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Abstract

Background and Aims: Genetic risk can influence disease progression. We measured the
impact of genetic risk for substance use disorders (SUDs) on substance use onset and
progression of symptoms.

Design, Setting, Participants: Using findings from genome-wide association studies
(GWASS) of alcohol use disorder (AUD), opioid use disorder (OUD) and smoking trajec-
tory (SMK) as discovery samples, we calculated polygenic risk scores (PRSs) in a deeply
phenotyped independent target sample. Participants in the target sample were recruited
from 2000 to 2020 from US inpatient or outpatient settings or through advertisements
and comprised 5692 European-ancestry individuals (EUR) (56.2% male) and 4918 Afri-
can-ancestry individuals (AFR) (54.9% male).

Measurements: This study measured age of first substance use, regular use, reported
problems and dependence diagnosis and progression from regular use to onset of prob-
lems and dependence for alcohol, opioids and smoking. We examined the contribution
of PRS to each milestone and progression measure.

Findings: EUR and males reported an earlier onset and shorter progression times than
AFR and females, respectively. Among EUR, higher AUD PRS predicted earlier onset and
more rapid progression to alcohol-related milestones (P < 0.001). Although the AUD PRS
was a stronger moderator of problem onset among females (P = 0.017), it was more pre-
dictive of the progression to problems among males (P = 0.005). OUD and SMK PRS in
EUR also predicted earlier onset of the respective milestones (P < 0.001). Among AFR,
where power is lower due to the smaller discovery sample, AUD PRS predicted age of
regular alcohol use (P = 0.039) and dependence (P = 0.001) and progression from regular
use to diagnosis (P =0.045), while SMK PRS predicted earlier age of initiation
(P = 0.036).

Conclusions: Genetic risk for SUDs appears to predict substance use milestones and
symptom progression among European-ancestry individuals and, to a lesser extent,

African-ancestry individuals.
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SSA
INTRODUCTION

Substance use disorders (SUDs), characterized by the chronic use of
alcohol or other drugs, are common among adolescents and adults
and result in clinically significant social impairments and medical and
psychiatric disorders [1]. SUDs develop in stages following initial sub-
stance use, often progressing through a series of sequential transi-
tions, which can be conceptualized as a continuous trajectory marked
by milestones of escalating use or severity [2]. Charting the clinical
course of SUDs using these developmental events can help to eluci-
date the factors that underlie symptom progression, a key example of
which is the transition from regular substance use to substance
dependence. The timing of milestones could also provide a personal-
ized assessment of an individual’s risk of symptom progression [3]
and a more precise time window for a targeted intervention aimed at
preventing the progression to a subsequent milestone [4].

The age at which substance-related milestones occur and the rate
of progression through them are influenced by both genetic and envi-
ronmental factors [4]. These risk factors may be reflected in group dif-
ferences in the initiation of substance use and the progression across
substance-relatedmilestones [5]. For example, Black individuals report
first consuming alcohol and tobacco products and initiating regular
drinking and binge drinking, and use of illicit drugs, later than White
individuals [6-8]. Because the composition of these groups was not
genetically determined, we use the terminology from the primary pub-
lications to describe them.Because the composition of thesegroups
was not genetically determined, we use the terminology from the pri-
mary publications to describe them.

Although black adolescents had a significantly lower risk of transi-
tioning to regular use of alcohol and illicit drugs [8], black adults
30 years of age and older had a more rapid progression from regular
alcohol use to regular drinking and intoxication than white adults [9].
These differences occur in the context of a general paucity of studies
of population-group differences in substance-related symptom pro-
gression [10]. There is a similar dearth of findings on population-group
differences in age-of-onset and progression measures for opioids,
although in one study black individuals had a more rapid progression
to opioid dependence (OD) than white individuals [11].

Sex may also influence the developmental course of substance-
related traits. In monozygotic and dizygotic twins, the initiation of
alcohol and tobacco use occurred earlier among males than females,
with earlier initiation of use associated with a significantly increased
likelihood of developing dependence on these substances [4]. In con-
trast, in another study, between-twin comparisons of the rate of pro-
gression through alcohol-related milestones showed no overall
pattern of sex differences [2]. Thus, the relationship of sex to mile-
stones and progression in SUDs is not fully understood. A controver-
sial question in relation to sex differences is the validity of the
phenomenon of telescoping, which posits that, despite their later initi-
ation of substance use, women manifest substance-related problems
sooner than men [2].

