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Abstract

Externalizing behavior in early adolescence is associated with alcohol use in adolescence and early adulthood and these behaviors often emerge as part
of a developmental sequence. This pattern can be the result of heterotypic continuity, in which different behaviors emerge over time based on an
underlying shared etiology. In particular, there is largely a shared genetic etiology underlying externalizing and substance use behaviors. We examined
whether polygenic risk for alcohol use disorder predicted (1) externalizing behavior in early adolescence and alcohol use in adolescence in the Early
Steps Multisite sample and (2) externalizing behavior in adolescence and alcohol use in early adulthood in the Project Alliance 1 (PALI) sample. We
examined associations separately for African Americans and European Americans. When examining European Americans in the Early Steps sample,
greater polygenic risk was associated with externalizing behavior in early adolescence. In European Americans in PAL1, we found greater polygenic
risk was associated with alcohol use in early adulthood. Effects were largely absent in African Americans in both samples. Results imply that genetic

predisposition for alcohol use disorder may increase risk for externalizing and alcohol use as these behaviors emerge developmentally.
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Alcohol misuse costs the United States hundreds of billions of
dollars annually (Sacks et al, 2015) and it is estimated that
95,000 people die each year from alcohol-related causes (Centers
for Disease Control and Prevention, 2019). These rates of mortality
make alcohol misuse the third leading preventable cause of death
in the US, following tobacco use and poor diet/physical inactivity
(Mokdad et al., 2005). Beyond these outcomes, alcohol use is asso-
ciated with multiple types of cancer, other chronic health condi-
tions (Yoon, 2018), and a range of mental health issues (Burns
& Teesson, 2002), including alcohol use disorder (Moos et al.,
2004). Developing a better understanding of the etiology of alcohol
misuse is key in improving effectiveness of prevention and inter-
vention efforts.

To improve understanding of the etiology of alcohol misuse one
must think about risk for alcohol misuse in the context of develop-
ment. Generally, alcohol use begins in early to mid-adolescence,
approximately 14-17 years old (Chen & Jacobson, 2012), becom-
ing more normative in adolescence and early adulthood, approx-
imately 18-20 years old. These general trends of increased alcohol
use across adolescence are impacted by early adolescent traits that
can forecast propensity for use/misuse during adolescence and into
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adulthood. Extant theory and literature have found that external-
izing behavior, including aggression, delinquency, and behavioral
disinhibition, is a developmental precursor to substance use in
adolescence (e.g., Brook et al., 1996; Iacono et al., 2008; Sitnick
et al., 2014). Specifically, some individuals may inherit a liability
for externalizing behavior, which manifests prior to the onset of
alcohol use. Early in life, the expression of this propensity for exter-
nalizing behavior is broad and non-specific, but over the course of
adolescence it can result in liability for alcohol use as a result of
previous externalizing behavior or due to exposure to certain envi-
ronmental factors (e.g., parents, peers) as a result of this broad
liability (Iacono et al., 2008). Further, there is heterotypic continu-
ity in these externalizing facets over time, that is, changing mani-
festation of individual externalizing behaviors across development
based on an underlying shared etiology. In particular, externaliz-
ing behaviors such as aggression, delinquency, and behavioral
disinhibition are most common in early to mid-adolescence and
substance use becomes more common in adolescence into early
adulthood as externalizing behaviors normatively subside (Samek
et al,, 2017; Tielbeek et al., 2018; Zellers et al., 2020). Thus, exter-
nalizing behavior in early adolescence is predictive of alcohol use
in adolescence once drinking becomes more normative and both
behaviors may emerge due to underlying etiological factors. One
factor that may underlie both externalizing behavior in adoles-
cence and later alcohol use is genetic predisposition.
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Liability for both externalizing behavior and alcohol use can be
due to genetic predisposition. There is a robust literature indicating
a largely shared genetic etiology underlying alcohol use, substance
use, aggression, antisocial behavior, and disinhibition (Barr et al,,
2020; Derringer et al., 2015; Gizer et al., 2016; Kendler et al., 2003;
Krueger et al,, 2002; McGue et al., 2013; Vrieze et al, 2013;
Waldman et al., 2018; Young et al., 2009). This broad “externaliz-
ing” factor has been found to have a large heritable component
(e.g., heritability = .80-.85; Hicks et al, 2011; Krueger et al,
2002). The high heritability of the broad externalizing factor, on
which each of the individual behaviors loads, has led many to con-
ceptualize these lower order factors as “facets” of this broader con-
struct. Further, both broad and specific genetic predisposition for
externalizing behaviors increases risk for developing externalizing
behaviors. For instance, one study found general genetic liability
across conduct disorder, adult antisocial behavior, alcohol depend-
ence, and drug dependence increased one’s risk for developing any/
all of these externalizing phenotypes in parent-to-child transmis-
sion (Hicks et al., 2004). Conversely, specific liability for individual
disorders, such as alcohol use disorder, increased transmission of
distinct behaviors in siblings. Moreover, these genetic effects can
vary by age.

