated with different measures of cannabis. Of these 
genetic variants, 18 reached the genome-wide signifi-
cance threshold of p ≤ 5 ×  10–8, all of which are available 
in Table 4. As no genetic variants included in this review 
were reported in more than one study, meta-analyses 
were not possible. However, of the genetic variants iden-
tified in this review, several are located on genes in which 
previous studies have reported associations with mental 
health, namely ANKFN1, INTS7, PI4K2B, CSMD1, CST7, 
ACSS1, and SCN9A.

With cannabis being a legal substance, research on 
the benefits and harms of cannabis has been on the rise. 
However, a limited number of GWASs have been con-
ducted on cannabis use to determine any genetic asso-
ciations. !is systematic review was able to qualitatively 
summarize findings from GWASs reporting borderline 
genome-wide significance to aid in identifying SNPs that 
may be replicable in future studies. We have identified six 

eligible studies that reported independent GWAS results, 
one of which primarily focused on a GWAS meta-analy-
sis. Of the included studies, only participants from Euro-
pean or African American ethnicities were included, 
suggesting a need for genetic studies being conducted in 
more diverse ethnic populations. All six studies reported 
at least one borderline significant SNP; however, no two 
studies identified the same SNP. SNPs were found to be 
associated with CUD, cannabis initiation, age of onset 
of cannabis use, DSM-IV cannabis dependence criteria 
count, or lifetime cannabis use on various gene regions. 
According to assessment using the Q-genie tool and 
GRADE tool, no study or outcome was deemed to be of 
poor quality. Additionally, with GWAS requiring a sam-
ple size of thousands of participants for adequate power, 
all studies met this threshold [30].

While the majority of genes identified in the included 
studies had either no known function or biological plau-
sibility, and none had any additional associations with 
cannabis use, as mentioned above, several did have asso-
ciations with mental health conditions and are discussed 
briefly, namely ANKFN1, INTS7, PI4K2B, CSMD1, 
CST7, ACSS1, and SCN9A. ANKFN1 is a protein coding 
gene which has been associated with smoking cessation 
and nicotine dependence [31]. INTS7 is a component of 
the integrator complex, which is involved in the small 
nuclear RNA U1 and U2 transcriptions [32] and has been 
associated with bipolar temperament [31, 33]. PI4K2B 
contributes to the overall PI4-kinase activity of the cell 
[32] and is associated with attention deficit hyperactiv-
ity disorder (ADHD), logical memory and abnormality 
of neuronal migration [33]. CSMD1 has been associated 
with behavioural disinhibition, schizophrenia, cognitive 
tests, chronic bronchitis, and bipolar disorder [31, 33]. 
CST7 is associated with alcohol consumption and myo-
cardial infarction [31, 33]. ACSS1 catalyzes the synthesis 
of acetyl-CoA and has been associated with performance 
on standardized cognitive tests and bitter alcoholic 
beverage consumption [31–33]. SCN9A medicates the 
voltage-dependent sodium ion permeability of excitable 
membranes and plays a role in pain mechanisms, espe-
cially in the development of inflammatory pain [31]. As 
it is known that cannabis can have a negative impact on 
learning, memory and chronic bronchitis, known rela-
tion to mental illness and suggested role in pain manage-
ment, these regions may have implications in cannabis 
use despite having no clear known biological relevance 
[3, 19].

Additionally, it is also important to highlight that 
genes identified in this review associated with cannabis 
use or CUD have also been associated with other neu-
ropsychiatric disorders namely nicotine dependence, 
ADHD, bipolar disorder, schizophrenia, and alcohol 
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consumption suggesting that the genetic risk for the 
development of these disorders may not be independent. 
Previously genetic associations have been found amongst 
schizophrenia, bipolar disorder, ADHD, depression, and 
autism spectrum disorder, with a high genetic correlation 
between schizophrenia and bipolar disorder and a mod-
erate correlation between ADHD and depression, ADHD 
and autism spectrum disorder, and ADHD and depres-
sion [34]. A recent GWAS meta-analysis added to the 
evidence on shared genetic associations amongst neu-
ropsychiatric disorders by identifying that an increased 
risk of cannabis use disorder is genetically correlated with 
increased liability for smoking initiation, alcohol use, nic-
otine dependence, and psychiatric disorders (e.g. ADHD, 
schizophrenia, major depression) [35]. !ese genetic cor-
relations among neuropsychiatric disorders, including 
cannabis, could reflect genuine pleiotropy or could indi-
cate these psychiatric disorders, including CUD, are not 
completely independent [34, 35]. As such, it is important 
to discuss the biological and individual factors that influ-
ence the development of neuropsychiatric disorders.

Neuropsychiatric disorders are influenced by a range 
of factors, including genetics, personality/mood charac-
teristics, psychological status, behaviour, neurocognitive 
functioning, and demographic characteristics [36, 37]. To 
begin, non-specific to CUD, the prenatal environment, 
including prenatal nutrition, maternal stress, and mater-
nal substance abuse, can impact brain development and 
therefore the behavioural outcome of children. Potential 
mechanisms through which the prenatal environment 
can impact brain development occurs on multiple lev-
els including genetic selection, epigenetic modification, 
mediation of brain-immune communications, abnormal 
metabolism pathways, synthetic mediation of hormones 
and the hypothalamic–pituitary–adrenal axis, and medi-
ation of the microbiota-gut brain axis [37]. Furthermore, 
nutritional deficiency during critical stages of pregnancy 
has been linked to emotional and behavioural problems 
in children including decreased attention, decreased IQ, 
language delay, and neurodevelopment and related neu-
ropsychiatric disorders [37–39]. More specifically, prena-
tal malnutrition has been linked to an increased risk of 
schizophrenia during the 1944–1945 Dutch Hunger Win-
ter and the 1959–1961 Chinese famine. Additionally, a 
“U” relationship between serum 12(OH)D concentration 
and emotion, behaviour and attention has been found 
[38, 40]. Interestingly, the hippocampus, which plays an 
important role in learning and memory, has been sug-
gested to be sensitive to the exposure of prenatal nutri-
tion deficiency [39, 41]. !e hippocampus has also been 
proven to be crucial in the pathophysiology of many 
neuropsychiatric disorders, in which the changes result 
from alerted brain development [41]. Maternal stress has 

