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Abstract

Background and Aims: Molecular genetic studies of alcohol and nicotine use have identi-
fied many genome-wide association study (GWAS) loci. We measured associations
between drinking and smoking polygenic scores (PGS) and trajectories of alcohol and
nicotine use outcomes from late childhood to early adulthood, substance-specific versus
broader-liability PGS effects, and if PGS performance varied for consumption versus
problematic substance use.

Design, setting, participants and measurements: We fitted latent growth curve models
with structured residuals to scores on measures of alcohol and nicotine use and prob-
lems from ages 14 to 34 years. We then estimated associations between the intercept
(initial status) and slope (rate of change) parameters and PGSs for drinks per week
(DPW), problematic alcohol use (PAU), cigarettes per day (CPD) and ever being a regular
smoker (SMK), controlling for sex and genetic principal components. All data were ana-
lyzed in the United States. PGSs were calculated for participants of the Minnesota Twin
Family Study (n = 3225) using results from the largest GWAS of alcohol and nicotine
consumption and problematic use to date.

Findings: Each PGS was associated with trajectories of use for their respective
substances [i.e. DPW (Bmean = 0.08; Brange = 0.02-0.12) and PAU (Bmean = 0.12; Brange =
-0.02 to 0.31) for alcohol; CPD (Bmean = 0.08; Prange = 0.04-0.14) and SMK' (Bmean
= 0.18; Prange = 0.05-0.36) for nicotine]. The PAU and SMK PGSs also exhibited cross-
substance associations (i.e. PAU for nicotine-specific intercepts and SMK for alcohol
intercepts and slope). All identified SMK PGS effects remained as significant predictors
of nicotine and alcohol trajectories (Bmean = 0.15; Prange = 0.02-0.33), even after
adjusting for the respective effects of all other PGSs.

Conclusions: Substance use-related polygenic scores (PGSs) vary in the strength and
generality versus specificity of their associations with substance use and problems over
time. The regular smoking PGS appears to be a robust predictor of substance use trajec-
tories and seems to measure both nicotine-specific and non-specific genetic liability for

substance use, and potentially externalizing problems in general.
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INTRODUCTION

Alcohol and nicotine use, respectively, contribute to 3 (5.3%) and
7 million (12.3%) deaths world-wide each year, making both leading
causes of global mortality [1,2]. Studies have demonstrated that
genetic factors influence alcohol and nicotine use and risk for both
alcohol use disorder (AUD) and nicotine use disorder (NicUD). Twin
studies report heritability estimates of approximately 50% for AUD
[3] and NicUD [4], and large-scale genome-wide association studies
(GWAS) have identified hundreds of loci that exhibit genome-wide
significant associations with alcohol and nicotine use phenotypes
[5-7], providing new avenues for research on the genetic influences
on substance use.

Polygenic scores (PGS) are one method for modeling aggregate
genetic risk across the genome, and have provided valuable informa-
tion regarding the unique and shared genetic influences on alcohol
and nicotine use. PGS can be generated from a GWAS discovery sam-
ple by weighting genetic variants relative to the strength of their asso-
ciation with a given phenotype to calculate a measure of individual
genetic risk in a target sample. For example, PGS calculated from
GWAS-identified associations for alcohol use have demonstrated
associations with alcohol-related outcomes in independent samples
[8-10]. PGSs for alcohol and nicotine use have also been associated
with use of other drugs (e.g. cannabis, cocaine, amphetamines,
ecstasy, hallucinogens) [5,11], suggesting that these PGS also index
non-specific genetic influences on substance use.

While studies using PGS are beginning to trace the contours of
the genetic architecture of substance use, they have yet to examine
the influence of aggregate genetic risk on patterns of substance use
over time. This is an important next step, because alcohol and nicotine
use exhibit strong age-related mean level trends, with typical initiation
in adolescence followed by peak use in young adulthood and norma-
tive declines in heavy use and substance use disorders (SUDs) by age
30 years [12]. Understanding the etiology of substance use then
requires accounting for these normative patterns of emergence, esca-
lation and decline, and there is some evidence that genetic influences
for substance use vary throughout development [13,14].