Twin and polygenic studies indicate that genetic effects on fac-
ets of externalizing behavior and alcohol use can vary with age
(Elam et al., 2019, 2021; Kendler et al., 2011; van der Laan et al,,
2021). Collectively, this work illustrates that genetic influences
on externalizing behavior peak in early to mid-adolescence then
decline over time, whereas genetic influences on alcohol use
increase to a peak in early adulthood and attenuate thereafter.
Further, recent findings indicate that polygenic scores explain
greater variance in alcohol use in early adulthood compared to
adolescence as incidence of alcohol use increases (Elam et al.,
2021; Kandaswamy et al., 2021). However, it is unclear whether this
is due to increases in genetic effects or increased prevalence of alco-
hol use due to greater exposure and access to alcohol across ado-
lescence so genetic effects are more easily detected, or both. What is
apparent is that genetic effects over time mirror normative patterns
of externalizing behavior and alcohol use when examined within
construct. Less research has examined associations across these
constructs over time, that is, whether genetic predisposition for
externalizing behaviors is associated with substance use, and
vice versa, but associations are plausible given overlap in liability
for these behaviors.

Early genetics research has demonstrated the GABRA2 gene is
associated with alcohol use in adulthood (e.g., Agrawal & Bierut,
2012). Extending this finding to younger ages and different exter-
nalizing constructs, GABAergic genes and related polymorphisms
have been found to be associated with lower behavioral control in
late childhood and greater rule breaking from mid- to late-
adolescence, which both mediated effects on later substance use
in adolescence (Trucco, Villafuerte, et al., 2014; Trucco et al.,
2016). Using a twin design, common genetic influences contrib-
uted to externalizing behavior in adolescence and substance use
disorder in early adulthood (Samek et al., 2017). When examining
polygenic scores, genetic predisposition for smoking has been asso-
ciated with externalizing at ages 11, 14, and 17 (Hicks et al., 2021).
In a related study, polygenic scores for alcohol, cannabis, and
smoking were broadly associated with alcohol use, cannabis use,
nicotine use, and a broader substance use factor, cumulatively mea-
sured from ages 14 to 24 (Schaefer et al., 2021). When examining
this issue in a longitudinal model, cannabis use disorder and regu-
lar smoking polygenic scores were associated with behavioral
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disinhibition at age 11, which predicted latent substance use across
age 14 to 24. Problematic alcohol use and regular smoking poly-
genic scores directly predicted latent substance use. Finally, using
polygenic scores for risky behavior, associations were found with
alcohol and cannabis use in early adulthood, but not with antisocial
behaviors (Ksinan et al., 2022).

It is important to note that little genetic research has examined
associations with externalizing behavior and alcohol use in diverse
populations. Twin and molecular genetic research have found con-
verging and unique influences on externalizing behavior and alco-
hol use in African Americans and European Americans (Brick
et al,, 2019; Sartor et al., 2013; Webb et al., 2017). Most recently,
different time-varying patterns of polygenic influence on alcohol
use were found for African Americans and European Americans
from adolescence to adulthood (Elam et al., 2021). Specifically,
effects emerged earlier in adulthood and declined more sharply
for African Americans, whereas effects in European Americans
emerged slightly later and remained elevated. This is supported
by evidence that there is variation in genetic effects across genetic
ancestry (Martin et al., 2017, 2019). Thus, it is important to exam-
ine genetic effects on externalizing behavior and alcohol use sep-
arately in African Americans and European Americans.

Collectively, accumulating evidence appears to indicate that
genetic predisposition for externalizing behavior and substance
use are primarily associated with externalizing behaviors in early-
to mid-adolescence and substance use in adolescence and early
adulthood. We add to this literature by examining polygenic pre-
disposition for alcohol use disorder as a predictor of (1) external-
izing behavior in early adolescence and alcohol use in adolescence,
and (2) externalizing behavior in adolescence and alcohol use in
early adulthood.

In the current study, we created polygenic scores for alcohol use
disorder (AUD-PGS) using summary statistics from two large
genome-wide association studies (GWAS) on alcohol use disorder
in African Americans (AAs) and European Americans (EAs)
(Kranzler et al., 2019), allowing for investigation of developmental
associations in distinct ethnic subgroups. We chose to examine
polygenic scores for alcohol use disorder given previous evidence
that polygenic scores for various substance use disorders and prob-
lematic substance use predict subclinical substance use, externaliz-
ing and impulsive behavior, and sensation seeking in adolescence
and early adulthood, possibly because they better capture genetic
signals across constructs and developmental periods (Johnson
et al., 2021; Li et al, 2017; Salvatore et al., 2015; Schaefer
et al,, 2021).

