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Abstract

Genetic liability to substance use disorders can be parsed into loci conferring general and
substance-specific addiction risk. We report a multivariate genome-wide association study that
disaggregates general and substance-specific loci for problematic alcohol use, problematic
tobacco use, and cannabis and opioid use disorders in a sample of 1,025,550 individuals of
European and 92,630 individuals of African descent. Nineteen loci were genome-wide
significant for the general addiction risk factor (addiction-rf), which showed high polygenicity.
Across ancestries PDE4B was significant (among others), suggesting dopamine regulation as a
cross-trait vulnerability. The addiction-rf polygenic risk score was associated with substance use
disorders, psychopathologies, somatic conditions, and environments associated with the onset of
addictions. Substance-specific loci (9 for alcohol, 32 for tobacco, 5 for cannabis, 1 for opioids)
included metabolic and receptor genes. These findings provide insight into the genetic
architecture of general and substance-specific use disorder risk that may be leveraged as

treatment targets.
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The lives lost, impacts on individuals and families, and socioeconomic costs attributable to
substance use reflect a growing public health crisis’. For example, in the United States, 13.5% of
deaths among young adults® are attributable to alcohol, smoking is the leading risk factor for
mortality in males®, and the odds of dying by opioid overdose are greater than those of dyingin a
motor vehicle crash®. Despite the large impact of substance use and disorders®, there is limited
knowledge of the molecular genetic underpinnings of addiction broadly. This may be partially
attributable to the often-siloed study of substance use disorders (SUDs) as unique substance-
specific entities, despite shared symptomatol ogy and widespread comorbidity among SUDs.
Individual SUDs are heritable (h?* ~ 50-60%) and highly polygenic®’. Recent large-scale
genome-wide association studies (GWAS) have identified loci associated with problematic
drinking®®, alcohol use disorder (AUD)™, cigarettes smoked per day®, nicotine

e cannabis use disorder (CUD)™ and opioid use disorder (OUD)™. Echoing

dependenc
evidence from twin and family studies'’, these GWAS show that the genomic architecture of
SUDs is characterized by a high degree of commonality™. This shared genetic architecture is
correlated with genetic liability to non-substance psychopathology (e.g., maor depression,
schizophrenia) and traits such as executive functioning, risk-taking and neuroticism that underlie
neurobiological models of addiction®. Even after accounting for genetic correlations with non-
problematic substance use and with other psychiatrically-relevant traits and disorders, there is
considerable variance that is unique to a general risk for addiction, indicating that a liability to
addiction reflects more than just the combined genetic liability to substance use and
psychopathology™® %,

Characterizing the genetic architecture associated with a liability to SUDs in general and

to specific SUDs could expedite advances in the nosology, prevention, and treatment of these
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disorders. To this end, we conducted a multivariate GWAS of largest available discovery GWAS
of substance use disorders, including problematic alcohol use (PAU: N=435,563), problematic
tobacco use (PTU: N=270,120)*2**#  cannabis use disorder (CUD: N=384,032)" and opioid use
disorder (OUD: N=79,729)*. First, we partitioned SNP effects into 5 sources of variation: (1) a
general addiction risk factor (referred to as addiction-rf), and risks specific to (2) alcohal, (3)
nicotine, (4) cannabis and (5) opioids. Second, we identified biological pathways underlying risk
for these 5 SUD phenotypes using gene, eQTL, and pathway enrichment analyses. Third, we
examined whether currently available medications could potentially be repurposed to treat SUDs
by examining whether the gene expression profiles of in vitro neuronal cell lines treated with
these chemical compounds? are associated with gene expression profiles in postmortem brain
tissue correlated with addiction-rf. Fourth, we assessed the association of a polygenic risk score
(PRS) derived from addiction-rf with general and specific SUD phenotypes in an independent
case/control sample. Fifth, we examined the extent to which genetic liability to addiction-rf is
shared with other phenotypes (e.g., physical and mental health outcomes) by estimating genetic
correlations with published GWAS of those traits. We also examined genetic evidence for
causality for phenotypes that were significantly genetically correlated with addiction-rf. Sixth,
we tested whether the addiction-rf PRS was associated with: (a) medical diagnoses derived from
electronic medical records in a population cohort (BioVU, n=66,914)%, and (b) 1,480 behavioral
and neural phenotypes in largely substance-naive 9-10-year-old children (n=4,490) from the

Adolescent Brain and Cognitive Development (ABCD) Study®%.
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Results

European ancestry GWAS: Addiction risk factor. As shown in our prior study®, the single
factor model fit the data well (X3(1) = .017, p = 0.895, CFI = 1, SRMR = 0.002; factor loadings
0.36 — 0.93; lowest for PTU; Supplemental Methods for full model). Using genomic structural
equation modeling®, we identified 19 independent (r2 < 0.1) genome-wide significant (GWS)
SNPs that map onto 17 genomic risk loci that were associated with the addiction-rf (Figure 1;
Table 1; Supplemental Table 1 for independent SNPs and Supplemental Table 2 for genomic
risk loci). The most significant SNP (rs6589386, p=2.9e-12) was intergenic, but closest to DRD2
(Dopamine receptor 2), which was GWS in gene-based analyses (p=7.9e-12). Further, rs6589386
was an expression quantitative trait locus (eQTL) for DRD2 in the cerebellum, and Hi-C
analyses (in FUMA)® revealed that the variant made chromatin contact with the promoter of the
gene (Supplemental Figure 1).

Gene-based analyses identified 42 significant associations (Supplemental Table 3) with
the most significant signals in FTO (p=1.86E-13), DRD2 (p=7.9e-12), and PDE4B (p=9.63E-
11). Fine-mapping identified 123 GWS SNPs (of 660 non-independent GWS SNPs) in credible
sets as potential causal SNPs based on the posterior probability of inclusion (Supplemental
Table 4). Mapping the lead independent SNPs in the credible sets to their nearest gene based on
posterior probability of 1, the following SNPs showed the strongest causal potential: rs1937455
(PDE4B), rs3739095 (GTF3C2), rs6718128 (ZNF512), rs4143308 (RP11-89K21.1), rs4953152
(SIX3), rsA41335055 (CTD-2026C7.1), rs2678900 (VRK), rs7620024 (TCTA), rs283412
(ADHI1C), rs901406 (BANK1), rs359590 (RABEPK), rs10083370 (LINC00637), rs1477196
(FTO), rs291699 (CDK5RAP1) (Supplemental Table 4 and Figure 1). Pathway anaysis of

gene-based results revealed several significant GO terms including double-stranded DNA
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binding (Pronferroni=0.005), sequence-specific double-stranded DNA binding (Poonferroni=0.01),
regulation of nervous system development (2 terms. Pronferroni=0.011 — 0.037), and positive

regulation of transcription by RNA polymerase (Pronterrori=0.038) (Supplemental Table5).