Genetic risk for SUDs is highly polygenic, involving potentially
thousands of individual variants, each accounting for a very small

proportion of trait variance. Polygenic risk scores (PRSs) sum data
from multiple genetic variants and account for greater proportions of
trait variance than single polymorphisms [12]. PRSs are useful in eval-
uating the risk for disease progression in diverse medical disorders,
including breast cancer [13] and rheumatoid arthritis [14] and the pre-
diction of sudden death in individuals with coronary disease [15]. A
recent large study of white European-ancestry (EUR) individuals in the
UK Biobank showed the utility of a prostate cancer genetic risk score
for triaging patients in primary care. Men in the highest quintile of risk
had a prostate cancer incidence of 8.1% and could be fast-tracked for
further investigation, while the incidence among those in the lowest
risk quintile was < 1% and they could more safely avoid invasive
investigation [16]. Thus, there currently are clinical applications of
PRS to differentiate individuals based on their genetic risk for a
disease.

For SUDs, a PRS for alcohol dependence (AD) was associated
with the progression from onset of regular drinking to AD in a EUR
sample [17]. The ability to quantify the genetic risk of symptom pro-
gression could help to identify individuals at highest risk of developing
more severe milestones (e.g. alcohol-related problems or AD) and who
could benefit most from intensive interventions.

In this study, we examined the association of an AUD PRS with
the progression from onset of regular drinking to onset of AD in a
EUR sample selected using genetic principal component analysis
(PCA). We extended the findings from a prior report [17] to include
additional milestones and measures of progression of alcohol-related
symptoms and conduct parallel analyses of opioid-related and
smoking-related traits. Finally, we refine our understanding of the
effects of sex and population-group differences on these features by
studying males and females and EUR and African-ancestry (AFR) par-
ticipants, all of whom are well represented in our sample, which was

recruited and deeply phenotyped for genetic studies of SUDs [18].

METHODS
Discovery samples

We used genome-wide association study (GWAS) summary statistics
for alcohol use disorder (AUD) [19], opioid use disorder (OUD) [20]
and smoking trajectories (SMK) [21] as discovery samples for calculat-
ing PRS in the Yale-Penn sample. GWAS provides a measure of effect
for the association of each single nucleotide polymorphism with the
respective phenotype. We chose discovery GWAS of SUDs because
we thought that they would be most informative of the progression
measures, which reflect the latency from regular substance use to
either problematic substance use or a SUD diagnosis. The three dis-
covery samples are described in detail in the Supporting information.
Briefly, the discovery sample for AUD comprised 296 989 EUR and
80 764 AFR from the Million Veteran Program (MVP) [19]. The dis-
covery sample for OUD [20] included 302 585 EUR and 88 498 AFR
from MVP. The SMK discovery sample [21] included 209 915 EUR
and 54 867 AFR from MVP.
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To compare the power among the discovery samples, we calcu-
lated the genomic inflation factor (Agc). In the absence of population
structure, Agc is a function of sample size and the number of causal
variants and thus reflects power to detect significant SNP-trait associ-
ations [22]. We calculated Agc using the expected median of SNP test
statistics from each set of GWAS summary statistics, with greater Agc
denoting higher predictive power.

Target sample

We calculated PRS in the Yale-Penn sample, which was recruited at
five US sites for genetic studies of dependence on cocaine, opioids
and alcohol [18]. The study was approved by the institutional review
board at each site and participants gave written informed consent for
data collection. Cases were identified through addiction treatment
facilities, inpatient and outpatient psychiatric services and posters and
advertisements in local media. Although some individuals were
recruited for family studies, data from family members are excluded in
analyses presented here. Unaffected controls were recruited from
non-psychiatric medical settings and through advertisements. The
designation of ancestry in the target sample, as in the discovery sam-
ples, used PCA of GWAS data.

Semi-structured assessment for drug dependence and
alcoholism (SSADDA)

The SSADDA is a comprehensive psychiatric interview that comprises
24 modules assessing the physical, psychological, social and psychiat-
ric manifestations of SUDs, psychiatric disorders and environmental
covariates considered likely to have an impact on SUDs. The SSAD-
DA’s semi-structured format, accompanied by the rigorous training
and quality control procedures used to phenotype the Yale-Penn
sample [23], allow a carefully trained non-clinician interviewer to
assess diagnostic criteria and disorders and their ages of onset to yield
DSM-IV diagnoses of AD, OD and nicotine dependence (ND). Ascer-
tainment of ages of onset of the different milestones is conducted
using questions that elicit estimated ages (e.g. of initiation of sub-
stance and regular substance use) and clustering of criteria within a
12-month period (for DSM-IV diagnoses).