We examined this research question using two mediation mod-
els in which the AUD-PGS predicted externalizing behavior (“a”
path) and alcohol use (“c” path), and externalizing behavior pre-
dicted alcohol use (“b” path). This conceptual framework is in-line
with past research examining polygenic prediction of substance use
via earlier behavior and allows us to examine genetic prediction of
both externalizing behavior and alcohol use while examining for
genetically mediated effects (e.g., Li et al., 2017; Schaefer et al.,
2021; Trucco, Villafuerte, et al., 2014, Trucco et al.,, 2016). In
Model 1, the AUD-PGS was considered a predictor of externalizing
behavior in early adolescence and alcohol use in adolescence, and
externalizing behavior a predictor of alcohol use. We examined this
in the Early Steps Multisite sample (referred to as Early Steps here-
after) which is a randomized control trial of a family centered inter-
vention, the Family Check-Up (FCU), that has assessed individuals
from age 2 to 16. In Model 2, the AUD-PGS was considered a pre-
dictor of externalizing behavior in adolescence and alcohol use in
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early adulthood, and externalizing behavior a predictor of alcohol
use. We examined this in the Project Alliance 1 (PAL1) sample
which is a randomized control trial of the same FCU intervention
and has assessed individuals from ages 12 to 31. We examined both
models separately in AA and EA participants. Intervention condi-
tion did not have direct effects on externalizing behavior or alcohol
use, thus, intervention effects were controlled for but not a focus of
the study based on the relatively small sample sizes.

We hypothesized that the AUD-PGS would predict externaliz-
ing behavior in early adolescence with attenuated or absent asso-
ciations with alcohol in adolescence, and that externalizing
behavior would predict alcohol use. We also hypothesized that
the AUD-PGS would predict alcohol use in early adulthood, but
associations with externalizing behavior in adolescence would be
attenuated or absent, and that externalizing behavior would predict
alcohol use.

Method
Participants and procedures

Early Steps sample

The Early Steps sample is a longitudinal randomized trial of 731
ethnically and racially diverse, low-income families with 2-year-
old children. Families were recruited between 2002 and 2003
from Women, Infants, and Children Nutritional Supplement
Programs at three sites in metropolitan Pittsburgh, Pennsylvania
(urban), Eugene, Oregon (suburban), and within and outside
Charlottesville, Virginia (rural). Given this recruitment strategy
this sample is considered at-risk. Screening procedures were
used to recruit families of toddlers at high risk for conduct prob-
lems, based on socio-demographic risk, primary caregiver risk,
and toddler behavior problems. Participation rates of those
families invited to participate who qualified by risk status were
high across the three sites [83.2% total (49% female); 84% in
Eugene (n=271), 76% in Charlottesville (n=188), and 88%
in Pittsburgh (n=272)]. Primary caregivers (96% mothers)
self-identified as belonging to the following ethnic groups:
11% Latino, 28% African American, 54% European American,
4% biracial, and 3% other groups (e.g., Native American,
Asian American, Pacific Islander). For more information about
sample characteristics see Dishion et al. (2008).

Similar to the PAL1 sample, families were randomly assigned to
control or intervention conditions of the FCU after the baseline
assessment at child age 2. All families were re-contacted at child
ages 3,4, 5,7.5,8.5,9.5, 10.5, 14, and 16 years (81% of the sample
participated at age 16) for home-based assessments with primary
caregivers (96% biological mothers at age 2) and children. Primary
caregivers completed questionnaires regarding the physical and
socio-cultural environment and children’s behavior. Of the adoles-
cents who participated at 14 years, 515 were genotyped (86.7% of
the sample who participated in home visits at age 14) and were
used in the present study. The final analytic sample consisted of
477 individuals after accounting for missing demographic covari-
ates and within this sample there were 223 EA participants and 138
AA participants available. Selective attrition analyses revealed no
significant differences between members of the initial sample
and those who were genotyped with respect to ethnicity, gender,
age, study site, aggressive/disinhibited behavior, or alcohol use.

PAL1 sample
The PAL1 sample is a longitudinal randomized trial of 999 adoles-
cents and their families recruited in 1996-1997 in Portland,
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Oregon. Participants were randomized to intervention and control
conditions of the FCU which is designed to reduce adolescent
problem behavior by improving parenting and family functioning.
All adolescents in 6th grade at three middle schools were invited to
participate (of which 90% consented). Children were initially
assessed at 11-12 years old, after which the intervention was
administered, followed by four annual assessments (waves 1-5).
Additional assessments were administered at 16-17, 18-19, 23-
24, 24-25, 26-27, 28-30 years old (referred to as waves 6-11).
At waves 1-5 a stratified sampling technique based on teacher
assessments of risk status on externalizing behavior and substance
use was used to classify participants as either no risk, at-risk, or
high risk, and only those at high risk were subsequently assessed
on externalizing measures. All individuals were assessed on all
measures in waves 6-11. Retention at the last completed wave
of data collection was excellent (83%). The sample was later gen-
otyped as part of an age 26-27 assessment. Participants self-
reported as 51% male, 44% European American, 30% African
American, 13% multiracial, 6% Latino, 4% Asian American, and
4% other groups (Native American, Pacific Islander). A represen-
tative subsample of the genotyped individuals with data available
on externalizing behavior and alcohol use comprise the sample for
the current study (n = 631). For more information see Dishion &
Kavanagh (2003).