Initial efforts using PGSs to examine associations with alcohol
and nicotine use developmental trajectories have had modest success.
A PGS for cigarettes smoked per day predicted later cigarette smoking
and NicUD in early adulthood [15,16], but not alcohol use [15],
suggesting that the PGS measured substance-specific genetic influ-
ences on nicotine use. Evidence for longitudinal associations of
alcohol-related PGS has been mixed. One study found that a PGS for
AUD was associated with alcohol use in males at age 15.5 years and
greater increases of alcohol use at age 21.5 years [17], while other
studies examining alcohol use in college student drinkers over a
4-year time-span with an environment enriched for substance use

have returned both positive [18] and null results [19]. Most prior

studies were limited by smaller GWAS discovery samples relative to
recent large-scale GWAS of alcohol and nicotine use outcomes.

We address these limitations using PGS measures derived from
large-scale GWAS of alcohol consumption (i.e. drinks per week; DPW)
[5] and problematic alcohol use (PAU) [7], given prior evidence
suggesting differences in the polygenic architecture of alcohol use
versus alcohol use problems [20,21] and PGS for cigarettes per day
(CPD) [5] and for initiation of regular smoking (SMK) [5]. The nicotine-
related PGSs have demonstrated varying degrees of genetic correla-
tion (rg) with nicotine dependence (r; = 0.42 and 0.95 for SMK and
CPD, respectively) [6], and therefore may index varying degrees of
nicotine use versus NicUD or nicotine-specific effects versus external-
izing effects more broadly.

We examined respective PGS associations with trajectories of
alcohol and nicotine use (quantity and frequency) and problems (AUD
and NicUD criteria) from late childhood to young adulthood (ages 14-
34), a period that covers normative initiation, peak use and elevated
risk for SUDs. Strengths of this approach include the ability to make
stronger inferences about when in the developmental progression of
substance use (e.g. initiation of use, escalation of use) these genetic
influences have their effects, and the long follow-up period ensures
that polygenic influences for alcohol and nicotine use are likely to
have been expressed for most people. A second aim was to examine
whether the associations between polygenic measures thought to
index regular use versus problematic use differed for phenotypical
measures of consumption (quantity/frequency) and substance use dis-
order (AUD and NicUD). A final aim was to examine whether the
associations of the respective alcohol and nicotine-related PGS were
limited to the specific substance or generalized to trajectories of
both alcohol and nicotine outcomes, and to determine if there
was evidence of incremental predictive utility throughout the
respective PGSs.

METHODS
Participants

Participants were members of the Minnesota Twin Family Study
(MTFS), a longitudinal study of 3762 (52% female) twins (1881
pairs) investigating the development of SUDs and related condi-
tions [22-24]. All twin pairs were the same sex and living with at
least one biological parent within driving distance to the University
of Minnesota laboratories at the time of recruitment. Exclusion
criteria included any cognitive or physical disability that would
interfere with study participation. Twins were recruited the year
they turned either 11 years old (n = 2510; the younger cohort) or
17 years old (n=1252; the older cohort). Twins in the younger
cohort were born from 1977 to 1984 and 1988 to 1994, while
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twins in the older cohort were born between 1972 and 1979.
Families were representative of the area they were drawn from in
terms of socio-economic status (SES), mental health treatment his-
tory and urban versus rural residence [22]. Consistent with the
demographics of Minnesota for the target birth years, 96% of par-
ticipants reported non-Hispanic white ethnicity and race.

The younger cohort was assessed at ages 11 [mean,ge
= 11.78 years; (SD) = 0.43 years] and 14
(mean,ge = 14.90 years; SD =0.31years), and all twins were
assessed at target ages 17 (mean,ge = 17.85 years; SD = 0.64 years),
21 (mean,g = 21.08 years;  SD =0.79 years), 24
= 24.87 years; SD =0.94years) and 29 (mean,g =29.43 years;
SD = 0.67 years). A subgroup of twins from the younger cohort

standard deviation

(mean,ge

were also assessed at age 34 (mean,g = 34.62 years;
SD = 1.30 years). Supporting information, Table S1 provides the
number of participants for each assessment and descriptive statistics
for the study measures. Analyses were conducted both with and
without participants who consistently abstained from substance use
across time. Conclusions were similar throughout these models, so
we report models using the full sample. Participation rates ranged
from 80 to 93% among those recruited for a given follow-up assess-
ment. The total sample included 1205 monozygotic (51.5% female)

and 676 dizygotic (52.8% female) twin pairs [22,25].