Genotyping, imputation and PRSs

Yale-Penn samples were genotyped in three batches using the lllu-
mina HumanOmnil-Quad microarray, the lllumina HumanCoreExome
array or the lllumina Multi-Ethnic Global array. Genotype data were
filtered for individual call rates and excessive heterozygosity using
PLINK version 1.9 and were imputed using the Michigan Imputation
Server [24] and the Haplotype Reference Consortium Panel [25].
Using effect size estimates from the discovery samples, PRSs
were calculated in the target sample for AUD [19], OUD [20] and
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SMK [21] using polygenic risk scores-continuous shrinkage software
(PRS-CS) [26] and the 1000 Genomes Project Phase 3 AFR and EUR
samples for estimates of linkage disequilibrium. Global shrinkage
parameters were obtained from each set of summary statistics by the
PRS-CS package and effective sample sizes were used to calculate the
final PRS. We used matched, genetically determined, ancestral sum-
mary statistics (e.g. an AFR GWAS for AUD was used to calculate
AUD PRS in AFR Yale-Penn individuals). We report findings using

effective sample sizes.

Statistical analysis

We used PROC PHREG in SAS version 9.4 to run Cox proportional
hazards models for each of three substances (alcohol, opioids and
smoking) and the following four measures: age of first use, age of reg-
ular use, age of first bringing up problems with a health-care profes-
sional and age of diagnosis of the disorder (AD, OD and ND). Using
these milestones, we also examined two measures of progression: time
from age of regular use to age of first bringing up problems and time
from age of regular use to age of diagnosis. Analyses were conducted
separately for EUR and AFR. Similarly, analyses were conducted
separately for females and males within each ancestry group.

All models included the respective PRS, age and the first 10
ancestral principal components as covariates. In analyses that did not
examine sex as a factor, sex was included as a covariate. The models
for the progression outcomes also included the age of regular use as a
covariate. We tested the proportionality assumption of the Cox
models by including an interaction term comprising the age of regular
use and each of the two progression measures. As the interaction
terms in all progression models were significant, reflecting a lack of
proportionality, we assessed the impact of age of onset of regular use
on the two progression outcomes by analyzing the effects separately
for participants with early onset (< 18 years) and late onset
(> 18 years) of regular use [17].

For individuals who reported never having experienced a specific
event, data were censored for the event in the Cox models and the
age at interview was substituted for the missing age of onset. Thus,
the age-of-onset outcomes for all substances have the same sample
size. For the two progression outcomes, only individuals who reported
regular use were included in the analysis, as censoring that age of
onset would distort the analysis. Thus, the sample sizes for the two
progression outcomes vary by substance.

For effect sizes, we report the hazard ratio (HR) with 95% confi-
dence intervals, reflecting the change in hazard for a 1 standard devia-
tion increase in PRS, with a HR > 1.0 reflecting a greater likelihood
that the event will occur as PRS increases. We also report an incre-
mental pseudo-R? for the Cox models [27], where models including
the PRS are compared to models that include only the other covari-
ates. We report P-values and adjusted P-values using the Hommel
correction for multiple testing, with adjustments made separately by
population group and substance. We chose the Hommel correction

over a Bonferroni correction to increase power, given the lack of
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independence of the milestones and progression measures [28]. We
consider PRS as a significant predictor when the P-value, adjusted for
multiple comparisons, is < 0.05.

As the analysis described here was not pre-registered, the results

should be considered exploratory.

RESULTS
Genomic inflation

Calculation of Agc showed that for all three traits EUR samples had
better predictive power than AFR samples. For AUD, the Agc was
1.100 for EUR and 1.034 for AFR, while for OUD the respective
values were 1.112 and 1.028 and for SMK were 1.336 and 1.094.

Rates of endorsement of substance use milestones

The target sample comprises 16 715 individuals, with genome-wide
genotype data available for 10 610 individuals, including 5692 EUR
(56.2% male) and 4918 AFR (54.9% male) (Table 1). More than 95% of
both population groups reported ever having used alcohol and more
than 80% reported ever having used alcohol regularly. Life-time opioid
use was less common among AFR (33%) than EUR (51%), as was regu-
lar opioid use (21 versus 41%). In both groups, nearly 90% of individ-
uals reported having smoked more than 100 cigarettes in their life-
time, with more than 65% endorsing regular smoking. In both AFR
and EUR, the event endorsed least commonly for all three substances
was having raised problems with a health-care professional, which
ranged from 15 to 31% in AFR and 31 to 38% in EUR.