All PALLI participants were assessed at ages 17 and 19 (waves 6
and 7) so the adolescent-early adult model (Model 2) represented
the full continuum of risk. The final analytic sample for the
adolescent-early adult model consisted of 551 individuals after
accounting for missing demographic covariates and within this
sample there were 240 EA participants and 169 AA participants
available.

Across both samples, selective attrition analyses revealed no sig-
nificant differences between members of the initial sample with no
genetic data and those who were genotyped with respect to ethnic-
ity, gender, risk indices, or aggressive/disinhibited behaviors. In the
PAL1 sample there was evidence of a greater proportion of females
(p <.001) and some evidence of lower alcohol use on some indices
(alcohol use frequency in early adulthood [p=.007]), but not
quantity or 5 drinks in a row in early adulthood (ps> .29).
Intervention condition did not have direct effects on externalizing
behavior or alcohol use, thus, intervention effects were controlled
for but not a focus of the study based on the relatively small sam-
ple size.

All study protocols for both the Early Steps and PAL1 samples
were approved by the University’s Institutional Review board.
Parent or guardian consent was obtained for all minors and ado-
lescents provided assent for participation in the study, while adult
participants provided their own consent. Families were compen-
sated for their time at each age.

Genotyping procedures

For both Early Steps and PAL1 samples, DNA was collected
using the Oragene saliva collection kits and extracted according
to Oragene’s recommended procedures. Genotyping was per-
formed at Rutgers University Cell and DNA Repository using
the Affymetrix BioBank Array. Single nucleotide polymorphisms
(SNPs) that are palindromic with ambiguous effect directions
(A/T or C/G), SNPs with a genotyping rate of <.95, SNPs that
did not pass Hardy-Weinberg equilibrium (p < 10-6), or SNPs
with a minor allele frequency <.01 were excluded. Given our rel-
atively small sample sizes, we opted to use these quality control
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thresholds to maximize the number of SNPs available for polygenic
score formation as the PRS-CSx method (see below) significantly
drops the number of SNPs used in the final score through the use of
external reference panels.

Measures

AUD-PGS in Early Steps and PAL1 samples

We leveraged discovery GWAS summary statistics for alcohol use
disorder from both AA and EA ancestries from Kranzler et al.
(2019). From these GWAS, we used information for those of
European Ancestry (n = 202K) as well as those of African Ancestry
(n=57K) as the discovery GWAS. To create polygenic scores, we
used PRS-CSx (Ruan et al., 2022), a Python based command line
tool that integrates GWAS summary statistics and external linkage
disequilibrium (LD) reference panels from multiple populations to
improve cross-population polygenic prediction. Posterior SNP
effect sizes are inferred under coupled continuous shrinkage (CS)
priors across populations. PRS-CSx is an extension of the
Bayesian polygenic prediction method PRS-CS (Ge et al.,, 2019)
method and uses LD information from 1000 Genomes Project
European and African reference panels and estimates the posterior
effect sizes for SNPs in a given set of GWAS summary statistics.
Empirical tests and simulations have shown improved PRS-CS
and PRS-CSx methods improve predictive power beyond traditional
methods of polygenic construction (Ge et al., 2019; Ruan et al,
2022). Because PRS-CS uses LD information from an external refer-
ence panel, we matched ancestries between the discovery samples
and the ancestry reference provided by PRS-CS. Summary statistics
for AAs and EAs AUD-PGS were drawn from each respective alco-
hol use disorder GWAS. AUD-PGS were calculated using joint
modeling across GWAS summary statistics via coupled shrinkage
priors (Ruan et al., 2022). Final AUD-PGS were based on posterior
PRS-CSx weights and created using the score procedure in PLINK
1.9 (Chang et al,, 2015).

Population stratification and genetic admixture

Principal Components Analysis were conducted to represent pop-
ulation admixture separately in the Early Steps sample, using
PLINK (Purcell et al, 2007), and in the PALl sample, using
snpgdsPCA function from R SNPRelate package (Zheng et al.,
2012). For both samples, the first 20 principal components
(PCs) were extracted and residualized from the AUD-PGS in each
respective sample.

Externalizing behavior

Early Steps sample. At age 14 externalizing behavior was assessed
using the Child Behavior Checklist (Achenbach et al., 2001). The
10-item attention, 18-item aggression, and 17-item rule breaking
subscales were used to index externalizing behavior (0= Not
True to 2 = Often True; “Destroys own things.” “Disobedient at
home”; a range .82-.93). An externalizing latent variable was
formed using these subscales as indicators.

PALI sample. At age 17 externalizing behavior was assessed using
adolescent self-report on the Early Adolescent Temperament
Questionnaire (Rothbart et al., 2001). 16 items from the activation
control, attention, and inhibitory control subscales were conceptu-
alized as a single effortful control index (x=.72) and along with
the 6-item aggression subscale (o =.75) were used as two indica-
tors of externalizing behavior (1 =Almost always untrue to
5= Almost always true; “When I get angry I throw or break
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things,” “When someone tells me to stop doing something, it is
easy for me to stop”). Adolescents also reported on their behavioral
responses to stressful situations using the life events coping scale
inventory (Dise-Lewis, 1988), which assesses behavioral responses
to stressful situations and the delinquency/aggression subscale was
used in the present study (1 =1 would definitely do this to 5=1
would definitely not do this; “When I am stressed I get in a fight
with someone,” o=.87). An externalizing latent variable was
formed using these three scales as indicators.