Alcohol use and AUD

All alcohol and nicotine variables were assessed during structured
clinical interviews, while the use variables were also assessed using a
computerized self-report questionnaire at ages 11, 14 and 17 that
was completed in private. Alcohol variables included the average num-
ber of drinks per occasion in the past 12 months (i.e. alcohol quantity)
and DSM-III-R symptoms of alcohol abuse and dependence (the diag-
nostic system when the study began, hereafter referred to as AUD
symptoms). Free responses to alcohol quantity and the number of
alcohol abuse and dependence symptoms were converted to scales
that ranged from O to 8 (corresponding integer values were used for
lower values (e.g. 1 =1 symptom) with AUD symptoms capped at
8 and drinks per occasion coded as 7 = 7-9 drinks and 8 = 10 or more
to reduce skew due to a small number of high values). The life-time
prevalence of DSM-III-R AUD (= 3 symptoms of abuse or depen-
dence) was 26%.

Nicotine use and NicUD

Nicotine variables included average cigarettes per day (or equivalent
form of tobacco, e.g. chewing tobacco) and DSM-III-R symptoms of
nicotine dependence (hereafter referred to as NicUD). Free responses
were converted to a 0-6 scale for nicotine quantity (0=0, 1=1,
2=2,3=3,4=4-6,5=7 or more) and NicUD symptoms (number
of symptoms capped at 6 to reduce skew). The life-time prevalence of
DSM-III-R NicUD was 33%.

PGS methods

PGS were generated using the largest GWAS of nicotine and alcohol
use traits to date. The DPW (average number of drinks per week;
n=941280), average number of cigarettes per day (CPD;
n=337334) and ever smoked regularly in life-time (SMK;
n=1232091) PGSs were calculated using results of the GWAS and
Sequencing Consortium of Alcohol and Nicotine use (GSCAN) [5], and
the PAU PGS was calculated using results from the largest GWAS of
AUD and the problems subscale of the Alcohol Use Disorder Identifi-
cation Test (AUDIT-P) to date (n = 435 563) [7]. The MTFS sample
was removed from the original GSCAN discovery sample to avoid
overlap with the target sample [5]. PGS were created for participants
of European ancestry, confirmed via principal components analysis
[26], in the MTFS target sample following imputation to the most
recent Haplotype Reference Consortium reference panel [27] and
restricted to autosomal HapMap3 variants with a minor allele fre-
quency 2 0.01 and an imputation quality > 0.7. The resulting filtered
variants (~1 million variants) were then submitted to LDpred [28] to
generate beta weights in the MTFS sample, including variants of all
significance levels (P-value < 1). Individual PGS were then calculated
in PLINK [26] for all individuals with phenotypic and genotypic data
for the present study (n = 3225).

Data analytical strategy

Latent growth models with structured residuals (LGM-SR; see
Figure 1) were used to model developmental trends in the alcohol and
nicotine use outcomes [29,30]. These models include intercept factors
that reflect status at the first time-point (age 14, as there was almost
no substance use at age 11) and slope factors that reflect the rate of
change during the course of the study. Slope factors were specified
using a latent basis approach. That is, the first and last basis coeffi-
cient were fixed to 0 and 1, respectively, and the intervening coeffi-
cients were estimated, which provides a parsimonious way of
capturing non-linear trajectories [31].* Intercept and slope factors
were allowed to vary to capture individual differences in growth. The
residual structure included occasion-specific latent factors that
account for deviations from the intercept and slope implied trajecto-
ries. The autoregressive paths linking adjacent residual factors capture
associations between variables over time after accounting for general
growth trends (Figure 1) and were included because not accounting
for residual autoregressive effects can lead to biased variance esti-
mates in the growth factors [32,33].