European ancestry GWAS: Substance-specific risk. Q-SNP analysis™ indicated that some
SNPs were associated individually with PAU, PTU, CUD and OUD, and that these associations
were inconsistent with the effect of these SNPs via the addiction-rf. Many of these were top loci
from past GWAS of individual SUDs that could be mechanistically linked to specific substances
(e.g., ADH1B and alcohol, CHRNAS and tobacco; Supplemental Figure 2A). To assess whether
loci were associated with only one substance, we used ASSET (1-sided p < 5e-8)%. Only SNPs
that were associated at GWS with one of the individual substancesin ASSET were considered as
substance-specific. (Supplemental Figure 2B-E).

Problematic Alcohol Use. There were 9 independent SNPs in 6 loci associated
specifically with PAU in ASSET (Supplemental Figure 2B; Supplemental Table 6 and 7). The
top signal was rs1229984 in ADH1B (p-value=4.11E-68), as expected’. Gene-based enrichment
analyses also implicated the acohol dehydrogenase activity zinc dependent pathway
(Poonferoni=0.0347; Supplemental Table 8). Several SNPs were in genes that metabolize sugars
including KLB (rs13129401, p=2.37e-18), GCKR (rs1260326, p=1.53e-18), but the pathway
analysis did not discover any particular metabolic pathway.

Problematic Tobacco Use. PTU was specifically associated with 32 independent SNPsin
12 loci. The top SNP was rs10419203 (p=5.12e-267), though the signal is likely driven by the
CHRNA5S missense variant, rs16969968 (p=2.79e-175), which has previously been linked to

tobacco use (Supplemental Figure 2C; Supplemental Table 9 and 10). Several other SNPs
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were closest to genes encoding nicotinic acetylcholine receptors, including CHRNA4, CHRNB4,
CHRNB3, CHRNB2. Gene-based enrichment implicated multiple pathways and gene sets related
to nicotinic acetylcholine receptors (Supplemental Table 11). Specific dopamine-related
associations were also noted (e.g., PDE1C: rs415820; p=2.35e-18; DBH: rs1108581;p=1.00e-
14).

Cannabis Use Disorder. ASSET identified 5 substance-specific loci for CUD
(Supplemental Table 12 and 13), with lead signals at rs11913634 (p=1.20e-15), rs8104317
(p=1.17e-13), rs72818514 (p=1.57e-09), rs11778040 (p=1.77e-09), and rs11715758 (p=4.84e-
08; Supplemental Figure 2D). Interestingly, the lead signal rs11913634 (p = 1.20e-15) on
chromosome 5 mapped to FAM19A5, a brain specific gene influencing histone modification,
rs8104317 (p=1.17e13) mapped to CACNALA, while rs11778040 mapped to the previously™
discovered signal for CUD near CHRNA2 and EPHX2. CUD-specific signals showed no
significant gene-based enrichment.

Opioid Use Disorder. The only significant substance-specific signal for OUD was the
well-characterized mu opioid receptor (OPRM1) SNP, rs1799971 (p=1.63e-08; Figure 2E).

Gene-based analyses produced no significant findings.

African ancestry GWAS. The ASSET-based meta-analysis of GWAS data for AUD
(N=82,705)", tobacco dependence (based on the Fagerstrom Test for Nicotine Dependence,
N=9,925)*, CUD (N=9,745)", and OUD (N=32,088)'® in individuals of African ancestry
yielded only 1 GWS SNP: rs2066702, an ADH1B variant that has been associated with alcohol-

specific effects (Supplemental Figure 3A). One SNP, rs77193269 (p=4.92e-8), was GWS for


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

AUD and tobacco dependence when considering ASSET loci pleiotropic for 2 traits

(Supplemental Figure 3B). Dueto itslocation, this SNP likely represents the ADH1B locus.

Cross-Ancestry GWAS Results. We conducted a random-effects meta-analysis across
ancestries using METASOFT?, with ancestry accounted for as a random effect. Only 317,447
SNPs were included after filtering for SNPs that did not show pleiotropic effectsin ASSET (i.e,,
substance-specific) for either ancestry and for SNPs with genome-wide Cochran Q statistics
indicating heterogeneity between the two ancestral groups. We found 68 SNPs (Supplemental
Figure 4), which were challenging to map to lead loci due to the differences in LD structure
across ancestries. Table 2 lists SNP with lowest GWAS p-value on each chromosome. The most
significant association was noted near the FUT2 gene (rs507766, p = 3.47e-19). Many GWS
signals were consistent with genes found in the European GWAS, including FTO (rs9928094, p
= 6.50e-32) and PDE4B (rs1937439, p = 8.56e-12). We also identified two SNPsin genes which
have previously been implicated in SUDs including CADM2 (rs62250713, p=1.00E-18) and
FOXP2 (rs4727799, p=3.90E-15), both of which were within r? = 0.6 of lead signals from the

European GWAS.

Polygenic architecture and power. The addiction-rf showed a highly polygenic architecture
and smaller effect sizes per SNP (Supplemental Figure 5A and 5B) than the original GWAS of
PAU, PTU, CUD and OUD. In line with the discovery of variants of relatively large effects
acting in PTU, OUD, and PAU (e.g., CHRNA5, OPRM1, and ADH1B)®, the substance-specific

genetic architectures were relatively less polygenic.