Alcohol use

Early Steps sample. At 16 years old alcohol use was assessed by
separately asking about quantity and frequency of consumption
of alcohol (e.g., “How often did you drink beer in the last 3
months?”; 0 = Never to 7 =2-3 times a day or more; “How much
beer did you drink in the past 3 months?”; 0 = Less than one can to
5 = More than five cans). A separate item assessed the largest ever
number of alcoholic drinks a participant had consumed in a
24 hour period in the last 3 months, an indicator of problematic
drinking. These three measures, alcohol quantity, frequency, and
largest number of drinks, were used as indicators of an alcohol
use latent variable. There were low levels of alcohol use at age
16 with 84% reporting “less than one can” for quantity of alcohol
use, 88% reporting “never” for frequency of alcohol use, and 86%
reporting zero for the largest number of drinks. Means and stan-
dard deviations for these scales can be found in Table 1.

PALI sample. At 19 years old alcohol use was assessed asking about
quantity and frequency of consumption of alcohol (e.g., “How
often did you drink beer in the last 3 months?”; 0 = Never to
7 =2-3 times a day or more; “How much beer did you drink in
the past 3 months?”; 0 = Less than one can to 5= More than five
cans). A separate item assessed number of times in the past 3
months the participant had consumed five or more drinks in a
row, an indicator of problematic drinking. These three measures,
alcohol quantity, frequency, and five in a row, were used as indica-
tors of an alcohol use latent variable. There were moderate levels of
alcohol use with no individuals reporting “less than one can” for
quantity of alcohol use, 18% reporting “never” for frequency of
alcohol use, and 33% reporting zero for having five drinks in a
row. Means and standard deviations for these scales can be found
in Table 2.

Covariates

Participant gender, age, and intervention group status were
included as covariates in all analyses, as was location site in
Model 1 with the Early Steps sample. Given both samples partici-
pated in the FCU, we also included an AUD-PGS by intervention
interaction term to account for possible interaction effects.

Statistical Analyses

Given the recruitment strategy in Early Steps sample, Model 1 con-
stituted tests in high-risk participants. Conversely, Model 2 using
PALL1 participants represented those individuals across the con-
tinuum of risk. We performed sensitivity analyses by also investi-
gating Model 2 in at-risk and high-risk individuals.

After examining descriptive statistics and bivariate correlations,
study variables were examined in a multigroup path model in
Mplus. Where indicated by significant AUD-PGS to externalizing
behavior and externalizing behavior to alcohol use effects, indirect
effects were estimated using Rmediation (Tofighi & MacKinnon,
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Table 1. Means, standard deviations, and correlations among primary constructs in the Early Steps sample for African Americans (below the diagonal) and European Americans (above the diagonal)

1 2 3 4 5 6 7 8 9 10 Mean (SD)
1. AUD-PGS 1 .05 .03 .08 .18% .08 .06 .06 —.02 .00 —.03 (.94)
2. Aggression —.04 1 667 ** BLHHE .03 .05 .06 —11* —-.01 —.06 57.96 (9.36)
3. Inattention .00 1k 1 55%* —.08 -.07 —.06 -.07 —.08 -.01 59.59 (9.60)
4. Rule breaking .01 SIS BTHEE 1 13% 21%% 247k -.10 .07 .01 56.20 (6.50)
5. Alcohol frequency -.13 14+ -.03 .09 1 T9FHE N .10 .08 —.04 .89 (1.97)
6. Alcohol quantity —.15% 157 .05 .16* T4 1 .8gHHE .00 .15% -.03 .94 (2.38)
7. Alcohol max drinks -.11 21%% .09 19% .86k 667 F* 1 .00 267 F* —-.01 1.94 (5.12)
8. Gender A1 .00 .06 -.07 .05 .02 .10 1 .03 -.03 4.28 (3.50)
9. Age .03 —.04 .02 A7* -.07 -.03 —.05 -.11 1 .04 13.74 (.35)
10. Intervention .07 —.02 —-.05 —-.01 14+ .14+ .09 .08 .06 1 .50 (50)
Mean (SD) .05 (1.14) 58.28 (1.51) 59.29 (9.89) 56.79 (7.47) 31 (1.02) .26 (.95) .32 (1.10) 453 (3.51) 13.74 (.35) 2 (.50)

Note AUD-PGS = Alcohol use disorder polygenic risk score. First 20 ancestry principal components were residualized from the AUD-PGS.
p <.10; *p < .05; *¥p < .01; ***p < ,001.
Table 2. Means, standard deviations, and correlations among primary constructs in the PAL1 sample for African Americans (below the diagonal) and European Americans (above the diagonal)
1 2 3 4 5 6 7 8 9 10 Mean (SD)