been associated with poor offspring outcomes includ-
ing cognition, health and educational attainment, how-
ever methodological challenges exist leading to potential 
misattribution of socially mediated (i.e. postnatal par-
enting) mechanisms to biological ones (i.e. alterations to 
developing fetal brain) [42, 43]. Finally, prenatal exposure 
to alcohol and other substances has been increasingly 
common and the consequence of the exposure differs 
depending on the substance used. Alcohol, tobacco, can-
nabis and opioids are among the most frequent used 
substances during pregnancy and offspring outcomes 
may include birth defects, developmental disability, fetal 
alcohol syndrome, childhood obesity, decreased birth 
weight, poor inhibitory control and other organ deficits 
[44]. !us, many neuropsychiatric disorders appear to 
result from interactions among genetic background, the 
prenatal environment and postnatal lifestyle choices [45, 
46]. Given the known association between deficits within 
the prenatal environment and other neuropsychiatric dis-
orders it is plausible to suggest that the prenatal environ-
ment and subsequential gene expression may play a role 
in future cannabis use and/or CUD.

As previously mentioned, a variety of factors contrib-
ute to the complex etiology of neuropsychiatric disorders 
such as epigenetic modification. Epigenetic modifications 
that can regulate gene expression include DNA methyla-
tion, nucleosomal structure and positioning, post-trans-
lational modification of nucleosome histones, histone 
replacement and small RNA molecules that influence 
protein production [47]. !e most studied form of epi-
genetic modification is DNA methylation, which can be 
influenced by a range of factors including genetic factors, 
disease, environmental exposures, and lifestyle. DNA 
methylation changes can be either persistent or revers-
ible once the exposure is no longer present, adding value 
for biomarker development [48]. How cannabis, THC 
and other exogenous cannabis receptor modulators alter 
epigenetic mechanisms have been previously reviewed 
[47]. Relatively little is known about the molecular path-
ways influenced by cannabis, however, one study identi-
fied 13 proteins, 3 metabolites and 2 lipids significantly 
associated with a metabolite of THC and another found 
acute effects of cannabis or THC on the central nerv-
ous system and heart rate [49, 50]. In addition to DNA 
methylation, post-transcriptional chemical medication of 
RNA is rapidly emerging as a key role in regulating gene 
expression, known as epitranscriptomics [51]. Of grow-
ing interest within this felid is N4-acetylcytidine (ac4C), 
a key role in the transcriptional translation process. ac4C 
has been implicated in the occurrence of various disease 
such as inflammation, metabolic diseases, autoimmune 
diseases, and cancer [52]. While the role ac4C may play 
in neuropsychiatric disorders remains unknown, it is 
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important to consider the role epitransciptomics plays in 
the gene expression with normal development.

Current knowledge on cannabis has demonstrated that 
cannabis can induce structural changes to brain regions 
including the hippocampus, amygdala, cerebellum, pre-
frontal cortex and striatum as well as grey matter volume 
[53–55]. Potential pre-existing neurobiological factors 
may exist in cannabis use as well as gene x drug interac-
tions. For instance, in young teens, reduced orbitofrontal 
cortex volume has been found to predict initiation of can-
nabis use in later adolescence. !e G allele of rs2023239 
of CNR1 is linked with higher cortical CBR1 and is asso-
ciated with smaller hippocampal volume in chronic can-
nabis users, but not healthy controls and findings that 
suggest only individuals with a high genetic risk of schiz-
ophrenia experience a negative impact on cortical matu-
ration during early adolescence thus suggestive of gene 
× drug interactions [56–58]. In addition, functional MRI 
evidence suggest specific brain activity signatures with 
cannabis use such as increased functional connectivity 
associated with the default node network and insula net-
works and hippocampal and parahippocampal atrophy 
have been associated with chronic cannabis use [59, 60]. 
However, neuroimaging studies of cannabis users have 
yielded inconsistent findings and may reflect individual 
differences that preceded cannabis use. !e inconsist-
ent findings in the literature highlight the need for large 
longitudinal studies utilizing before-and-after cannabis 
use neuroimaging [61]. Taken together, it is plausible that 
structural differences in brain regions could be influenced 
by genetic differences between individuals, explaining the 
mixed evidence within neuroimaging. Further research is 
required to determine the complex interactions amongst 
individual genetic predispositions, prenatal environment, 
and postnatal environment contributing to individual 
cannabis use behaviour and/or the development of CUD. 
Understanding the genetic predispositions is one piece of 
the puzzle in understanding the complex development of 
cannabis use and CUD.