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

Transcriptome-wide Association Analysis and Drug Repurposing. A transcriptome-wide
association analysis® of addiction-rf identified 35 genes in 13 brain tissues (Figure 2;
Supplemental Table 14). In a gene-set analysis using FUMA?, these genes were enriched for
gene sets and pathways related to neural cells and T-cell processes (Supplemental Figure 6).
Linking transcriptome-wide patterns to perturbagens that cross the blood-brain barrier from the
Library of Integrated Network-Based Cellular Signatures (LINCS)® database identified 104
medications approved by the U. S. Food and Drug Administration (Supplemental Table 15).
The top hits (Pronferoni <0.0001) that reversed the transcriptional profile associated with the
addiction-rf factor included mifepristone (rank #1), a progesterone blocker; varenicline (rank
#18), a partia nicotinic acetylcholine receptor agonist drug used in smoking cessation; riluzole
(rank #24), a glutamate release and voltage-dependent sodium channel inhibitor; and reboxetine

(rank #14), a selective norepinephrine/noradrenaline reuptake inhibitor.

LD Score Regression and Genetic Correlations. After Bonferroni correction (p < .05/1,547
=3.20e-5), the addiction-rf was genetically correlated with 250 phenotypes (Figure 3;
Supplemental Table 16). Notably, 38 of these included somatic diseases that are often
associated with one specific drug (e.g., lung cancer with tobacco, and pain-related conditions
with opioids). As expected, we found significant genetic correlations between the addiction-rf
and serious, trans-diagnostic psychopathologic behaviors, including suicide attempt (rg=.618,
p=2.89e-33) and self-medication (e.g., using non-prescribed drugs or alcohol for anxiety,
rg=.635, p=3.18e-5). The addiction-rf was correlated with, but remained separable based on 95%
confidence intervals (rg=0.63,+.037, p=2.33e-231), from an externalizing factor* that included

similar indices of problematic substance use and behavioral measures.
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Latent Causal Variable Analysis. We conducted Latent causal variable (LCV)* analyses on the
same 250 phenotypes that were significant in our genetic correlation analyses. In general, the
genetic causality proportion (gcp, an index of the proportion of genetic causality) was nominally
significant for several physical diseases (Supplemental Table 17; addiction-rf is trait 2 in all
instances, therefore a negative gep indicates a causal effect of addiction-rf on another trait). After
correction for multiple comparisons (p = 0.05/250 = 1.98e-4), the only significant causal
processes were medication codes related to cholesterol, blood pressure, diabetes and exogenous
hormones where there was support for a causal role of addiction-rf on the physical diseases

indexed by these codes.

Polygenic risk score (PRS) analyses.
PRS analyses with similar measures of addiction-rf and individual SUDs. In the independent
Yale-Penn 3 sample'® (EUR n=1,986), the addiction-rf PRS was significantly associated with a
phenotypic factor underlying several SUDs (p<.001), polysubstance use disorder (p<2e-16), and
each individual SUD (DSM-IV*": AUD, CUD, OUD, tobacco dependence, or TD, and cocaine
use disorder, or CoUD; Figure 4; Supplemental Table 18). Nagelkereke's r* values ranged
from 2.4% for CUD to 5.9% for TD, and 6.6% for a phenotype similar to addiction-rf that
represents phenotypic commonality across AUD, CUD, OUD, TD and CoUD. Odds ratios varied
from 1.41 for CUD to 1.73 for OUD.

PheWAS in Electronic Health Record data. In the BioVU sample (EUR N=66,914)%,
the addiction-rf PRS was associated with SUDs (p=3.31e-29; Figure 5), various types of

substance involvement [e.g., Tobacco Use Disorder p=9.79e-24, acoholism (so named in EHR,
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we note the term “alcohol use disorder” is more appropriate), p=1.12e-21), chronic airway
obstruction (p=4.99e-10)], and several psychiatric disorders, with the strongest being bipolar
disorder (p=2.44e-11). Controlling for any SUD diagnosis to account for causal effects found
similar associations with alcoholism, mood disorders, respiratory disease, and heart disease
(Supplemental Figure 7A). Controlling for tobacco use disorder diagnosis did not significantly
modify associations (Supplemental Figure 7B).

Behavioral and Neural Phenotypes in Substance-Naive Children. Among 4,491
substance-naive children aged 9-10 years who completed the baseline session of the ABCD
Study®?, the addiction-rf PRS was correlated (after Bonferroni correction) with impulsivity
(p=2.09e-05), family history of drug addiction (p=7.04e-07), family history of hospitalization
due to mental health concerns (including suicide; p=4.64e-06), childhood externalizing behaviors
(e.g., antisocial; p=1.62e-05), childhood thought problems (p=3.51e-06), sleep disturbances
(p=1.52e-07), parental externalizing and substance use behaviors (e.g., prenatal smoking;
p=2.87e-11), maternal pregnancy characteristics (e.g., urinary tract infection during pregnancy,
p=2.70e-7) , socio-economic disadvantage (e.g., child’s neighborhood deprivation; p= 9.84e-07),
and child’s likeliness to play sports (p=2.80e-06) (Figure 6; Supplemental Table 19 for results

from all phenotypes).

Discussion

Our multivariate GWAS (total n=1,025,550) revealed that a general liability to addiction to
alcohal, tobacco, cannabis, and opioids is characterized by a highly polygenic architecture. The
addiction-rf correlated with other medically relevant traits and illnesses. Substance-specific

genetic factors with relatively less polygenic architectures, and in some instances, a single SNP
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of larger effect (e.g., ADH1B for alcohol) were aso identified. Outlining this common genetic
factor - addiction-rf - suggests that current substance-specific diagnostic classification schemes
(e.g., DSM) only partially represent the phenomenon of SUD at the genetic level of analysis.

We found 17 genomic loci significantly associated with addiction-rf, and 27 substance-
specific loci. Post-hoc fine-mapping, annotation, and exploratory drug repurposing analyses
highlight the potential therapeutic relevance of the discovered loci. The addiction-rf PRS was
associated with many medical conditions characterized by high morbidity and mortality rates,
including psychiatric illnesses, self-harming behaviors, and somatic diseases that could be
consequences of chronic substance use (e.g., chronic airway obstruction) or precursors to heavy
substance use (e.g., chronic pain). Finally, in a sample of drug-naive children, the addiction-rf
PRS was corrdated with impulsivity and externalizing behaviors, a family history of
hospitalization for and diagnosis of severe mental illness, thought problems, and neighborhood
deprivation, which reflects the shared genetic and gene-environment correlations with
phenotypes and exposures present early in life.