1. AUD-PGS 1 —.02 .03 —.04 12 20%% .03 —.05 —.06 .05 00 (.92)
2. Aggression 17yo -.10 1 A4 — 4%k .05 .15% .01 —.12% .04 -.03 2.03 (.68)
3. Delinquent/aggressive coping 17yo .04 AT 1 =27k .04 J12° .05 -.03 .01 -.01 1.83 (1.25)
4. Effortful control 17yo .09 — QTHFE —.28%** 1 —.04 —.18%* —.05 .02 —-.01 —-.07 3.31 (.48)
5. Alcohol quantity 19yo -.12 15 .07 -.02 1 A46%* 55%* —.38%* —.08 .08 3.61 (1.24)
6. Alcohol frequency 19yo —-.09 .15 .16 -.12 i5ikEte 1 .32 —.26%* —-.03 -.01 1.83 (1.28)
7. Alcohol five in a row 19yo —.05 13 14 —.04 54k ALHE 1 —.21%* 12 —.02 2.02 (1.22)
8. Gender -.01 .05 —.06 —.02 -.11 =11 .01 1 —.04 .03 1.46 (.50)
9. Age 20" -.03 .03 .01 -.14 -.07 —.03 -.16" 1 —.21%* 12.75 (.43)
10. Intervention .06 13*F .02 .04 —-.03 —.01 15% —.06 .03 1 51 (.50)
Mean (SD) .03 (1.09) 221 (.73) 1.85 (1.38) 3.40 (.46) 2.71 (1.27) 1.35 (1.37) .86 (1.13) 1.46 (.50) 12.70 (.43) .52 (.50)

Note. AUD-PGS = Alcohol use disorder polygenic risk score. First 20 ancestry principal components were residualized from the AUD-PGS.

“p <.10; *p < .05; *¥*p < .01; ***p < .001.
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2011) which computes asymmetric confidence limits for the distri-
bution of the product of alpha and beta paths, and has greater stat-
istical power and better adjustment of Type I error when compared
to the Sobel test. Model 1 and Model 2 were run in the AA and EA
ethnic subgroups within each sample. We refrained from testing
for genetic differences across AA and EA ethnic subgroups given
known differences in genetic ancestry (e.g., allele frequency and LD
patterns).

Full information maximum likelihood was used to handle miss-
ing data. Descriptive statistics were conducted in SPSS and all other
analyses were conducted in Mplus Version 8.3.

Results

Means, standard deviations, and correlations are presented for the
Early Steps sample in Table 1 separately for AAs (below the diago-
nal) and EAs (above the diagonal), and for the PALI sample in
Table 2 separately for AAs (below the diagonal) and EAs (above
the diagonal). In Early Steps, the AUD-PGS was positively associ-
ated with alcohol frequency in adolescence in EAs. In PALL, the
AUD-PGS was positively associated with alcohol frequency in
EAs. Broadly, as indicated in Tables 1 and 2, in AAs and EAs in
both samples the indices of externalizing and alcohol use were cor-
related within construct, with some evidence of associations across
constructs and over time.

Results for Model 1 in early adolescence to adolescence are pre-
sented in Table 3. Model Fit was adequate (X? (71)=144.11,
p <.001, RMSEA = .07, CFI=.95, TLI =.93). In the Early Steps
sample loadings for the alcohol and externalizing latent factors
were significant and adequate in both AA and EA participants
(.59-.97). In the EA subgroup, the AUD-PGS was associated with
externalizing behavior. In the AA subgroup, externalizing behavior
was associated with alcohol use. In neither AAs nor EAs was there
evidence of associations from the AUD-PGS to externalizing
behavior and externalizing behavior to alcohol use so indirect tests
were not conducted. The variance explained in EA externalizing
behavior and alcohol use were small (R?>=.05; R =.05).

Results for Model 2 in adolescence to early adulthood can
be found in Table 3. Model fit was adequate (X (78) =118.37, p
=.002, RMSEA = .04, CFI =91, TLI =.90). In the PALI sample,
loadings for the alcohol and externalizing latent factors were sig-
nificant and adequate in both AA and EA participants (.41-.83). In
the EA subgroup, the AUD-PGS was associated with alcohol use.
No effects were detected in the AA subgroup. In neither AAs nor
EAs was there evidence of associations from AUD-PGS to exter-
nalizing behavior and externalizing behavior to alcohol use so
indirect tests were not conducted. The variance explained in
EA externalizing behavior and alcohol use were small
(R?>=.18; R =.03).

As a sensitivity test, we ran Model 2 in those designated as at-
risk and high risk in the initial wave of the study to mirror the sam-
ple in Model 1, results can be found in supplemental Table 1. In the
EA subgroup, the AUD-PGS was associated with alcohol use. In
neither AAs nor EAs was there evidence of associations from
AUD-PGS to externalizing behavior and externalizing behavior
to alcohol use so indirect tests were not conducted.

Discussion

The current study sought to examine whether polygenic risk for
alcohol use disorder would predict externalizing behavior and
alcohol use, and whether externalizing behavior would predict
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alcohol use. We tested this in two developmentally different sam-
ples capturing externalizing behavior during early adolescence and
alcohol use in adolescence, and externalizing behavior in adoles-
cence and alcohol use in early adulthood.