Unconditional LGM-SR models were first fitted to each outcome
(Figurela). Conditional models were then fitted in which the growth
factors were regressed on a single PGS and the control variables
(1 PGS conditional latent growth model; Figure 1b). The control vari-
ables included participant sex and the first five genetic principal com-
ponents [34] to adjust for underlying ancestral substructure
(associations between the control variables and the intercept and

slope factors with and without PGS included can be found in the
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FIGURE 1 Unconditional and conditional latent growth models with structured residuals. (a) The unconditional latent growth model; (b) the
1 PGS conditional latent growth model; (c) the 2 PGS conditional latent growth model; (d) depicts the 4 PGS conditional latent growth model.
R = residual factor; PGS = polygenetic risk score; CVs = covariates (first 5 eigenvalues and sex). Variances and mean structure omitted from figure

for clarity of presentation

Supporting information). Sensitivity checks adjusting for birth cohort
were also completed; the inclusion of birth cohort as a covariate did
not affect the main conclusions. Conditional models were then esti-
mated in which the growth factors were regressed on two PGSs
simultaneously together with the control variables (2 PGS conditional
latent growth model; Figure 1c). The 2 PGS models included both
PGSs associated with a specific substance as predictors of the latent

growth factors. That is, the 2 PGS models either included the DPW
and PAU PGSs or the CPD and SMK PGSs. Finally, conditional models
were estimated in which the growth factors were regressed on all four
PGSs simultaneously together with the control variables (4 PGS condi-
tional latent growth model; Figure 1d). All major analyses were con-
ducted using Mplus version 8.4 [35] with full information maximum

likelihood estimation [36]. Every model included both twins from a
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given twin pair; as the focus was on the general growth trends over
time throughout the sample, models were not stratified by zygosity.
95% confidence intervals (Cls) were derived using clustered (by family)
percentile bootstrapping (with 1000 draws). This procedure performs
well when estimating Cls for skewed variables such as substance use,
and accounts for the family-based clustering of the observations
(i.e. both twins from a given family of origin being included in the
models) [37]. The present analysis plan was not pre-registered on a
publicly available platform and should be considered largely explor-

atory in nature.

RESULTS

Descriptive information for the study variables is reported in Table 1.
Mean levels of the alcohol and nicotine use outcomes increased from
age 11 to 20 years, and then decreased from age 20 to age 34 years.
The rank-order stability of the alcohol and nicotine use outcomes
between adjacent time-points ranged from r = 0.33 to 0.79.

The univariate models for alcohol and nicotine use-related out-
comes all fitted the data well by conventional standards (Supporting
information, Table S1) [38]. Parameter estimates were consistent with
the observed trajectories, suggesting a rise in alcohol and nicotine use
throughout adolescence, and then a gradual decline in values after

age 20. There was a statistically significant degree of variability in all

TABLE 1 Descriptive statistics for substance use variables across time

the slope factors and all the intercept factors except the alcohol quan-
tity intercept factor (i.e. there was too little variability in alcohol quan-
tity at age 14 to effectively estimate the intercept factor variance;
Supporting information, Table S2). Covariances between the intercept
and slope factors were generally small and non-significant (probably in
part due to the low rates of endorsement in early adolescence); con-
versely, the autoregressive coefficients were typically statistically sig-
nificant and positive in sign, indicating that substance use beyond that
predicted by the growth model at one time-point was associated with
similarly elevated substance use at subsequent time-points. Correla-
tions among the respective PGSs in the MTFS sample are reported in
Table 2.

Standardized path coefficients from the single (1) PGS, two
(2) PGS (adjusting for the other within substance PGS; e.g. co-varying

TABLE 2 Correlations between PGSs within MTFS sample

1 2 3 4
1. Drinks per week
2. Problematic alcohol use 0.33
3. Cigarettes per day 0.05 0.10
4. Regular smoking 0.23 0.24 0.16

PGS = polygenic score; MTFS = Minnesota Twin Family Study.