Our analyses suggest that the regulation/modulation of dopaminergic genes, rather than
variation in dopaminergic genes themselves, is central to general addiction liability. DRD2 was
the top gene signal, which was mapped via chromatin refolding, suggesting a regulatory
mechanism. The role of striatal dopamine in positive drug reinforcement is well established™.
DRD2 plays arolein reward sensitivity and may also be central to executive functioning™ — the
interplay of reward and cognition is likely relevant throughout the course of addiction. These
complementary observations reinforce the role of dopamine signaling in addiction®*%. Our

results give some evidence that chromatin refolding plays arole in these processes.
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Other regulatory effects on dopaminergic pathways were supported by the signal at
PDE4B, which has been implicated in prior GWASs of disinhibition traits®. The PDE4
antagonist, ibudilast, has been shown to reduce heavy drinking among patients with AUD**%
and aso shown to reduce inflammation in methamphetamine use disorder®. The
phosphodiesterase (PDE) system has been proposed as a dopaminergic regulation mechanism,
and PDE inhibitors have been tested as treatments for cognitive impairments in schizophrenia
that arise from antipsychotic antagonism of dopamine receptors, albeit with side effects™.
Further, animal studies suggest that the PDE system is associated with down-regulation of drug-
seeking behaviors across opioids, alcohol, and psychostimulants™, convergent evidence of the
potential translational significance of this gene system for therapeutics™.

The addiction-rf PRS was associated with general and specific SUD liability in an
independent sample. The addiction-rf PRS predicted ~6% of OUD variance, which is nearly half
the total SNP-heritability of OUD™. The addiction-rf PRS also predicted variance in CoUD - as
CoUD was not included in the development of the addiction-rf (lack of well-powered CoUD
GWAYS), these findings highlight the generalizability of the addiction-rf beyond alcohol, tobacco,
cannabis and opioids. Further, the addiction-rf PRS explained appreciable variance for a
phenotypic factor comprised of AUD, CUD, OUD, TD and CoUD (R? = 6.6%), suggesting that
combining information across SUDs may be a useful strategy in PRS analyses of addiction.

Considering how readily many of the top hits and mechanisms can be trandated into
medication targets (e.g., PDE4B), we conducted a reverse transcriptional drug repurposing
analysis of addiction-rf. Rather than focusing on individual gene targets, this method uses a
transcriptional profile to predict the top drugs that reverse the transcriptional pattern that we

derived from a transcriptome-wide association analysis. We found >100 potential perturbagens
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that partially reverse the transcriptional patterns underlying general addiction risk
(Supplemental Table 17). Some of these drugs have existing evidence for treatment of SUDSs,
such as varenicline, an efficacious smoking cessation drug™ that may also reduce craving for
acohol in smokers and drinking in non-smokers®. Other drugs identified in the repurposing
analysis that are being actively investigated include mifepristone, which is currently under
clinical investigation for the treatment of alcohol dependence™** riluzole, for which there is

early evidence of a treatment effect in stimulant dependence™®*"

and reboxetine, that may have
utility in the treatment of CoUD*.

Substance-specific genetic signals fell primarily into three broad categories: drug-specific
metabolism (e.g., ADH1B for PAU), drug receptors (e.g., CHRNAS for PTU, OPRM1 for OUD),
and general neurotransmitter mechanisms (e.g., CACNALA for CUD). In particular, alcohol-
specific effects associated with ADH1B and other alcohol dehydrogenase genes™ and tobacco-
specific effects associated with CHRNAS and acetylcholine receptor genes were an order of
magnitude greater than those noted for the addiction-rf. Surprisingly, even after accounting for
the addiction-rf, dopaminergic genes (DBH and PDEILC in particular) were implicated in
substance-specific effects for tobacco (PTU). On the other hand, CUD-specific genes did not
include well-studied receptor targets (e.g., CNR1) or metabolic mechanisms (e.g., Cytochrome
P450 genes). However, the cannabis-specific loci were eQTLs for CHRNAZ2, and there is some
evidence that CNR1 and CHRNA2 expression are anti-correlated in some brain regions™. It is
also likely, given the high loading (0.74) of CUD on addiction-rf, that current GWASs of CUD

capture genetic vulnerability that is relatively non-specific. Alternatively, effect sizes for

cannabis-specific variants may be too small to detect in the available data.
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Genome-wide genetic correlations and PheWAS across multiple different samples
supported the role of pleiotropy and/or causality in the relationship between problematic
substance use and other disinhibitory behaviors across the lifespan. Age at first sexual
intercourse was amongst the phenotypes most highly genetically correlated with addiction-rf.
Even in predominantly substance-naive youth, the addiction-rf PRS was associated with
externalizing behaviors, which reinforces the developmental role of these behaviors in the
etiology of drug use. Despite the genetic overlap between the addiction-rf and a recent index of
externalizing behaviors (rG=0.63)*, a significant portion of the variance in addiction-rf was
distinct.

Our analyses highlight the robust genetic association of addiction-rf with serious mental
and somatic illness. The addiction-rf PRS was more strongly associated with using drugs to cope
with internalizing disorder symptoms (anxiety, depression; rg=0.60-0.62) than with the
individual psychiatric traits and disorders themselves (rg=0.3), suggesting that genetic
correlations between SUDs and mood disorders may partially be attributable to a predisposition
to use substances to alleviate negative mood states (“self-medication”)®. Self-harm as indexed
by the ingestion of medication, suicide attempt, and family history of suicide attempt were also
highly correlated with the addiction-rf (rg range: 0.45-0.62). The findings regarding personal and
family history of suicidal thoughts and behaviors are consistent with other recent reports that
addiction is more highly correlated with suicidality than most other behaviors>>*. As with
internalizing disorders, although the observed genetic correlation could reflect a causal pathway
from SUD to suicidal thoughts and behaviors™, latent causal variable analysis revealed a non-

significant causal effect (p=0.72, Supplemental Table 18).