A majority (51.7%) of EUR and 53.5% of AFR met criteria for a
DSM-IV diagnosis of AD. Similarly, 55.4% of EUR and 54.5% of AFR
had an ND diagnosis. The prevalence of OD was 39% among EUR and
18% among AFR. The high rate of dependence diagnoses in the Yale-
Penn sample reflects its ascertainment for studies of addiction genet-
ics [18]. The prevalence of all three dependence diagnoses is lower
and the onset of all milestones later among women and AFR than
among men and EUR, respectively. In addition, EUR and males had
shorter progression times for all substances than AFR and women,

respectively (Table 2).

Effects of PRSs on alcohol-related milestones and
symptom progression

In all figures the PRS values are divided into tertiles, which are labeled
low, medium and high. Table 3 and Figure 1 (upper two panels) show
the Cox regression model of the effects of the AUD PRS on alcohol-
related milestones by population group. Significant associations
reflect a younger age of onset and a shorter latency between mile-
stones as a function of increasing PRS. Among EUR, AUD PRS was a
significant predictor of all four milestones, with HRs ranging from
1.06 (age of first use and age of regular use) to 1.19 (age at which
alcohol-related problems were raised with a health-care professional).
The AUD PRS was also a significant predictor of the progression from
age of regular alcohol use to both bringing up alcohol-related prob-
lems (HR = 1.14, P,y < 0.001) and age of AD diagnosis (HR = 1.10,
P,qj < 0.001) (Figure 2).

Among AFR, the AUD PRS significantly predicted both age of
onset of regular alcohol use (HR = 1.05, P,q4; = 0.039) and age of AD
diagnosis (HR = 1.09, P,4; = 0.001) (Table 3). It was also a significant

TABLE 1 Prevalence of substance use disorder milestones by ancestral group and sex.

African ancestry (n = 4918)

European ancestry (n = 5692)

All (n = 4918) Male (n = 2704) Female (n = 2214) All (n = 5692) Male (n = 3200) Female (n = 2492)

Alcohol

First use 4679 (95.1%) 2582 (95.5%) 2097 (94.7%) 5476 (96.2%) 3079 (96.2%) 2397 (96.2%)

Regular use 4034 (82.1%) 2390 (88.4%) 1644 (74.3%) 4792 (84.2%) 2848 (89.0%) 1944 (78.0%)

Raised problems 1878 (38.2%) 1219 (45.1%) 659 (29.8%) 2174 (38.2%) 1479 (46.2%) 695 (27.9%)

Dependence diagnosis 2631 (53.5%) 1693 (62.6%) 938 (42.4%) 2945 (51.7%) 1942 (60.7%) 1003 (40.2%)
Opioids

First use 1642 (33.4%) 1109 (41.0%) 533 (24.1%) 2913 (51.2%) 1927 (60.2%) 986 (39.6%)

Regular use 1042 (21.2%) 682 (25.2%) 360 (16.3%) 2307 (40.5%) 1518 (47.4%) 789 (31.7%)

Raised problems 759 (15.4%) 476 (17.6%) 283 (12.8%) 2039 (35.8%) 1338 (41.8%) 701 (28.1%)

Dependence diagnosis 889 (18.1%) 573 (21.2%) 316 (14.3%) 2202 (38.7%) 1437 (44.9%) 765 (30.7%)
Nicotine

First use 4269 (86.8%) 2448 (90.5%) 1821 (82.2%) 4998 (87.8%) 2895 (90.5%) 2103 (84.4%)

Regular use 3324 (67.6%) 2015 (74.5%) 1309 (59.1%) 3709 (65.2%) 2269 (70.9%) 1440 (57.8%)

Raised problems 1017 (20.7%) 608 (22.5%) 409 (18.5%) 1751 (30.8%) 1073 (33.5%) 678 (27.2%)

Dependence diagnosis 2679 (54.5%) 1601 (59.2%) 1078 (48.7%) 3156 (55.4%) 1966 (61.4%) 1190 (47.8%)
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TABLE 2 Age [median (Q1-Q3)] of substance use disorder milestones by ancestral group and sex.