Age (years) 14 17 20 24 29 34
Alcohol use disorder
Mean 0.08 0.50 0.90 0.97 0.60 0.45
SD 0.59 1.26 1.57 1.59 131 121
n 1952 2908 2456 2943 2316 802
Autocorrelation 0.38 0.45 0.52 0.49 0.46 -
Alcohol quantity
Mean 0.57 2.08 3.66 3.31 2.65 231
SD 1.21 2.76 2.55 2.19 1.90 1.69
n 1787 3033 2442 2926 2314 798
Autocorrelation 0.33 0.40 0.52 0.54 0.52 -
Nicotine use disorder
Mean 0.27 0.76 111 1.04 1.00 0.82
SD 1.03 1.64 1.77 1.69 1.67 1.47
n 1952 2907 2457 2946 2316 801
Autocorrelation 0.46 0.56 0.69 0.74 0.68 -
Nicotine quantity
Mean 0.45 1.17 1.73 1.55 2.03 1.18
SD 1.09 1.57 1.78 1.77 1.58 1.70
n 1787 3036 2447 2922 3225 796
Autocorrelation 0.54 0.70 0.79 0.49 0.45 -

SD = standard deviation; n = number of respondents; autocorrelation = correlation between scores at one time-point and the immediately subsequent

time-point (e.g. between scores at ages 14 and 17).
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for DPW in the PAU 2 PGS analysis and vice versa) and four (4) PGS
(adjusting for all other PGS simultaneously; e.g. co-varying for CPD,
DPW and PAU in the SMK 4 PGS analysis) models can be found in
Table 3.

Single (1) PGS model results
Drinks per week (DPW)

In the single PGS models, the DPW PGS had significant
associations with the intercept and slope factors of AUD and
the slope factor for alcohol quantity. The DPW PGS also had
significant cross-substance associations with the intercept factors
for NicUD and nicotine quantity. DPW PGS effect sizes were small
(Bmean = 0.08; Prange = 0.02 to 0.12) and comparable to the PAU PGS.

Problematic alcohol use (PAU)

The PAU PGSs had significant associations with the intercept
and slope factors of AUD and alcohol quantity. The PAU PGSs also
had significant cross-substance associations with the intercept factors
for NicUD and nicotine quantity. Effect sizes were small and
comparable to the DPW PGS, with no statistically significant
differences between the two PGS, but slightly larger effects for the
PAU (Bmean = 0.12; Brange = ~0.02 to 0.31).

Cigarettes per day (CPD)

The CPD PGS had significant associations with the intercept and
slope factors for NicUD and the intercept for nicotine quantity (Bmean
= 0.08; Prange = 0.04-0.14).

Regular smoking (SMK)

The SMK PGS had significant associations with the intercept
and slope factors of NicUD and nicotine quantity. The SMK
PGS also had significant cross-substance associations with the
intercept and slope factors for AUD and the intercept for alcohol
quantity. Effect sizes were small to medium, and slightly larger for
the SMK PGS (Bmean = 0.18; Prange = 0.05-0.36) relative to the
CPD PGS.

Two (2) PGS model results
Alcohol use PGSs (DPW and PAU)

When the DPW and PAU PGSs were included in the same model
(2 PGS model) most PAU PGS effects observed in the single PGS

model remained significant (Bmean = 0.10; Prange = -0.03 to 0.30);
however, the DPW effects were reduced to the point that most
Cls included zero (Bmean = 0.05; Prange = 0.01-0.09). Adjusting for
the effects of DPW, the PAU PGS had significant associations with
the intercept and slope factors for AUD, the intercept factors for
alcohol quantity, NicUD and nicotine quantity. Only the association
between the PAU PGS and the slope factor for alcohol quantity
was no longer significant (=0.03, 95% Cl=-0.04, 0.11) after
adjusting for the DPW PGS. In contrast, only the association
between the DPW PGS and the intercept factor for AUD remained
significant (=0.09, 95% Cl=0.03, 0.19) after adjusting for the
PAU PGS.

Nicotine use PGSs (CPD and SMK)

When the CPD and SMK PGSs were included in the same model
(2 PGS model), the SMK PGS (Bmean = 0.17; Prange = 0.04-0.35)
exhibited notably stronger associations than the CPD PGS (Bmean
=0.05; Prange = 0.02-0.09). Adjusting for the effects of CPD, the
SMK PGS continued to have significant associations with intercept
and slope factors for NicUD, nicotine quantity and AUD, and the
intercept factor for alcohol quantity and the effect sizes nearly the
same as those in the 1 PGS model (Table 3). In contrast, none of the
associations between the CPD PGS and the growth factors for the
nicotine and alcohol use measures remained significant after adjusting
for the SMK PGS.