Broadly, findings partially supported our hypotheses. In EA
subgroups, we found support for our hypothesis that greater
AUD-PGS would predict greater early adolescent externalizing
behavior in the Early Steps sample. However, externalizing in early
adolescence was only found to predict adolescent alcohol use in
AAs. In support of our second hypothesis, we found evidence that
the AUD-PGS was associated with alcohol use in early adulthood
in the EA subgroup in both the whole PAL1 sample and the at-risk/
high-risk subsample.

Contrary to our hypothesis, we only found externalizing behav-
ior associated with alcohol use from early adolescence to adoles-
cence in AAs and therefore no evidence of indirect effects of the
AUD-PGS to alcohol use via externalizing behavior. However,
in correlations for EAs in the Early Steps sample, rule breaking
was positively associated with alcohol frequency, quantity, and
maximum number of drinks. In correlations for EAs in the
PALI1 sample, alcohol frequency was positively associated with
aggression and negatively associated with effortful control. It
may be that there are developmentally nuanced associations
between facets of externalizing behavior and alcohol use, such that
rule breaking in early adolescence is preferentially associated with
alcohol use, possibly due to affiliation with deviant peers (Trucco,
Colder, et al., 2014). Delinquency and rule breaking may be more
transient from adolescence to early adulthood whereas aggression
and effortful control are more stable across these periods so more
prognostic of alcohol use in early adulthood (Moftitt, 2003). In the
current models our use of latent variables for externalizing and
alcohol may have masked these nuanced developmental associa-
tions. Alternatively, the lack of associations between externalizing
and alcohol use could be due to low alcohol use in the Early Steps
sample, the collection of measures used to index externalizing in
the PAL1 sample, or possibly due to indirect intervention effects
on behaviors not captured in the present study. More research
is needed to identify whether specific facets of externalizing behav-
ior mediate different aspects of genetic predisposition on alcohol
use or other substances across early adolescence, adolescence,
and early adulthood.

It is notable that no genetic effects were detected in AA sub-
groups in either sample. We leveraged distinct GWAS in AA
and EA subgroups to create polygenic scores using an advanced
Bayesian method to account for our multiethnic sample. This lack
of effects may be attributable to the smaller AA sample sizes in both
Early Steps and PAL1 samples compared to EAs, the smaller
GWAS sample size in AA individuals compared to in EA individ-
uals, or perhaps both. It also may be due to lower levels of alcohol
use in AAs versus EAs, which has previously been demonstrated in
the PALI sample (Elam et al., 2021). In addition, AAs are subject to
higher rates of some contextual risk factors including discrimina-
tion, residential segregation, and limited access to adequate health
resources which can increase risk for externalizing behavior and
alcohol use (Scott, 2017). Thus, environmental factors not cap-
tured in the current study may be more salient than genetic effects
for AAs, especially during these sensitive developmental periods
(Dick et al., 2007). This aligns with the limited research finding
lower heritability for early alcohol use (age at first drink) in AAs
compared to EAs (Sartor et al., 2013). This topic is an important
area for future research given the scarcity of genetics research in
diverse racial/ethnic samples.
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Table 3. Standardized coefficients of polygenic scores for alcohol use disorder predicting externalizing and alcohol use in Early Steps and PAL1 samples

Model 1 (Early Steps): Early adolescence to adolescence

Model 2 (PAL1): Adolescence to early adult

Externalizing

B (95% Cl), p value

Alcohol use

B (95% Cl), p value

Externalizing Alcohol use

B (95% ClI), p value B (95% Cl), p value

European Americans

AUD-PGS .21 (.01, .42), .045

.04 (—.17, .25), .703

—.13 (-.31,.05), .16 .27 (.04, .51), .026

Externalizing -

.08 (—.07, .23), .314 -

.04 (—.11, .19), .59

Gender —.15 (—.28, —.02), .030 —.02 (—.16, .12), .788 —.12 (—.22, —.02), .028 —.41 (~.54, —.28), <.001
Age .02 (—.12, .15), .783 .19 (.05, .34), .010 .03 (—.07, .14), .569 01 (—.14, .15), .932
Intervention —.09 (—.23, .04), .186 —.01 (—.14, .13), .929 —.02 (~.13, .08), .676 —.01 (.15, .13), .902

AUD-PGS X intervention —.18 (—.38, .03), .098

.07 (-.14, .28), .538

.16 (.02, .33), .09 —.15 (.40, .09), .223

African Americans

AUD-PGS 07 (=19, .33), .577 —.07 (~.18, .05), .265 —.05 (=25, .14), .595 21 (—.56, .02), .071
Externalizing - .11 (.03, .20), .008 - —.27 (—.02, .44), .085
Gender .04 (—.14, 21), .661 .07 (—.01, .14), .091 .05 (—.07, .18), .395 —.12 (~.34, .09), 273
Age .02 (—.16, .20), .839 .001 (.08, .08), .975 —.07 (=20, .05), .254 —.04 (—.28, 21), .784
Intervention —.02 (—.19, .15), .807 .01 (~.07, .09), .784 .14 (.02, .27), .028 06 (—.16, .27), .618
AUD-PGS x intervention —.10 (~.36, .16), 435 .04 (—.08, .15), .520 —.10 (—.29, .10), .335 27 (.02, .56), .076

Note. AUD-PGS = Alcohol use disorder polygenic risk score. First 20 ancestry principal components were residualized from the AUD-PGS. Associations with significance at p < .05 are bolded.