Finally, it is important to consider the shared genetic 
basis of other substance use disorders. Heritability esti-
mates across substance use disorders vary, with heritabil-
ity lowest for hallucinogens (0.39) and highest for cocaine 
use (0.72) [62, 63]. Additionally, substance use disorders 
are the result of gene x environment interactions, with 
partial risk inborn and another part determined by envi-
ronmental experiences [62]. Previous reviews have sum-
marized the literature on GWASs for various substance 
use disorders including alcohol use disorder, nicotine use 
disorder, CUD, OUD, and cocaine use disorder. However, 
genetic studies within specific substance use disorders 
have had varying success in replicating previously iden-
tified associations, limiting evidence for shared genetic 

basis across substance use disorders [63, 64]. !e com-
plexity of substance use disorder make genetic prediction 
efforts difficult, and while currently only alcohol use dis-
order have been genetically correlated with CUD, con-
tinued advancements in molecular genetic studies and 
substance use disorder at larges further our understand-
ing of the biological pathways underlying substance use 
disorders [9, 63, 65]. For instance, CNR1 and CNR2, com-
ponents of the endocannabinoid system, are major tar-
gets of investigation for their impact in neuropsychiatry 
and addiction phenotypes suggested shared genetic risk 
factors [66, 67]. In regards to neuropsychiatric disorders, 
Mendelian randomization studies have found mixed 
evidence on the causal effect of cannabis initiation and 
schizophrenia, finding weak evidence that cannabis ini-
tiation increases schizophrenia risk and strong evidence 
that schizophrenia liability increases the odds of cannabis 
initiation, and causal evidence of ADHD on cannabis ini-
tiation [68–72]. !rough continued advances, it is hoped 
that the underlying genetic basis for CUD, or a shared 
genetic basis for all substance use disorders, will be iden-
tified to provide preventative measures and treatment for 
substance use disorders in the future.

Limitations
While this systematic review was rigorous and involved 
a peer-reviewed protocol, it is not without limitations. 
First, our inclusion criteria limited our review to only 
GWASs, meaning any GWAS meta-analyses and candi-
date gene studies were excluded. GWAS meta-analyses 
and candidate gene studies are often more powered due 
to their larger sample sizes and minimal genetic vari-
ants tested, respectfully [11]. However, including only 
GWASs was decided a priori to capture novel genetic 
variants associated with cannabis use and avoid the 
inclusion of multiple studies which could use the same 
genetic dataset. Second, it is important to note that this 
review is susceptible to publication bias, as studies that 
do not achieve genome-wide significance may be less 
likely to be published, and thus, not included in this 
review. Unpublished GWAS findings may exist with 
SNPs reaching the borderline significance threshold. 
While we cannot eliminate publication bias entirely, we 
searched abstracts, GWAS catalogs, and databases for 
any near significant findings that were not published. If 
a relevant abstract was identified, without the full study 
published, the first author was contacted to determine 
whether the full GWAS had been published or was 
going to be submitted to a journal. Finally, if a study 
met our inclusion criteria but did not report any SNPs 
that fell below the genome-wide significance thresh-
old, study authors were contacted to confirm if any 
SNPs had reached the borderline significant threshold 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 158 

 
 
 

Page 19 of 21Hillmer et al. BMC Med Genomics          (2021) 14:203  

set for this review. !ird, due to the heterogeneity of 
the reported findings, it was not possible to conduct a 
meta-analysis or sex and ethnicity subgroup analyses. 
Although we could not conduct a meta-analysis, we 
qualitatively summarized the studies and reported a 
comprehensive list of all SNPs reaching the significance 
threshold for this study.

Conclusion
!is systematic review was able to summarize GWAS 
findings within the field of cannabis use. !e results can 
inform future candidate gene studies and GWASs of pos-
sible replicable SNPs that require further investigation. 
We were able to identify all GWASs conducted on canna-
bis use, highlighting the need for further research as no 
two GWASs reported the same SNP or gene associated 
with cannabis use. Further, included GWASs had limited 
ethnic diversity, with only European or African Ameri-
can participants. Recommendations are made for future 
research to replicate reported associations and include 
diverse ethnic populations to test whether SNPs associ-
ated with cannabis use reported are generalizable across 
study populations and if associations differ by ethnicity.
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8.6 CHAPTER 4 Supplementary File 1 

 

Reporting checklist for genetic 
association study. 
Based on the STREGA guidelines. 

Instructions to authors 
Complete this checklist by entering the page numbers from your manuscript 
where readers will find each of the items listed below. 

Your article may not currently address all the items on the checklist. Please 
modify your text to include the missing information. If you are certain that an item 
does not apply, please write "n/a" and provide a short explanation. 

Upload your completed checklist as an extra file when you submit to a journal. 

In your methods section, say that you used the STREGAreporting guidelines, and 
cite them as: 

Little J, Higgins JP, Ioannidis JP, Moher D, Gagnon F, von Elm E, Khoury MJ, 
Cohen B, Davey-Smith G, Grimshaw J, Scheet P, Gwinn M, Williamson RE, Zou 
GY, Hutchings K, Johnson CY, Tait V, Wiens M, Golding J, van Duijn C, 
McLaughlin J, Paterson A, Wells G, Fortier I, Freedman M, Zecevic M, King R, 
Infante-Rivard C, Stewart A, Birkett N; STrengthening the REporting of Genetic 
Association Studies. STrengthening the REporting of Genetic Association Studies 
(STREGA): An Extension of the STROBE Statement. 