African ancestry

European ancestry

All Male Female All Male Female
42 (35-48) 43 (36-49) 41 (33-47) 39 (28-49) 39 (28-48) 40 (28-49)
Alcohol
First use 16 (13-18) 15(13-15) 16 (14-19) 15(13-17) 14 (12-16) 16 (14-18)
Regular use 18 (16-21) 17 (15-20) 19 (16-22) 17 (15-19) 17 (15-18) 18 (16-21)
Raised problems 30 (24-37) 30 (24-38) 30 (24-36) 26 (20-34) 25(20-33) 27 (20-35)
Dependence diagnosis 23 (19-29) 23 (19-28) 25 (20-30) 21 (18-26) 21 (18-25) 21 (18-27)
Opioids
First use 21(17-26) 20 (17-25) 22 (18-28) 18 (16-23) 18 (16-22) 19 (16-25)
Regular use 22 (18-28) 21(17-27) 23 (19-29) 21 (18-26) 20 (17-25) 22 (18-28)
Raised problems 30 (24-36) 30 (24-37) 30 (25-36) 25(21-32) 25(21-32) 26(21-33)
Dependence diagnosis 25(20-31) 25(19-31) 25(20-31) 23 (19-29) 22 (19-28) 24 (19-31)
Nicotine
First use 14 (12-17) 14 (12-17) 15(12-17) 14 (12-16) 13 (12-16) 14 (12-16)
Regular use 18 (15-21) 18 (15-21) 18 (15-21) 16 (15-19) 16 (15-19) 16 (14-18)
Raised problems 37 (29-44) 38 (30-45) 36 (29-43) 30 (23-38) 30 (23-38) 29 (22-38)
Dependence diagnosis 25 (20-32) 25(19-31) 25 (20-33) 21 (18-27) 21 (18-26) 21 (18-28)

Note: The number of subjects in each cell is shown in Table 1.

predictor of the progression from age of regular alcohol use to age of
AD diagnosis (HR = 1.06, P,q; = 0.045) (Figure 2).

In analyses stratified by age-of-onset of regular drinking
(Supporting information, Table S1), in both population groups, early
onset of regular drinking (< 18 years) was associated with more rapid
progression from regular drinking to age of first reported alcohol-
related problems; in EUR it was also associated with progression to an
AD diagnosis. Among EUR, the AUD PRS, irrespective of the age of
onset of regular drinking, also significantly predicted the progression
to first reported alcohol-related problems and to an AD diagnosis
(HRs = 1.09-1.18). Among AFR, the AUD PRS was positively associ-
ated with the progression to an AD diagnosis, although the effect was
significant only among individuals with a late onset of regular drinking
(>18 years) (HR = 1.11).

A sex-stratified analysis among EUR (Table 4 and Figure 3)
showed that the association of AUD PRS with milestones was
greater among women (HRs = 1.06-1.30) than men (HRs = 1.06-
1.15). There was a significant interaction effect of sex by AUD PRS
on the age at which alcohol-related problems were raised with a
health professional (P,q; = 0.0165). The genetic risk for AUD was a
stronger moderator in EUR females than males, despite men having
raised problems earlier than women. This is evidenced by greater
separation between survival curves for low, medium and high PRS
tertiles among women than men (Figure 3). Similarly, although the
effects of the AUD PRS on the two measures of progression were
significant in both sexes, the effects were greater among women
(HR = 1.27 for progression to raising problems and 1.14 for progres-
sion to AD) than men (HR = 1.09 for both). The progression from
regular drinking to first raising alcohol-related problems in EUR

differed significantly by sex (P.q; = 0.0054), with men raising alcohol-
related problems sooner after beginning regular drinking than
women. As can be seen in Figure 4, there is overlap between the
survival curves of females in the high PRS tertile and males in the
medium PRS tertile.

Among AFR, when stratified by sex, the only milestone on
which the alcohol PRS had a significant effect was age of AD
diagnosis (HR = 1.09 in men and 1.11 in women; Supporting infor-
mation, Table S2). When stratified on both sex and age of onset
of regular drinking (Supporting information, Table S2), there were
no significant effects of the AUD PRS on progression measures
among AFR.

Opioid-related milestones and progression

Among EUR, the OUD PRS significantly predicted all four milestones
(HRs = 1.14-1.19) but neither of the progression outcomes. Among
AFR, the OUD PRS was not associated with any opioid-related mile-
stones or progression outcomes (Table 5). Figure 1 (middle two
panels) shows the difference between population groups in the sur-
vival curves for age of first OD diagnosis as a function of OUD PRS
strata.