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

The PheWAS aso provided insight into potentially complex mechanisms of genetic
liability to environmental pathways of risk. In addition to indices of socio-economic status
(SES), the addiction-rf was correlated with maternal smoking during pregnancy and ADHD, in
line with evidence that effects ascribed to the prenatal environment may also be mediated by the
inheritance of risk loci®®®’. The addiction-rf PRS was associated with a family history of serious
mental illness, which likely represents an amalgam of genetic and environmental vulnerability™.
Finaly, disability and SES were also associated with polygenic risk, further supporting the
association between environmental risk factors and common genetic effects on SUD
liability®>>°,

This study has limitations. First, our GWAS in individuals of African-ancestry had few
discoveries, underscoring the need for systematic data collection on SUDs in globally
representative populations. Still, we chose to analyze and present these data as their exclusion
only furthers disparities in genetic discoveries. Second, although we discovered many loci, they
accounted for only a small proportion of the total variance. More samples, particularly those in
diverse populations, and the integration of rarer variants are needed to discover the biological
pathways that fall below genome-wide significance or are missed in GWAS. Finally, the authors
note that despite interesting correlations between the addiction-rf PRS and a variety of traits,
effect sizes were not of a clinically-relevant magnitude nor were analyses designed to make
inferences that could apply in aclinical setting. Furthermore, some of the observed associations
(e.g., in the ABCD® study where we examine a host of parental characteristics using offspring
PRS) are likely confounded by other factors (e.g., SES), which are beyond the scope of detailed
study here, and hence have no application in clinical prognostication. Critically, our analyses

clearly demonstrate that genetic risk to addictions is polygenic and comprised of very small
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effects of many loci, and that this genetic vulnerability is accompanied by environmental risk
and resilience factors. Therefore, utilizing these PRS alone to forecast outcomes in developing
youth is unlikely to be of utility in the absence of rigorously conducted follow-up studies.
Consequently, the authors strongly caution against using the findings from this study, including
the PRS, beyond research, and particularly across ancestral groups where they can generate

spurious findings if not appropriately applied.

Conclusion

The polygenic effects of loci associated with problematic substance use, both those conferring
general addiction liability and those that are substance-specific, indirectly pose risks for a range
of serious medical conditions across the lifespan. However, unlike many chronic conditions (e.g.,
type 2 diabetes, hypertension), efficacious treatments for addictions are not widely prescribed.
Large-scale GWAS could identify additional genes and biological pathways (e.g., PDE4B and
the PDE system) that could be leveraged for medications development. Although there are
independent genetic contributions to individual SUDSs, this study strongly reinforces the idea that
a common and highly polygenic genetic architecture underlies multiple SUDs, a finding that

merits integration into medical knowledge on addictions.


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

References

1. Degenhardt, L. et al. The impact of cohort substance use upon likelihood of transitioning
through stages of alcohol and cannabis use and use disorder: Findings from the
Australian National Survey on Mental Health and Wellbeing. Drug Alcohol Rev 37, 546-
556 (2018).

2. Peacock, A. et al. Global statistics on acohol, tobacco and illicit drug use: 2017 status
report. Addiction 113, 1905-1926 (2018).

3. Reitsma, M.B. et al. Spatial, temporal, and demographic patterns in prevalence of
smoking tobacco use and initiation among young people in 204 countries and territories,
1990-2019. Lancet Public Health 6, e472-e481 (2021).

4. Council, N.S. Odds of Dying. in Injury Facts ((accessed dec 3 2021),

https.//injuryfacts.nsc.org/all-injuries/preventabl e-death-overview/odds-of-dying/, 2019).

5. Vanyukov, M.M. An Eternal Epidemic: 1. Why substance use problems persist.

https.//psyarxiv.convtkmbu/ (2021).

6. Deak, J.D. & Johnson, E.C. Genetics of substance use disorders. areview. Psychol Med
51, 2189-2200 (2021).

7. Gelernter, J. & Polimanti, R. Genetics of substance use disorders in the eraof big data.
Nat Rev Genet (2021).

8. Zhou, H. et al. Genome-wide meta-analysis of problematic alcohol usein 435,563
individuals yields insghtsinto biology and relationships with other traits. Nat Neurosci

23, 809-818 (2020).


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

9. Mallard, T.T. et al. Item-Level Genome-Wide Association Study of the Alcohol Use
Disorders Identification Test in Three Population-Based Cohorts. Am J Psychiatry,
appiajp202020091390 (2021).

10. Walters, R.K. et al. Transancestral GWAS of alcohol dependence reveals common
genetic underpinnings with psychiatric disorders. Nat Neurosci 21, 1656-1669 (2018).

11.  Kranzler, H.R. et al. Genome-wide association study of alcohol consumption and use
disorder in 274,424 individuals from multiple populations. Nat Commun 10, 1499 (2019).

12.  Liu, M. et al. Association studies of up to 1.2 million individuals yield new insights into
the genetic etiology of tobacco and alcohol use. Nat Genet 51, 237-244 (2019).

13.  Quach, B.C. et al. Expanding the genetic architecture of nicotine dependence and its
shared genetics with multiple traits. Nat Commun 11, 5562 (2020).

14.  Hancock, D.B. et al. Genome-wide association study across European and African
American ancestriesidentifiesa SNP in DNMT3B contributing to nicotine dependence.
Mol Psychiatry 23, 1911-1919 (2018).

15.  Johnson, E.C. et al. A large-scale genome-wide association study meta-analysis of
cannabis use disorder. Lancet Psychiatry 7, 1032-1045 (2020).

16.  Zhou, H. et al. Association of OPRM 1 Functional Coding Variant With Opioid Use
Disorder: A Genome-Wide Association Study. JAMA Psychiatry 77, 1072-1080 (2020).

17. Kendler, K.S. et al. Recent advancesin the genetic epidemiology and molecular genetics
of substance use disorders. Nat Neurosci 15, 181-9 (2012).

18.  Hatoum, A.S. et al. The addiction risk factor: A unitary genetic vulnerability
characterizes substance use disorders and their associations with common correl ates.

Neur opsychophar macology (2021).


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

It is made available under a CC-BY-NC 4.0 International license .

Abddlaoui, A., Smit, D.JA., van den Brink, W., Denys, D. & Verwel], K.J.H. Genomic
relationships across psychiatric disorders including substance use disorders. Drug
Alcohol Depend 220, 108535 (2021).

Waldman, I.D., Poore, H.E., Luningham, JM. & Yang, J. Testing structura models of
psychopathology at the genomic level. World Psychiatry 19, 350-359 (2020).