  Reporting Item Page Number 

Title and abstract   1-2 

Title #1a Indicate the study’s design 
with a commonly used term 
in the title or the abstract 
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Abstract #1b Provide in the abstract an 
informative and balanced 
summary of what was done 
and what was found 

 

Background/rationale   5-6 

 #2 Explain the scientific 
background and rationale 
for the investigation being 
reported 

 

Objectives   7 

 #3 State specific objectives, 
including any prespecified 
hypotheses. State if the 
study is the first report of a 
genetic association, a 
replication effort, or both. 

 

Study design   7-8 

 #4 Present key elements of 
study design early in the 
paper 

 

Setting   7-8 

 #5 Describe the setting, 
locations, and relevant 
dates, including periods of 
recruitment, exposure, 
follow-up, and data 
collection 
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Eligibility criteria   8 

 #6a Cohort study – Give the 
eligibility criteria, and the 
sources and methods of 
selection of participants. 
Describe methods of follow-
up. Case-control study – 
Give the eligibility criteria, 
and the sources and 
methods of case 
ascertainment and control 
selection. Give the rationale 
for the choice of cases and 
controls. Cross-sectional 
study – Give the eligibility 
criteria, and the sources and 
methods of selection of 
participants. Give 
information on the criteria 
and methods for selection of 
subsets of participants from 
a larger study, when 
relevant. 

 

 #6b Cohort study – For matched 
studies, give matching 
criteria and number of 
exposed and unexposed. 
Case-control study – For 
matched studies, give 
matching criteria and the 
number of controls per case. 
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Variables   9 

 #7a Clearly define all outcomes, 
exposures, predictors, 
potential confounders, and 
effect modifiers. Give 
diagnostic criteria, if 
applicable 

 

 #7b Clearly define genetic 
exposures (genetic variants) 
using a widely-used 
nomenclature system. 
Identify variables likely to be 
associated with population 
stratification (confounding 
by ethnic origin). 

 

Data 
sources/measurement 

  9-11 

Supplementary 
File 2 

 #8a For each variable of interest 
give sources of data and 
details of methods of 
assessment (measurement). 
Describe comparability of 
assessment methods if 
there is more than one 
group. Give information 
separately for for exposed 
and unexposed groups if 
applicable. 
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 #8b Describe laboratory 
methods, including source 
and storage of DNA, 
genotyping methods and 
platforms (including the 
allele calling algorithm used, 
and its version), error rates 
and call rates. State the 
laboratory / centre where 
genotyping was done. 
Describe comparability of 
laboratory methods if there 
is more than one group. 
Specify whether genotypes 
were assigned using all of 
the data from the study 
simultaneously or in smaller 
batches. 

 

Bias   11-12 

 #9a Describe any efforts to 
address potential sources of 
bias 

 

 #9b Describe any efforts to 
address potential sources of 
bias 

 

Study size   12 

 #10 Explain how the study size 
was arrived at 
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Quantitative variables   9-10 

 #11 Explain how quantitative 
variables were handled in 
the analyses. If applicable, 
describe which groupings 
were chosen, and why. If 
applicable, describe how 
effects of treatment were 
dealt with. 

 

Statistical methods   13 

Supplementary 
File 2 

 #12a Describe all statistical 
methods, including those 
used to control for 
confounding. State software 
version used and options (or 
settings) chosen. 

 

 #12b Describe any methods used 
to examine subgroups and 
interactions 

 

 #12c Explain how missing data 
were addressed 

 

 #12d If applicable, explain how 
loss to follow-up was 
addressed 
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 #12e Describe any sensitivity 
analyses 

 

 #12f State whether Hardy-
Weinberg equilibrium was 
considered and, if so, how. 

 

 #12g Describe any methods used 
for inferring genotypes or 
haplotypes 

 

 #12h Describe any methods used 
to assess or address 
population stratification. 

 

 #12i Describe any methods used 
to address multiple 
comparisons or to control 
risk of false positive 
findings. 

 

 #12j Describe any methods used 
to address and correct for 
relatedness among subjects 

 

Participants   14 

 #13a Report numbers of 
individuals at each stage of 
study—eg numbers 
potentially eligible, 
examined for eligibility, 
confirmed eligible, included 
in the study, completing 
follow-up, and analysed. 
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Give information separately 
for for exposed and 
unexposed groups if 
applicable. Report numbers 
of individuals in whom 
genotyping was attempted 
and numbers of individuals 
in whom genotyping was 
successful. 

 #13b Give reasons for non-
participation at each stage 

 

 #13c Consider use of a flow 
diagram 

 

Descriptive data   14-16 

 #14a Give characteristics of study 
participants (eg 
demographic, clinical, 
social) and information on 
exposures and potential 
confounders. Give 
information separately for 
exposed and unexposed 
groups if applicable. 
Consider giving information 
by genotype 

 

 #14b Indicate number of 
participants with missing 
data for each variable of 
interest 
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 #14c Cohort study – Summarize 
follow-up time, e.g. average 
and total amount. 