When stratified by sex, the OUD PRS in EUR was significantly
associated, in both males and females, with all four of the milestones
(HRs = 1.16-1.19 and 1.13-1.21, respectively) but neither of the pro-
gression measures (Supporting information, Table S3).

Among AFR, sex-stratified analyses of the effects of the OUD
PRS show that the only milestone that was significant was age of
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TABLE 3 Effect of alcohol use disorder polygenic risk score on age of onset and progression of alcohol-related measures by population group.

African ancestry

European ancestry

P-value Adjusted P-value R? SE HR 95% CI P-value Adjusted P-value R?

HR 95% ClI

SE

Outcome measure

0.0%
0.1%
0.1%
0.2%
0.0%
0.1%

0.382 0.382

0.98-1.05

1.02
1.

0.015 0.017

0.3%
0.3%
1.0%
0.8%
0.6%
0.4%

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

1.03-1.09

1.06
1.06
1.19
1.15
1.14
1.10

0.014

0.057

Age of first use

0.013 0.039

1.01-1.09
1.01-1.13

0.018 05

0.046

1.03-1.10

0.015

0.060

Age of regular use

0.057

0.019

0.027 1.07
1.09
1.04
1.06

0.065

1.14-1.24
1.10-1.19

0.023

0.173
0.136

Age first raised problems

0.0002 0.001

0.236

1.04-1.14
0.98-1.09

0.023

0.086

0.019

Age of diagnosis of AD

SSA

0.382

0.029

0.034

1.09-1.20
1.06-1.15

0.024

0.133
0.096

Regular use to raised problems

0.015 0.045

1.01-1.12

0.025

0.061

0.021

Regular use to AD diagnosis

KRANZLER ET AL.

Note: All models include sex, age and the first 10 ancestry principal components. Progression models (regular use to...) also include age of regular use as a covariate and the interaction between time and age of

regular use because the proportional hazards assumption was violated. Events = number of individuals meeting the milestone or progression event. The italics reflect statistically significant adjusted P-values.

hazard ratio; R?, incremental pseudo-R-squared; SE = standard error.

95% confidence interval; AD = alcohol dependence; HR

95% Cl

onset of opioid use, an effect limited to women (HR = 1.15)
(Supporting information, Table S4).

Smoking-related milestones and progression

As with OUD, among EUR, the SMK PRS significantly predicted all
four age-of-onset measures (HRs = 1.15-1.25). Among AFR it pre-
dicted only age of first use (HR = 1.05) (Table 6). Survival curves for
the age of diagnosis of ND by PRS strata (Figure 1, lower two panels)
show the population differences on this key milestone. In neither pop-
ulation group was SMK PRS a significant predictor of the progression
from regular smoking to reporting smoking-related problems or
to ND.

Among EUR, sex-stratified analyses showed that, in both sexes,
the SMK PRS is associated with all four milestones (HRs = 1.14-1.21
in males and 1.16-1.36 in females) and, among females, with the pro-
gression from regular smoking to onset of ND (HR = 1.11) (Supporting
information, Table S5). Similar analyses among AFR (Supporting infor-
mation, Table S6) yielded only one significant effect on smoking-
related traits: among males, SMK PRS predicted the age of smoking
onset (HR = 1.06).

DISCUSSION

There is growing interest in the clinical utility of PRS for identifying
individuals at high risk for a variety of disorders. In addition to case
identification, estimates of genetic risk are increasingly being used to
predict disease progression. We examined the effects of polygenic
risk on the age of onset of substance-related traits and the progres-
sion from regular substance use to substance-related problems and
dependence. We used summary statistics from large GWAS of AUD
[19], OUD [20] and SMK [21] to calculate PRS in a sample of deeply
phenotyped individuals with alcohol or drug use disorders or screened
controls. We compared these effects by population group and by sex
within population-group. While the effects of the PRS were statisti-
cally significant for many of the outcomes, the effect size was gener-
ally small. As a measure of explained variance above the model
covariates the incremental pseudo-R? of the PRSs were in the range
of 0.2% (HR = 1.05) to 2.4% (HR = 1.25).

Our most consistent findings were for alcohol-related traits.
Among EUR, an AUD PRS predicted the age of all four alcohol-related
milestones and both measures of progression from the onset of regu-
lar drinking. The findings replicate a previous observation that an AD
PRS predicted the progression from onset of regular drinking to AD
diagnosis in a sample of EUR [17]. We also extended the analysis to
AFR, among whom an AUD PRS significantly predicted the age of reg-
ular alcohol use, age of an AD diagnosis and the progression from reg-
ular use to an AD diagnosis.