Duan, Q. et al. LINCS Canvas Browser: interactive web app to query, browse and
interrogate LINCS L1000 gene expression signatures. Nucleic Acids Res 42, \W449-60
(2014).

Roden, D.M. et al. Development of alarge-scale de-identified DNA biobank to enable
personalized medicine. Clin Pharmacol Ther 84, 362-9 (2008).

Volkow, N.D. et al. The conception of the ABCD study: From substance use to a broad
NIH collaboration. Dev Cogn Neurosci 32, 4-7 (2018).

Grotzinger, A.D. et al. Genomic structural equation modelling provides insightsinto the
multivariate genetic architecture of complex traits. Nat Hum Behav 3, 513-525 (2019).
Watanabe, K., Taskesen, E., van Bochoven, A. & Posthuma, D. Functional mapping and
annotation of genetic associations with FUMA. Nat Commun 8, 1826 (2017).
Bhattacharjee, S. et al. A subset-based approach improves power and interpretation for
the combined analysis of genetic association studies of heterogeneous traits. AmJ Hum
Genet 90, 821-35 (2012).

Han, B. & Eskin, E. Random-effects model aimed at discovering associations in meta-
analysis of genome-wide association studies. Am J Hum Genet 88, 586-98 (2011).
Barbeira, A.N. et al. Integrating predicted transcriptome from multiple tissues improves

association detection. PLoS Genet 15, €1007889 (2019).


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

29.

30.

31

32.

33.

34.

35.

36.

37.

It is made available under a CC-BY-NC 4.0 International license .

Subramanian, A. et al. A Next Generation Connectivity Map: L1000 Platform and the
First 1,000,000 Profiles. Cell 171, 1437-1452 €17 (2017).

O'Connor, L.J. & Price, A.L. Distinguishing genetic correlation from causation across 52
diseases and complex traits. Nat Genet 50, 1728-1734 (2018).

Association, A.P. Diagnostic and Satistical Manual (DSM-1V), (American Psychiatric
Press Inc, Washington D.C., 1994).

Volkow, N.D., Koob, G.F. & McLellan, A.T. Neurobiologic Advances from the Brain
Disease Model of Addiction. N Engl J Med 374, 363-71 (2016).

Hatoum, A.S. et al. Genome-Wide Association Study of Over 427,000 Individuals
Establishes Executive Functioning as a Neurocognitive Basis of Psychiatric Disorders

Influenced by GABAergic Processes. https.//doi.org/10.1101/674515 (2020).

Wise, R.A. & Robble, M.A. Dopamine and Addiction. Annu Rev Psychol 71, 79-106
(2020).

Karlsson Linner, R. et al. Multivariate analysis of 1.5 million people identifies genetic
associations with traits related to self-regulation and addiction. Nat Neurosci (2021).
Burnette, EM., Ray, L.A., Irwin, M.R. & Grodin, E.N. Ibudilast attenuates alcohol cue-
elicited frontostriatal functional connectivity in alcohol use disorder. Alcohol Clin Exp
Res 45, 2017-2028 (2021).

Grodin, E.N. et al. Ibudilast, a neuroimmune modulator, reduces heavy drinking and
alcohol cue-elicited neural activation: arandomized trial. Trand Psychiatry 11, 355

(2021).


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

38. Li, M.J., Briones, M.S., Heinzerling, K.G., Kalmin, M.M. & Shoptaw, S.J. Ibudilast
attenuates peripheral inflammatory effects of methamphetamine in patients with
methamphetamine use disorder. Drug Alcohol Depend 206, 107776 (2020).

39. Snyder, G.L. & Vanover, K.E. PDE Inhibitors for the Treatment of Schizophrenia. Adv
Neurobiol 17, 385-409 (2017).

40. Olsen, C.M. & Liu, Q.S. Phosphodiesterase 4 inhibitors and drugs of abuse: current
knowledge and therapeutic opportunities. Front Biol (Beijing) 11, 376-386 (2016).

41.  Farokhnia, M., Browning, B.D. & Leggio, L. Prospects for pharmacotherapies to treat
alcohol use disorder: an update on recent human studies. Curr Opin Psychiatry 32, 255-
265 (2019).

42.  Tonstad, S. et al. Effect of maintenance therapy with varenicline on smoking cessation: a
randomized controlled trial. JAMA 296, 64-71 (2006).

43.  Gandhi, K.D. et al. The Impact of Varenicline on Alcohol Consumption in Subjects With
Alcohol Use Disorders: Systematic Review and Meta-Analyses. J Clin Psychiatry
81(2020).

44, Fronk, G.E., Sant'‘Ana, S.J., Kaye, J.T. & Curtin, J.J. Stress Allostasis in Substance Use
Disorders. Promise, Progress, and Emerging Priorities in Clinical Research. Annu Rev
Clin Psychol 16, 401-430 (2020).

45. Donoghue, K. et al. Double-blind, placebo-controlled trial of mifepristone on cognition
and depression in alcohol dependence. Trials 21, 796 (2020).

46.  Farahzadi, M.H. et al. Riluzole for treatment of men with methamphetami ne dependence:
A randomized, double-blind, placebo-controlled clinical trial. J Psychopharmacol 33,

305-315 (2019).


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

47.

48.

49,

50.

51

92.

53.

54,

55.

56.

It is made available under a CC-BY-NC 4.0 International license .

Sepulveda-Orengo, M. T. et al. Riluzole Impairs Cocaine Reinstatement and Restores
Adaptationsin Intrinsic Excitability and GLT-1 Expression. Neuropsychopharmacol ogy
43, 1212-1223 (2018).

Szerman, N. et al. Reboxetine for the treatment of patients with Cocaine Dependence
Disorder. Hum Psychopharmacol 20, 189-92 (2005).

Edenberg, H.J. & McClintick, J.N. Alcohol Dehydrogenases, Aldehyde Dehydrogenases,
and Alcohol Use Disorders: A Critical Review. Alcohol Clin Exp Res 42, 2281-2297
(2018).

Demontis, D. et al. Genome-wide association study implicates CHRNAZ2 in cannabis use
disorder. Nat Neurosci 22, 1066-1074 (2019).