Combined alcohol and nicotine PGS (4 PGS) model
results

When the four alcohol and nicotine PGSs were included in the same
model (i.e. examining respective PGS effects while adjusting for the
other three PGSs simultaneously), the SMK PGS exhibited the most
robust associations across both the alcohol and nicotine outcomes
(Bmean = 0.15; Prange = 0.02-0.33). After adjusting for all other PGSs
simultaneously (i.e. co-varying for CPD, DPW, and PAU), the SMK
PGS continued to have significant associations with the intercept and
slope factors for NicUD, nicotine quantity, and AUD, as well as the
intercept factor for alcohol quantity with only a modest decline in
effect sizes (Table 3). The PAU PGS continued to have significant
associations with the slope factor for AUD (= 0.08, 95% Cl = 0.02,
0.13) and the intercept factor for NicUD (= 0.08, 95% Cl=0.01,
0.16) when co-varying for the other PGSs. The DPW continued to
have a significant association with the intercept factor for AUD
(=0.08, 95% Cl = 0.02, 0.16) after adjusting for the other PGSs. None
of the associations for the CPD PGS remained significant after
adjusting for the other PGSs. Figure 2 depicts exemplar substance use
growth trajectories from ages 14 to 34 years for people with high and
low scores (i.e. &= 1.5 SD around the mean) on one of the four respec-
tive PGS, those with high or low scores across all four PGS and people

with average scores on each PGS.
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DISCUSSION DPW were included in the same model. Multiple factors may explain
differences in performance between the PAU and DPW PGSs. The
Using a longitudinal design, we extended prior studies investigating PAU phenotype was largely defined by life-time AUD diagnosis, while

genetic influences on substance use by showing that PGSs for alco- DPW was the average number of weekly drinks over shorter reporting
hol and nicotine use phenotypes were each associated with problem periods (past week/past 12 months). The greater severity and broader
use in middle adolescence and a greater rate of increase in alcohol reporting period might account for some of the differential perfor-
and nicotine use problems throughout young adulthood. Our find- mance of the PAU and DPW PGS in the MTFS sample. Sample char-
ings show that alcohol and nicotine use-related PGS are statistically acteristics of the discovery samples (e.g. treatment-seeking versus
significant predictors of trajectories for problematic alcohol and population-based) and levels of substance use problems in the target
nicotine use, and extend prior cross-sectional studies by demon- sample [9,10] might also account for differences between the PAU
strating that polygenic liability for alcohol and nicotine use are infor- and DPW PGSs. PGS may perform better in target samples with simi-
mative regarding the developmental progression of alcohol and lar degrees of problematic substance use found in the PGS discovery
nicotine use. sample. The PAU PGS was derived from a sample with elevated rates

We also examined whether associations with PGSs differed for of drinking and AUD diagnosis (i.e. the Million Veteran Program
regular use versus SUD symptoms. For alcohol, DPW and PAU PGSs [MVP]), while DPW contains large samples (e.g. 23andMe;
exhibited similar predictive power independently, although most = ~404 000) that are less representative of the population at large

DPW PGS effects decreased below significance when both PAU and (e.g. high SES, relatively healthy, lower alcohol-related problems). The

s 5 AveragePGS +1.5 SD Drinks Per Week PGS

= = *1.5 SD Problematic Alcohol Use PGS +1.5 SD Cigarettes Per Day PGS
+1.5 SD Regular Smoking PGS — — £1.5SD Al PGS