Stratifying the analyses on sex and the age of onset of regular
drinking did not substantially alter the findings. Sex-stratified analyses
showed that, for some outcomes, the effects of PRS were greater
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FIGURE 1 Age of alcohol, opioid and nicotine
dependence diagnoses by African or European
ancestry and low, medium and high polygenic risk
scores for alcohol use disorder, opioid use
disorder and smoking trajectory, respectively

FIGURE 2 Years from regular alcohol use to
alcohol dependence diagnosis by African or
European ancestry and low, medium and high
alcohol use disorder polygenic risk scores

among women than men. These findings could be relevant to the phe-
nomenon of telescoping, in which women who, despite initiating sub-

stance use at a later age than men, have been reported to have a
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more rapid progression to developing problems and presenting for
treatment than men [29, 30]. However, prior findings supporting

telescoping are inconsistent [31, 32]. Here, we found that among EUR
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TABLE 4 Effect of alcohol use disorder polygenic risk score in Cox proportional hazard models of alcohol-related time-to-event and progression measures by sex among individuals of European

ancestry.

Female

Male

P-value Adjusted P-value  R? SE HR 95% Cl P-value Adjusted P-value  R?

HR 95% ClI

SE

Outcome measure

0.3%
0.4%
1.7%

1.0%
1.5%

0.6%

0.006

0.006

1.02-1.10

1.06
1.07
1.30
1.19
1.27
1.14

0.3%  0.060 0.022
0.3%
0.8%
0.8%

0.3%
0.4%

0.005

0.003

1.02-1.10

1.06
1.06
1.

0.019

0.057

Age of first use

0.006

0.004
< 0.0001
< 0.0001
< 0.0001

1.02-1.13

0.024

0.070

0.005

0.005
< 0.0001
< 0.0001

1.02-1.10

0.020

0.056

Age of regular use

0.0004
0.0004
0.0004
0.003

1.20-1.41

0.041

0.264

0.0005
0.0005
0.0045
0.004

1.09-1.21

0.027 15

0.136

Age first raised problems

1.11-1.27
1.16-1.38
1.05-1.23

0.034

0.171

1.08-1.19

1.13
1.09
1.09

0.024

0.123
0.089

Age of AD diagnosis

n
n
>

0.044
0.039

0.234
0.127

0.002

1.03-1.16

0.029

Regular use to raised problems

0.001

0.001

1.04-1.15

0.026

0.085

Regular use to AD diagnosis

Note: All models include sex, age and the first 10 ancestry principal components. Progression models (regular use to...) also include age of regular use as a covariate and the interaction between time and age of

regular use because the proportional hazards assumption was violated. Events = number of individuals meeting the milestone or progression event. The italics reflect statistically significant adjusted P-values.

incremental pseudo-R-squared; SE = standard error.

hazard ratio; R?

95% confidence interval; AD = alcohol dependence; HR

95% ClI
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FIGURE 3 Age first raised alcohol-related problems to a health-
care professional among European-ancestry individuals by sex alcohol
use disorder polygenic risk score
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FIGURE 4 Years from first regular alcohol use to first having
raised alcohol-related problems to a health-care professional among
European-ancestry individuals by sex x alcohol use disorder polygenic
risk score. Note that the lines for female high and male medium are
nearly wholly overlapping and require careful inspection to
differentiate them

the AUD PRS predicted a significantly shorter time from onset of reg-
ular alcohol use to bringing up alcohol-related problems among men
than women, while among AFR the effect of the AUD PRS on the pro-
gression from regular drinking to onset of AD was comparable for
men and women.

Among EUR there were also robust effects of OUD and SMK PRS
on opioid- and tobacco-related milestones, respectively. However,
neither PRS predicted the progression from age of onset of regular
use either to bringing up problems related to these substances or
dependence diagnoses. Among AFR, the only opioid-related milestone
that was significantly associated with OUD PRS was the age of onset
of opioid use among women. In this population group, the SMK PRS
was associated with an earlier age of smoking initiation, a finding that

was significant in men only.
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Overall, we found consistently greater associations of PRS with
substance-related milestones and symptom progression in EUR than
AFR, attributable to the greater predictive value of the EUR summary
statistics for all three substances, evidenced by greater genomic infla-
tion factor values among EUR. Further, despite comparable numbers
of EUR and AFR individuals with AD and ND in the Yale-Penn
(i.e. target) sample, the number of AFR subjects in the target sample
who endorsed opioid-related milestones and met criteria for OD was
approximately one-third that among EUR. Thus, for opioids, in addi-
tion to a smaller discovery sample, differences in the target sample
also probably contributed to the population-group difference in PRS
effects. Differences in the sizes of the discovery and target samples
by population group underscore the need, particularly in non-EUR
populations, for larger GWAS samples and additional deeply pheno-
typed samples for more granular studies of genetic risk for substance
use milestones and progression.