Khantzian, E.J. Addiction as a self-regulation disorder and the role of self-medication.
Addiction 108, 668-9 (2013).

Mullins, N. et al. GWAS of Suicide Attempt in Psychiatric Disorders and Association
With Mg or Depression Polygenic Risk Scores. AmJ Psychiatry 176, 651-660 (2019).
Orri, M. et al. A genetically informed study on the association of cannabis, alcohol, and
tobacco smoking with suicide attempt. Mol Psychiatry 26, 5061-5070 (2021).

Colbert, SM.C. et al. Exploring the genetic overlap of suicide-related behaviors and
substance use disorders. Am J Med Genet B Neuropsychiatr Genet (2021).

Edwards, A.C., Ohlsson, H., Sundquist, J., Sundquist, K. & Kendler, K.S. Alcohol Use
Disorder and Risk of Suicide in a Swedish Population-Based Cohort. Am J Psychiatry
177, 627-634 (2020).

Thapar, A. & Rice, F. Family-Based Designs that Disentangle Inherited Factors from Pre-

and Postnatal Environmental Exposures: In Vitro Fertilization, Discordant Sibling Pairs,


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.01.06.22268753; this version posted January 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

S7.

58.

59.

60.

It is made available under a CC-BY-NC 4.0 International license .

Maternal versus Paternal Comparisons, and Adoption Designs. Cold Spring Harb
Perspect Med 11(2021).

Haan, E. et al. Prenatal smoking, alcohol and caffeine exposure and maternal reported
ADHD symptoms in childhood: triangulation of evidence using negative control and
polygenic risk score analyses. Addiction (2021).

Corndlis, M.C,, Zaitlen, N., Hu, F.B., Kraft, P. & Price, A.L. Genetic and environmental
components of family history in type 2 diabetes. Hum Genet 134, 259-67 (2015).

Marees, A.T. et al. Genetic correlates of socio-economic status influence the pattern of
shared heritability across mental health traits. Nat Hum Behav 5, 1065-1073 (2021).
Wendt, F.R. et al. Multivariate genome-wide analysis of education, socioeconomic status

and brain phenome. Nat Hum Behav 5, 482-496 (2021).


https://doi.org/10.1101/2022.01.06.22268753
http://creativecommons.org/licenses/by-nc/4.0/

Table 1. Genome-wide significant risk loci for addiction-rf. Candidate SNPs = number of SNPs tagged. GWAS SNPs = variants

related to that independent SNP. Chr = chromosome, Al = effect allele.

European Ancestry

African Ancestry

Cross-ancestry

rsiD chr | Al position GSEM Beta p Candidate | GWAS | Beta p Beta p
(effect allele) SNPS SNPs | (effect (effect
allele) allele)
rs1937455 |1 A 66416939 0.013 7.74E-09 97 43 0.024 3.00E- | 0.013 0.100
03
rs1475064 |1 A 73882478 0.014 3.06E-09 312 161 0.09 6.25E- | 0.011 0.051
03
rs2860846 1 T 174075924 0.014 3.37E-09 236 36 NA NA NA NA
rs1260326 |2 T 27730940 -0.015 7.60E-10 18 10 NA NA NA NA
rs570436 2 C 45142673 -0.015 1.31E-09 50 8 NA NA NA NA
rs2717054 | 2 G 58046683 -0.014 1.97E-08 229 44 NA NA NA NA
rs55855024 | 3 C 16850764 -0.014 2.37E-08 71 35 NA NA NA NA
rs6795772 |3 C 49365269 0.014 1.58E-09 463 265 NA NA NA NA
rs3114045 | 4 T 100252560 -0.023 1.85E-10 278 134 -0.019 0.554 -0.012 2.60E-15
rs1813006 | 4 G 103001649 0.037 3.18E-12 28 11 NA NA NA NA
rs864882 9 C 127968109 0.015 3.41E-08 107 26 NA NA NA NA
rs7073987 | 10 C 110565868 0.015 2.04E-08 126 61 NA NA NA NA
rs2861190 | 11 C 38517941 -0.014 3.66E-08 186 117 NA NA NA NA
rs6589386 | 11 C 113443753 0.017 2.92E-12 132 65 NA NA NA NA
rs10083370 | 14 G 104314182 0.014 1.53E-09 249 89 NA NA NA NA
rs28567725 | 16 T 53826028 0.016 2.50E-10 116 83 0.012 457 0.007 6.49E-12
rs2424952 | 20 T 31685873 0.030 3.21E-08 12 4 NA NA NA NA
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Table 2. Resultsfrom Cross-Ancestry M eta-Analysis. Results from a random effects cross-ancestry meta-analysis conducted across
the European and African ancestry samples with METAFOR. Significant top results from each chromosome are shown. European and
African ancestry results were estimated with ASSET. Loci with any pleiotropic (pairwise or more) effect was included for each
ancestral group. We took the top loci from each chromosome. We then searched for any loci that overlap with genes implicated in the
European GWAS, noted by a * in the chromosome column. The individual betas from the input and the cross-ancestry beta are also
shown and those with consistent effects across all ancestries and in the cross ancestry meta-analysis are highlighted in yellow.
Chr=Chromosome, SNPID=rsid, GENE= the gene name if the SNP was on a gene (otherwise NA), Pli_Eur = Traitsloci is pleiotropic
for in Europeans, Pli_AA = Traits loci is pleiotropic for in Africans, Cross_Beta = Beta in cross ancestry analysis, Cross P = P-value
in Cross-Ancestry analysis, AA_Beta = Beta in Arican Ancestry, AA_P = P-value in Arican Ancestry, Eur_Beta = Beta in European
ancestry analysis, Eur_P = Pvalue in European Ancestry analysis. CUD=Cannabis Use Disorder, PAU = Problematic Alcohol Use
(European ancestry only), AUD = Alcohol Use Disorder (African ancestry only), PTU = Problematic Tobacco Use, OUD = Opioid
Use Disorder.
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Chr
19
16