0.75

Alcohol Use Disorder Score
Alcohol Quantity Score

S

in

14 17 20 24 29 34
Age in Years Age in Years

15

Nicotine Use Disorder Score
Nicotine Quantity Score

14 17 20 24 29 34 14 17 20 24 29 34
Age in Years Age in Years

FIGURE 2 Growth trajectories from 4 PGS conditional growth models. Age in years presented on the x axis, substance use scores presented
on the y axis. Trajectories are based on the parameter estimates from the full 4 PGS models. The lines depict trajectories for those with average
scores on all four PGSs (solid black line) and either high or low scores (+1.5 standard deviation around the mean) on either the drinks per week
PGS (dotted blue line), problematic alcohol use PGS (dashed blue line), cigarettes per day PGS (dotted orange line), regular smoking PGS (dashed
orange line) or all four PGSs (dashed black line)
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MTFS sample is a community-based sample that is representative of
its target population, including prevalence of SUDs (e.g. 26% and 33%
meeting criteria for AUD and NicUD, respectively). Also, the
multiple assessment schedule of the MTFS increased the detection of
positive diagnoses and peak substance use, which aids in accurately
capturing problem use, similar to the longitudinal assessment of AUD
available via electronic-health records in the MVP in the PAU discov-
ery sample.

For nicotine use, we found that the CPD PGS was only associated
with problematic nicotine use, consistent with prior estimates of
a high genetic correlation between CPD and nicotine dependence
(rg = 0.95) [6]. In contrast, the SMK PGS was a statistically signifi-
cant predictor of all alcohol and nicotine use outcomes, even after
adjusting for the CPD, PAU and DPW PGSs, indicating the SMK
PGS indexes genetic influences that have general effects on misuse
of multiple substances. The SMK PGS has also been associated with
the use of multiple other substances (e.g. alcohol, cannabis, cocaine)
[5], and has been found to load strongly onto a latent factor com-
posed of externalizing (EXT) traits [39]. Using the same sample as in
this report, we have also shown that these non-specific effects
extend beyond substance use to include externalizing problems
(rule-breaking and aggression) from ages 11 to 17 years (i.e. prior to
peak substance use), even after adjusting for contemporaneous
nicotine use [40]. The notion of common genetic influences across
substances is also consistent with multivariate twin studies that pos-
ited a common genetic etiology to account for the co-occurrence
and family transmission of substance use problems, antisocial behav-
ior and disinhibited personality traits [41-43]. Taken together, these
findings are consistent with the interpretation that the SMK PGS
measures genetic influences on nicotine use and behavioral disinhi-
bition more broadly, while the other substance use-related PGSs are
relatively substance-specific. Efforts to extend these findings to
additional substances (e.g. cannabis) and to directly compare the
effects of the SMK PGS to the EXT PGS [39] are under way.

While the ability to use PGS to demonstrate associations with
longitudinal trajectories of substance use is promising, substantial
advancement is needed before PGSs have clinical relevance for SUDs.
Stratifying individuals based upon ‘polygenic risk’ has been shown to
aid in mitigating adverse health outcomes for some health conditions
(e.g. coronary disease) [44]; similar success has yet to be demon-
strated for SUDs. Concerns related to clinical utility include that cur-
rent SUD PGS account for a relatively small proportion of variance for
clinical phenotypes (~5%), especially in comparison to other risk fac-
tors (e.g. SES, family history) and the potential for patient discrimina-
tion based upon genetic information [45-47].

Limitations of the study include that the PGS were generated
from GWAS of European ancestry. The degree to which our results
generalize to other ancestral groups is uncertain [48]. This limitation
has the potential to proliferate health disparities if these findings are
only applicable to individuals of European ancestry, further prioritizing
the importance of extending efforts to diverse ancestry groups [49].
Additionally, genetic influences on substance use are influenced by

environmental factors, and genetic and environmental influences vary

developmentally [15,50]. Studies examining how PGSs interact with
environmental influences longitudinally are needed.

Despite these limitations, our findings are a successful extension
of prior work by demonstrating substance-specific and generalized
PGS effects on longitudinal trajectories of alcohol and nicotine use
problems throughout late childhood and early adulthood. The results
also provide initial evidence that the SMK PGS may index non-specific
genetic risk for substance use and externalizing behaviors in general.
This effort serves as a key step in demonstrating the influence of alco-
hol and nicotine PGS across developmental periods in which individ-
uals initiate substance use, increase quantity and frequency of use
and begin to experience substance use problems. Our hope is that this
work will aid in mitigating adverse health outcomes related to prob-
lematic substance use in the future.
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