 

Outcome data   14-16 

 #15 Cohort study Report 
numbers of outcome events 
or summary measures over 
time.Give information 
separately for exposed and 
unexposed groups if 
applicable. Report outcomes 
(phenotypes) for each 
genotype category over time 
Case-control study – Report 
numbers in each exposure 
category, or summary 
measures of exposure.Give 
information separately for 
cases and controls . Report 
numbers in each genotype 
category. Cross-sectional 
study – Report numbers of 
outcome events or summary 
measures. Give information 
separately for exposed and 
unexposed groups if 
applicable. Report outcomes 
(phenotypes) for each 
genotype category 

 

Main results   16-21 
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 #16a Give unadjusted estimates 
and, if applicable, 
confounder-adjusted 
estimates and their 
precision (eg, 95% 
confidence interval). Make 
clear which confounders 
were adjusted for and why 
they were included 

 

 #16b Report category boundaries 
when continuous variables 
were categorized 

 

 #16c If relevant, consider 
translating estimates of 
relative risk into absolute 
risk for a meaningful time 
period 

 

 #16d Report results of any 
adjustments for multiple 
comparisons 

 

Other analyses   18-19, 21-22 

 #17a Report other analyses 
done—e.g., analyses of 
subgroups and interactions, 
and sensitivity analyses 

 

 #17b Report other analyses 
done—e.g., analyses of 
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subgroups and interactions, 
and sensitivity analyses 

 #17c Report other analyses 
done—e.g., analyses of 
subgroups and interactions, 
and sensitivity analyses 

 

Key results   23 

 #18 Summarise key results with 
reference to study 
objectives 

 

Limitations   25-26 

 #19 Discuss limitations of the 
study, taking into account 
sources of potential bias or 
imprecision. Discuss both 
direction and magnitude of 
any potential bias. 

 

Interpretation   23-25 

 #20 Give a cautious overall 
interpretation considering 
objectives, limitations, 
multiplicity of analyses, 
results from similar studies, 
and other relevant evidence. 

 

Generalisability   25-26 
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 #21 Discuss the generalisability 
(external validity) of the 
study results 

 

Funding   26 

 #22 Give the source of funding 
and the role of the funders 
for the present study and, if 
applicable, for the original 
study on which the present 
article is based 

 

None The STREGA checklist is distributed under the terms of the Creative 
Commons Attribution License CC-BY. This checklist can be completed online 
using https://www.goodreports.org/, a tool made by the EQUATOR Network in 
collaboration with Penelope.ai 
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8.7 CHAPTER 4 Supplementary File 2 

Genetics of cannabis use in opioid use disorder: A Polygenic Risk Score and Genome-
Wide Association Study 
 
Supplementary File 2 
 
Data clean-up and quality control  
Study Descriptions  
The following clean-up and quality control steps were conducted on the Pilot GENOA 
(n=182), GENOA (n=1,314) and POST data (n=3,125) genetic samples. The Pilot 
GENOA, GENOA and POST were all prospective cohort studies designed to identify 
factors associated with opioid use and treatment outcomes including genetic risk factors 
in patients diagnosed with Opioid Use Disorder and receiving treatment. The Pilot 
GENOA and GENOA data were merged into and analyzed as one dataset, and are 
referred to as the GENOA data (1,2). The POST data included 775 samples from a 
collaborating site, all of which were excluded at the post-imputation stage as none were 
of European ancestry. While analyzed separately, the quality control steps taken for the 
GENOA datasets and the POST dataset pre-imputation were identical. The GENOA 
datasets and POST data set were merged and analyzed together post-imputation. All 
analyses were performed on PLINK 1.90 and the RStudio interface of R Version 1.1.453 
(3–5). 
 
Collection of DNA and genotyping 
As part of the GENOA study, whole blood samples were collected. Blood samples were 
centrifuged, separated and frozen in -20°C within 2 hours of collection at the clinics and 
then transferred to -80°C freezers located at McMaster University within 1 month of 
collection. As part of the POST study, approximately 2ml of saliva samples were 
collected at the baseline using DNAgenotek all-in-one system for the collection, 
stabilization and transportation of DNA from saliva (OGR-500) (6). DNA was extracted 
from blood or saliva samples (7) and genotyped by Genomé Quebec using GenomeStudio 
(v 2.0.4) and the Infinium Global Screening Array – 24 v1.0 (8–10). 
 
Log-transformed Phenotype data 
For the outcome of heaviness of use and cannabis dependence, the log of the raw data 
was used to approach a normal distribution. The data was transformed sing the RStudio 
interface of R Version 1.1.453 (3,4) using the log10 of the raw phenotype plus 1. A 
histogram of the transformed data for each outcome is below.  
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Figure S1. Histogram of the Log of heaviness of use 
 
 

 
Figure S2. Histogram of the Log of cannabis dependence using the Marijuana Cravings 
Questionnaire – Short Form 
 
 
Quality Control 
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The genotyped files were converted into .bed, .bim, and .fam files and merged into one 
dataset and chromosomes that failed genotyping were removed. All samples that were 
genotyped were cross-referenced with the sample shipment documents to ensure that 
there were no missing samples.  
Missingness per sample and per SNP was estimated using PLINK’s --missing flag. 
Samples and SNPs with more than 10% (at early QC stages), and 5%, (later in the QC 
process) were removed. 
Four sets of samples were genotyped twice across the Pilot and GENOA data accidently. 
For each duo of duplicates, the samples with the lowest missingness rates were kept. 
Samples with discordant sex information were identified using the --check-sex flag in 
PLINK. Chromosome X’s inbreeding coefficient was graphed for males and females 
separately. Males with a coefficient ≥ 0.8 were kept; females with a coefficient ≤ 0.4 were 
kept.  
The sample heterozygosity rates were checked. The resultant values of the heterozygosity 
rate were calculated using the equation “(N(NM)-O(Hom))/N(NM)” (Number of 
autosomal genotype observations minus observed number of homozygotes divided by the 
number of autosomal genotype observations). A histogram was graphed of the 
heterozygosity rate, and the threshold was determined to be 0.22. Samples with a 
calculated rate of less than or equal to 0.17 were checked to be of Native American 
ancestry. Heterozygous haploids and nonmale Y chromosome genotype calls were set as 
missing.   
 