N RN

22
12
14
15
20

17
18

1*
4*

SNPID
rs507766
rs9928094
rs472140
rs6846266
rs62250713
rs784601
rs4727799
rs6002381
rs1497253
rs7147171
rs35175834
rs293553
rs7033815
rs587880
rs4996482

rs7708715

rs2321459
rs62394558
rs1937439
rs10031172

Gene
FUT2
FTO

NA

NA
CADM2
NA
FOXP2
NA
IRAG2
PP1R13B
SEMA6D
C200rf112
SCAl
FBXL20

RP11-
397A16.1
TMEM161B-
ASL,CTC-
498M16.2
LEKR1

NA
PDE4B
BANK1

Al Pli_Eur

OO0 0 >r» 060 >» 4006 >» 0> H

@

=4 > o -

CUD,PAU
PTU,OUD,PAU
PTU,PAU
PTU,PAU
CUD,PAU
CUD,PTU,PAU
CUD,PTU
CUD,PTU,PAU
CUD,PTU,0OUD,PAU
PTU,PAU
CUD,PTU,PAU
PTU,OUD
PTU,OUD
OUD,PAU
CUD,PTU,OUD

CUD,PTU

PTU,PAU
CUD,PTU
CUD,PTU,PAU
CUD,OUD,PAU

Pli_AA
CUD,AUD
OUD,AUD
CUD,PTU
OUD,AUD
CUD,AUD
CUD,PTU
PTU,0UD
PTU,AUD
CUD,PTU,AUD
PTU,OUD,AUD
CUD,PTU,OUD,AUD
PTU,0UD
CUD,0UD,AUD
OUD,AUD
CUD,0UT

CUD,0OUD,AUD

PTU,OUD
CuUD,0UD
CUD,AUD
Tob,AUD

Cross Beta
-0.009
0.006
-0.007
-0.005
0.009
-0.004
-0.004
-0.007
-0.004
-0.007
-0.007
-0.009
0.006
-0.009
0.006

0.003

-0.006
-0.003

0.007
-0.006

Cross P AA _Beta

3.47E-19 0.007
6.50E-32 0.011
3.79E-43 -0.02
6.05E-23  -0.011
1.00E-18 0.018
357E-15  -0.014
3.90E-15  -0.024
523E-12  -0.022
4.01E-15 0.007
3.71E-12 -0.01
5.84E-12 0.007
2.03E-09  -0.018
2.71E-09 0.018
107E-09  -0.014
3.54E-09 0.028
3.59E-09 0.013
3.68E-09  -0.009
3.89E-09 -0.02
5.18E-12 0.025
193E-09  -0.014

AA P Eur Beta Eur_ P

0.914
0.321
0.722
0.317
0.268
0.519
0.752
0.551
0.914

0.37
0.959

0.24
0171
0.119
0.006

0.34

0.974
0.962
0.173
0.090

-0.004

0.006
-0.007
-0.005

0.009
-0.004
-0.004
-0.007
-0.004
-0.007
-0.007
-0.009

0.006
-0.009

0.261

0.003

-0.006
-0.003

0.007
-0.006

2.66E-04
1.63E-11
7.66E-13
3.61E-06
6.97E-11
2.47E-05
2.74E-06
1.13E-06
2.66E-04
3.09E-10
3.51E-07
1.43E-07
2.83E-06
1.36E-05
4.18E-07

6.16E-05

4.51E-05
8.00E-03
4.54e-10
8.03e-05
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Figure 1. Manhattan plot of signals associated with the addiction-rf, a general genetic factor underlying problematic alcohol use,
problem tobacco use, cannabis use disorder and opioid use disorder. Each SNP peak is annotated with the closest gene to a fine-

mapped SNP with a posterior probability of inclusion of 1 or (if none) the closest gene to the lead SNP.
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Figure 2. A Transcriptome-Wide Association Study (TWAYS) of the addiction-rf, plotted as a Manhattan plot. Analysis were

conducted in MetaXcan. The y-axis represents the log of the p-value, the color of the data point represents the tissue in which

correlation between gene expression and outcome was the highest.
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Figure 3. Genetic correlations between 1,547 traits and the addiction-rf, calculated in MASSIVE, mapped by their statistical

significance (-1og10(p) on the y-axis), and broad category. The top 20 correlations ar e annotated. The black dashed line represents

Bonferroni significance for association (pbon=.05/1,574 = 3.232062e-05).
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Figure 4. (A) Polygenic risk score (PRS) of the addiction-rf predicts lifetime alcohol (AUD), cannabis (CUD), opioid (OUD), tobacco
(TD), and cocaine (CoUD) use disorders, and variables representing more than one lifetime substance use disorder diagnosis vsno
SUDs diagnosi s (Polysubstance Use Disorder, 2 level), more than one lifetime diagnosis vs. one lifetime diagnosis (polysubstance vs.
unitary), as well as any substance use disorder diagnosis (Any Addiction) in an independent sample (Y ale Penn 3; N=1,986

individuals of European genetic ancestry). (B) The addiction-rf PRS was associated with a comparable phenotypic substance use
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disorders (SUD) common factor in the Y ale-Penn sample. Controlling for age, sex and 10 genetic principal components of ancestry,

all path estimates are fully standardized. Estimates were significant at p < .001 (minimum availablein LAVAAN).
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Figure 5. Phenome Wide Association Study (PheWAS) of the addiction-rf polygenic risk score (PRS) in the BioVU electronic health
record database (N=66,915). Results are shown by level of statistical significance (-log10(p) of association on y-axis) and in broad
categories. Analyses were conducted using logistic regression, controlling for median age on record, reported gender, and first 10
genetic ancestry PCs. The dashed lines represent Bonferroni correction for 1,335 phecodes (pbon=3.745e-05). The top associations are
annotated. Symptoms represents phenotypes’ like back pain, loss of height, muscle weakness etc that are not indictive of adisease

aone.
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Figure 6. Phenome Wide Association Study (PheWAYS) of the addiction-rf polygenic risk score (PRS) in the Adolescent brain and

Cognitive Development (ABCD® 2.0) dataset (N=4,491 of European genetic ancestry). Results surviving a Bonferroni correction for

1,480 behavioral (pbon==

.05/1480 = 3.378378e-05) are shown by effect size and direction with corresponding levels of statistical
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Adult self-report from parents on parents symptoms.

significance, and in broad categories. Analyses were conducted using a mixed effects model and controlled for first 10 PCs, age, sex,

age by sex and random effects for family and site. ASR
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