Findings in the EA subgroups were consistent with the larger
literature finding shared genetic effects on externalizing behavior
and substance use (Barr et al., 2020; Derringer et al., 2015; Gizer
etal., 2016; Kendler et al., 2003; Krueger et al., 2002; McGue et al.,
2013; Vrieze et al.,, 2013; Waldman et al., 2018; Young et al,,
2009). This also aligns with past research finding polygenic scores
for various substance use disorders and problematic substance
use to predict subclinical substance use and various externalizing
behaviors in adolescence and early adulthood (Johnson et al,
2021; Li et al.,, 2017; Salvatore et al., 2015; Schaefer et al., 2021).

Findings are also supported by the limited developmental
genetic literature indicating that genetic predisposition for
externalizing behavior and/or substance use is primarily associ-
ated with externalizing behavior in early- to mid-adolescence
and alcohol use in adolescence and early adulthood (Hicks
et al.,, 2021; Ksinan et al., 2022; Samek et al., 2017; Schaefer
et al., 2021). Specifically, genetic liability for externalizing
behavior and alcohol use overlap, and this liability may increase
risk for externalizing behavior in early adolescence prior to
regular alcohol use, whereas associations with alcohol use
emerge in adolescence and early adulthood when these behav-
iors become more normative (Kendler et al., 2011). It may be
that we are detecting developmentally specific genetic signals
emerging from broad liability for externalizing behavior and/
or substance use. Alternatively, it may be that these develop-
mental genetic effects emerge for these normative behaviors
due to increased power to detect these effects, given greater
externalizing behavior in early adolescence and greater alcohol
use in early adulthood. Broadly, the extant literature demon-
strates that genetic effects over time mirror normative patterns
of externalizing behavior and alcohol use when examined within
and across externalizing and substance use constructs. Future
research is needed to examine developmental genetic effects
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on specific indices of externalizing behavior and substance
use during these sensitive periods.

Strengths, limitations, and conclusions

This study has limitations that should be acknowledged. First,
although the measures of alcohol use between the two studies
are nearly identical, the two measures of externalizing behavior
in the Early Steps and PALI samples were different. It should also
be noted that the measure of adolescent externalizing in the PALI
sample was captured using scales from temperament and coping
measures which possibly affected the current results. However,
items from these measures were very similar to our other measure
of externalizing behavior and their operationalization in a latent
variable helped to capture shared variance. Second, the composi-
tion of the two samples included in these analyses were a bit differ-
ent. In particular, the Early Steps sample is a high-risk sample
whereas the PALI sample was a community-based sample which
may affect results. We were able to partially address this by exam-
ining effects in Model 2 in the whole sample as well as in at-risk/
high-risk groups. Also, given the nature of these samples and low
variation in SES, we did not control for SES. Finally, both samples
participated in the FCU, which may have buffered genetic expres-
sion and altered patterns of externalizing and substance use. To
address this concern, we did covary for intervention condition
and the interaction of genetic predisposition for alcohol use disor-
der and intervention condition; however, results may not general-
ize to other high-risk samples.

Despite these limitations, this study has several important
strengths. First, we were able to utilize two prospective, longi-
tudinal studies to examine our primary findings, which gives us
confidence that the results are not due to chance. We were able
to assess externalizing behavior during two key developmental
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periods - early adolescence and adolescence — and thus were able to
test our developmentally nuanced question about the timing of the
relation between genetic risk, externalizing behavior, and alcohol
use. We were also able to control for the key covariates
of age, sex, intervention, and ancestry principal components.
Additionally, our polygenic scores were based on ethnically aligned
GWAS (Kranzler et al., 2019) and created using a method demon-
strated to boost predictive accuracy in diverse samples (Ge et al.,
2019; Ruan et al., 2022), increasing the power of our AUD-PGS
to detect effects if they exist.

The current study joins the larger literature in demonstrating
the utility, to some extent, of polygenic scores in predicting a range
of phenotypes across populations (Khera et al., 2018; Lewis &
Vassos, 2020; Maher, 2015; Mavaddat et al., 2019). This strength
should be considered in the context of polygenic limitations
including the small variance typically explained in outcomes
and issues with portability across races/ethnicities, as demon-
strated by the current results. It is also important to note that alco-
hol consumption itself has a public health impact, and is associated
with alcohol use disorder, so is an informative measure of risk
(Moos et al., 2004). These findings add to this literature by sug-
gesting that genetic predisposition may confer additional insight
in identifying those at-risk for externalizing and alcohol use, espe-
cially during sensitive developmental periods such as adolescence.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/50954579422000980
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