 
Figure S3. GENOA Heterozygosity Plot   
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Figure S4. POST Heterozygosity Plot 
 
A principal component analysis was conducted on all samples as part of the ethnicity 
checks, following the pruning of areas of high range LD (within a 50kb range and r^2 
threshold of 0.2). This was conducted in GENOA and POST samples separately, without 
the use of a reference panel. The self-reported ancestries of the samples were plotted 
against the genetically determined ancestries (through principal component vectors) to 
visually highlight any outliers. Outliers were defined as samples whose genetically 
determined ancestries fall too far from the self-reported ancestries. Samples whose 
ancestries were corrected were those that were determined to possibly partially belong to 
the genetically determined ancestry group (ex. self-reported as 'European' but is 'mixed 
European and Native North American'). Samples that failed the ethnicity check were 
removed.  
Samples with high relatedness values (PLINK’s --genome output PI_HAT>=0.2) were 
identified. Along with samples that were believed to be duplicates, have failed the sex 
check, ethnicity check, and/or genotyping, they were visualized on their respective plate 
positions to see if any unusual patterns could be observed. Any newly identified 
duplicates were checked against the case report forms to verify their duplicate status. All 
verified duplicates were then removed.  
 
Pre-imputation and imputation 
To prepare the data for imputation by the TOPMed Imputation Server (11), the following 
steps were run on a Linux operating system. Since at that stage only the European 
ancestry subset had a sample size large enough for the purpose of our analysis (other 
ancestries of less than 100 samples would not be powered enough for ancestry-stratified 
analysis), only samples of European ancestry were submitted for imputation and later 
analyzed.  
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The reference alleles for the European ancestry subset were set up to match those from 
HRC reference panel, follow the steps on the McCarthy Group Tools site (V4.2.11) (12). 
The frequency file used for the 1000 Genomes Phase 3 match was taken from the 
McCarthy Group tools (https://www.well.ox.ac.uk/~wrayner/tools/) (V4.2.11) (12). SNPs 
with high MAF (MAF>0.4), differing alleles, not in the reference panel or with an allele 
frequency difference of >0.2 were removed.   
Phasing was done using Eagle2, using TOPMed (13,14).  
 
Post-imputation filtering and quality control 
The following steps were performed using a virtual machine instance and cloud storage 
supported by the Google Cloud Platform (https://console.cloud.google.com/) (15). 
Imputed individual chromosome files were recoded from .vcf to .ped/.map files, and then 
to .bed/.bim/.fam files before being merged into one file on PLINK for easy handling.    
The Rsq values were used for filtering. SNPs with equal to or less than 0.3 Rsq were 
identified to be of low quality and removed. Further, SNPs with MAF<0.05 were 
removed.  
As the GENOA datasets and the POST dataset were merged at this time, duplicates and 
first and second-degree related individuals were removed, with a prior decision to keep 
POST samples over GENOA samples due to robustness of the phenotype data within the 
POST study. 
 
Principle Component Analysis 
To account for population stratification a Principal Component Analysis (PCA) was 
conducted with data prior to data imputation. Data from the GENOA datasets and POST 
dataset were combined, and duplicates/related individuals identified post-imputation were 
removed. Data from the GENOA datasets and POST dataset were merged with the 
1000Genome dataset to check for ethnic outliers. The GENOA, POST and 1000Genome 
datasets were checked for strand flips and corrected. Areas of high linkage disequilibrium 
and regions of long-range of long-range LD, as reported in the UKBiobank 
supplementary information table S13 (16), were removed prior to conducting the PCA. 
Results from the cleaned PCA can be found below in Figure S5-7 
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Figure S5. PC1 and PC2 for GENOA, POST and 1000 Genome Data 
Legend: Circles = GENOA data, Squares = POST data, Triangles = 1000 Genome data, Blue = 
European Ancestry, Yellow = African American Ancestry, Red = Admixed American, Green = East 
Asian Ancestry, Purple = South Asian Ancestry 
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Figure S6. PC1 and PC3 for GENOA, POST and 1000 Genome Data 
Legend: Circles = GENOA data, Squares = POST data, Triangles = 1000 Genome data, Blue = 
European Ancestry, Yellow = African American Ancestry, Red = Admixed American, Green = East 
Asian Ancestry, Purple = South Asian Ancestry 
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Figure S7. PC2 and PC3 for GENOA, POST and 1000 Genome Data 
Legend: Circles = GENOA data, Squares = POST data, Triangles = 1000 Genome data, Blue = 
European Ancestry, Yellow = African American Ancestry, Red = Admixed American, Green = East 
Asian Ancestry, Purple = South Asian Ancestry 
 
Polygenic Risk Score Analysis 
We used genome-wide summary statistics from the Johnson et al. (2020) GWAS-meta-
analysis to construct genome-wide polygenic scores in the GENOA and POST datasets 
(17). PRSice was used in the construction of the PRS (18,19). Clumping was done within 
a 250kb physical distance and an LD threshold of r2>=0.5, thus SNPs included in the PRS 
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were of relatively independent. A series of PRSs were calculated at decreasingly liberal 
thresholds P-value thresholds (1, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05, 0.001, 0.0001, 1-05 and 5-0.8). 
Results of the PRS can be found in Tables 4 and 5. 
 