Among EUR, the effects of the AUD PRS were more consistent
and robust than were the OUD or SMK PRS. This may be because
there were approximately one-third fewer participants in the SMK
GWAS than either the AUD or OUD GWAS and approximately one-
quarter fewer Yale-Penn participants with an OD diagnosis than
either an AD or ND diagnosis. Substance-specific differences have
also been shown to exist in symptom progression. National survey
data showed that the cumulative probability of progressing to depen-
dence was 67.5% for nicotine users and 22.7% for alcohol users [33].
A prospective study of adolescents showed that the shortest progres-
sion times (i.e. greatest addictive liabilities) were seen with opioids;
tobacco and alcohol had the lowest liabilities [34]. Despite these find-
ings, there are countervailing biological effects. For example, the rate
of absorption of nicotine from smoking is much higher than gastroin-
testinal absorption of alcohol given the extensive surface area of pul-
monary alveoli [35, 36]. Thus, pharmacological or other features
specific to individual substances could add to or interact with genetic
risk for dependence on them.

Although in this study we focus principally on genetic risk, envi-
ronmental factors are also relevant to the age at which substance-
related milestones occur [37]. We found the lowest HRs for the age
of first alcohol use among both AFR and EUR (1.02 and 1.06, respec-
tively). This is consistent with the notion that the initiation of sub-
stance use is strongly influenced by social and environmental factors,
whereas the progression from first use to heavy use and from heavy
use to problematic use or dependence is influenced more by neurobi-
ological, including genetic, factors [35]. This is further supported by
the finding that the age at first alcohol use is only modestly genetically
correlated with AD (rg = 18-29%) [38], while for age of onset of
regular drinking and AD the genetic correlation is moderate
(rg = 0.54) [39].

This study has limitations. First, we conducted analyses in only
two population groups—EUR and AFR—as the other population
groups in both the discovery and target samples are not large enough
to support similar analyses. Second, the sample was recruited over
20 years at five sites in the eastern United States through multiple

studies, thus it is not possible to specify the exact sources of

recruitment. Whereas it is not a population sample, the generalizabil-
ity of the findings is limited. Because all three discovery samples were
from the MVP, which is predominantly male, the effect size estimates
from the GWAS could bias the PRS and their associations with symp-
toms, particularly in the context of existing sex differences. Third, we
used DSM-IV substance dependence diagnoses in the target sample
to ensure consistency across the substances, as we lacked some cri-
teria required for a DSM-5 tobacco use disorder diagnosis. Fourth, we
used a trajectory phenotype in the discovery GWAS for smoking, as it
was the largest available GWAS for smoking in AFR. That phenotype
differs from the ICD-9/-10 codes used in the AUD and OUD GWAS.
Whereas the trajectories are a probabilistic categorization rather than
a binary diagnosis, the trajectory-based groups are potentially more
heterogeneous than AUD or OUD cases and controls. This variability
could have diminished the association of the SMK PRS with smoking-
related milestones or latency outcomes. The moderate or greater
genetic correlations with widely used smoking-related traits
[e.g. smoking initiation (ry = 0.52), smoking cessation (rg = 0.85), ciga-
rettes per day (rg = 0.44) and time from waking to the first cigarette
(rg = —0.49)] support the validity of the SMK trait [21]. Fifth, the pro-
portions of substance dependence diagnoses overall and by popula-
tion in the target sample reflect the strategy used to recruit the
sample; therefore, no conclusions may be drawn about these propor-
tions per se. Finally, although effects of the PRSs were statistically sig-
nificant for many of the outcomes the effect size was generally small,
with the largest incremental pseudo-R? of the PRS being 2.7%.

Larger discovery samples are needed to increase the predictive
power in both population groups and account for greater variance
in the progression to problematic substance use. The goal of this
effort is to augment non-genetic predictors with PRS to identify
individuals at greatest risk of experiencing progression to more seri-
ous substance-related consequences and permit secondary preven-

tive efforts.
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