 
Figure S8. Flow chart of GENOA datasets pre-imputation 
 

Genetic Data
1,496 samples

Genotyping
1,489 samples
642,824 SNPS

Bad chromosome check
1,489 samples
636,454 SNPS

SNPs & samples 10% 
missingness check

1,472 samples
620,847 SNPs

Discordant sex check
1,450 samples
620,847 SNPs

Duplicates Check
1,415 samples
620,847 SNPs

Discordant ethnicity 
check

1,395 samples
620,847 SNPs

Bad samples check
1,392 samples
620,847 SNPs

SNPs & samples 5% 
missingness check

1,380 samples
602,510 SNPs

Pre-imputation 
(European only)
1,226 samples
602,510 SNPs

Phasing, imputation and 
poor quality filtering

1,226 samples
32,241,521 SNPs
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Figure S9. Flow chart of POST data pre-imputation 
 

 
Figure S10. Flow chart of GENOA and POST datasets post-imputation 
 
 

Genetic Data
3,125 samples

Genotyping
3,125 samples
642,824 SNPs

Bad chromosome check
3,125 samples
636,454 SNPs

SNPs & samples 10% 
missingness check

3,072 samples
609,195 SNPs

Discordant sex check
3,038 samples
609,195 SNPs

Duplicates check
2,990 samples
609,195 SNPs

Discordant ethnicity 
check

2,978 samples
609,195 SNPs

Bad samples check
2,978 samples
609,195 SNPs

SNPs & samples 5% 
missingness check

2,951 samples
595,185 SNPs

Pre-imputation 
(European only)
1,732 samples
595,185 SNPs

Phasing, imputation and 
poor quality filtering

1,732 samples
41,102,222 SNPs

Combined POST & GENOA
2,958 samples

49,293,579 SNPs

Minor Allele Frequency 
check

2,958 samples
6,379,162 SNPs

SNPs & samples 5% 
missingness check

2,958 samples
6,377,206 SNPs

Remove all related 
individuals & Failed 

ethnicity check
2,625 samples

6,377,206 SNPs

Sample selection for each 
outcome

Regular cannabis use = 2616
Heaviness of cannabis use = 

1293

Analysis
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Figure S11. Flow chart of Participant inclusion for each outcome 
 
  

Passed Genetic Quality 
Control Steps 

2615 Participants

Self-repoted Cannabis 
use

2616 Particpants

Included in Regular 
Cannabis use Analysis

2616 Participants

Reported atleast 1 day 
of cannabis use

1321 Participants

Completed the MAP
1293 Participants 

Included in Heaviness 
of cannabis use 

Analysis
1293 Participants

Completed the MCQ-
SF

836 Participants

Included in the 
Cannabis Dependence 

Analysis
836 Participants
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8.8 CHAPTER 5 Supplementary File 1 

Reporting checklist for genetic 
association study. 
Based on the STREGA guidelines. 

Instructions to authors 
Complete this checklist by entering the page numbers from your manuscript 
where readers will find each of the items listed below. 

Your article may not currently address all the items on the checklist. Please 
modify your text to include the missing information. If you are certain that an item 
does not apply, please write "n/a" and provide a short explanation. 

Upload your completed checklist as an extra file when you submit to a journal. 

In your methods section, say that you used the STREGAreporting guidelines, and 
cite them as: 

Little J, Higgins JP, Ioannidis JP, Moher D, Gagnon F, von Elm E, Khoury MJ, 
Cohen B, Davey-Smith G, Grimshaw J, Scheet P, Gwinn M, Williamson RE, Zou 
GY, Hutchings K, Johnson CY, Tait V, Wiens M, Golding J, van Duijn C, 
McLaughlin J, Paterson A, Wells G, Fortier I, Freedman M, Zecevic M, King R, 
Infante-Rivard C, Stewart A, Birkett N; STrengthening the REporting of Genetic 
Association Studies. STrengthening the REporting of Genetic Association Studies 
(STREGA): An Extension of the STROBE Statement. 

  Reporting Item 
Page 

Number 

Title and abstract   1-4 

Title #1a Indicate the study’s design with a 
commonly used term in the title or 
the abstract 
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Abstract #1b Provide in the abstract an 
informative and balanced summary 
of what was done and what was 
found 

 

Background/rationale   5-6 

 #2 Explain the scientific background 
and rationale for the investigation 
being reported 

 

Objectives   6-7 

 #3 State specific objectives, including 
any prespecified hypotheses. State 
if the study is the first report of a 
genetic association, a replication 
effort, or both. 

 

Study design   7-8 

 #4 Present key elements of study 
design early in the paper 

 

Setting   7-8 

 #5 Describe the setting, locations, and 
relevant dates, including periods of 
recruitment, exposure, follow-up, 
and data collection 

 

Eligibility criteria   8 

 #6a Cohort study – Give the eligibility 
criteria, and the sources and 
methods of selection of 
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participants. Describe methods of 
follow-up. Case-control study – 
Give the eligibility criteria, and the 
sources and methods of case 
ascertainment and control 
selection. Give the rationale for the 
choice of cases and controls. 
Cross-sectional study – Give the 
eligibility criteria, and the sources 
and methods of selection of 
participants. Give information on 
the criteria and methods for 
selection of subsets of participants 
from a larger study, when relevant. 

 #6b Cohort study – For matched 
studies, give matching criteria and 
number of exposed and 
unexposed. Case-control study – 
For matched studies, give 
matching criteria and the number of 
controls per case. 

 

Variables   9 

 #7a Clearly define all outcomes, 
exposures, predictors, potential 
confounders, and effect modifiers. 
Give diagnostic criteria, if 
applicable 

 

 #7b Clearly define genetic exposures 
(genetic variants) using a widely-
used nomenclature system. Identify 

 



PhD Thesis – Alannah Hillmer; McMaster University – Neuroscience Graduate Program 

 189 

variables likely to be associated 
with population stratification 
(confounding by ethnic origin). 

Data 
sources/measurement 

  9-10 

 

 #8a For each variable of interest give 
sources of data and details of 
methods of assessment 
(measurement). Describe 
comparability of assessment 
methods if there is more than one 
group. Give information separately 
for for exposed and unexposed 
groups if applicable. 

 

 #8b Describe laboratory methods, 
including source and storage of 
DNA, genotyping methods and 
platforms (including the allele 
calling algorithm used, and its 
version), error rates and call rates. 
State the laboratory / centre where 
genotyping was done. Describe 
comparability of laboratory 
methods if there is more than one 
group. Specify whether genotypes 
were assigned using all of the data 
from the study simultaneously or in 
smaller batches. 

 

Bias   10-11 
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 #9a Describe any efforts to address 
potential sources of bias 

 

 #9b Describe any efforts to address 
potential sources of bias 

 

Study size   11 

 #10 Explain how the study size was 
arrived at 

 

Quantitative variables   9-10 

 #11 Explain how quantitative variables 
were handled in the analyses. If 
applicable, describe which 
groupings were chosen, and why. If 
applicable, describe how effects of 
treatment were dealt with. 

 

Statistical methods   11-12 

 

 #12a Describe all statistical methods, 
including those used to control for 
confounding. State software 
version used and options (or 
settings) chosen. 

 

 #12b Describe any methods used to 
examine subgroups and 
interactions 

 

 #12c Explain how missing data were 
addressed 
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 #12d If applicable, explain how loss to 
follow-up was addressed 

 

 #12e Describe any sensitivity analyses  

 #12f State whether Hardy-Weinberg 
equilibrium was considered and, if 
so, how. 

 

 #12g Describe any methods used for 
inferring genotypes or haplotypes 

 

 #12h Describe any methods used to 
assess or address population 
stratification. 

 

 #12i Describe any methods used to 
address multiple comparisons or to 
control risk of false positive 
findings. 

 

 #12j Describe any methods used to 
address and correct for relatedness 
among subjects 

 

Participants   12-13 

 #13a Report numbers of individuals at 
each stage of study—eg numbers 
potentially eligible, examined for 
eligibility, confirmed eligible, 
included in the study, completing 
follow-up, and analysed. Give 
information separately for for 
exposed and unexposed groups if 
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applicable. Report numbers of 
individuals in whom genotyping 
was attempted and numbers of 
individuals in whom genotyping 
was successful. 

 #13b Give reasons for non-participation 
at each stage 

 

 #13c Consider use of a flow diagram  

Descriptive data   13-15 

 #14a Give characteristics of study 
participants (eg demographic, 
clinical, social) and information on 
exposures and potential 
confounders. Give information 
separately for exposed and 
unexposed groups if applicable. 
Consider giving information by 
genotype 

 

 #14b Indicate number of participants with 
missing data for each variable of 
interest 

 

 #14c Cohort study – Summarize follow-
up time, e.g. average and total 
amount. 

 

Outcome data   13-15 

 #15 Cohort study Report numbers of 
outcome events or summary 
measures over time.Give 
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information separately for exposed 
and unexposed groups if 
applicable. Report outcomes 
(phenotypes) for each genotype 
category over time Case-control 
study – Report numbers in each 
exposure category, or summary 
measures of exposure.Give 
information separately for cases 
and controls . Report numbers in 
each genotype category. Cross-
sectional study – Report numbers 
of outcome events or summary 
measures. Give information 
separately for exposed and 
unexposed groups if applicable. 
Report outcomes (phenotypes) for 
each genotype category 

Main results   15-21 

 #16a Give unadjusted estimates and, if 
applicable, confounder-adjusted 
estimates and their precision (eg, 
95% confidence interval). Make 
clear which confounders were 
adjusted for and why they were 
included 

 

 #16b Report category boundaries when 
continuous variables were 
categorized 
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 #16c If relevant, consider translating 
estimates of relative risk into 
absolute risk for a meaningful time 
period 

 

 #16d Report results of any adjustments 
for multiple comparisons 

 

Other analyses   19-20 

 #17a Report other analyses done—e.g., 
analyses of subgroups and 
interactions, and sensitivity 
analyses 

 

 #17b Report other analyses done—e.g., 
analyses of subgroups and 
interactions, and sensitivity 
analyses 

 

 #17c Report other analyses done—e.g., 
analyses of subgroups and 
interactions, and sensitivity 
analyses 

 

Key results   23 

 #18 Summarise key results with 
reference to study objectives 

 

Limitations   25-26 

 #19 Discuss limitations of the study, 
taking into account sources of 
potential bias or imprecision. 
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Discuss both direction and 
magnitude of any potential bias. 

Interpretation   23-25 

 #20 Give a cautious overall 
interpretation considering 
objectives, limitations, multiplicity of 
analyses, results from similar 
studies, and other relevant 
evidence. 

 

Generalisability   25-26 

 #21 Discuss the generalisability 
(external validity) of the study 
results 

 

Funding   26 

 #22 Give the source of funding and the 
role of the funders for the present 
study and, if applicable, for the 
original study on which the present 
article is based 

 

None The STREGA checklist is distributed under the terms of the Creative 
Commons Attribution License CC-BY. This checklist can be completed online 
using https://www.goodreports.org/, a tool made by the EQUATOR Network in 
collaboration with Penelope.ai 
 


