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Abstract

Genetic predispositions and environmental influences both play an important role in adolescent
externalizing behavior; however, they are not always independent. To elucidate gene-environment
interplay, we examined the interrelationships between externalizing polygenic risk scores, parental
knowledge, and peer substance use in impacting adolescent externalizing behavior across two
time-points in a high-risk longitudinal sample of 1,200 adolescents (764 European and 436
African ancestry; Mage = 12.99) from the Collaborative Study on the Genetics of Alcoholism.
Results from multivariate path analysis indicated that externalizing polygenic scores were directly
associated with adolescent externalizing behavior but also indirectly via peer substance use, in

the European ancestry sample. No significant polygenic association nor indirect effects of genetic
risk were observed in the African ancestry group, likely due to more limited power. Our findings
underscore the importance of gene-environment interplay and suggest peer substance use may be a
mechanism through which genetic risk influences adolescent externalizing behavior.

Keywords

Adolescent externalizing; polygenic score; gene-environment interplay; parenting; peers

Externalizing behavior, which broadly refers to a constellation of behaviors characterized
by behavioral disinhibition such as substance use and antisocial behaviors, is one of the
most common and persistent forms of behavioral health problems in youth. It is associated
with a wide range of psychosocial outcomes with far-reaching consequences, including poor
academic achievement (Masten et al. 2005), increased risk for developing substance use
problems and psychiatric disorders (Fergusson et al. 2007; Reef et al. 2011), and impaired
psychosocial functioning (Bongers et al. 2007; Narusyte et al. 2017). Twin and family
studies indicate that genetic influences account for approximately 50% of the variation
(range ~20-80%) for each individual phenotype in the externalizing spectrum in the
population (Barr and Dick 2020). Importantly, individual externalizing-related phenotypes
load on a shared genetic factor, which is highly heritable (~80%; Kendler et al. 2003;
Krueger et al. 2002; Young et al. 2000). Gene identification efforts for externalizing
behaviors and related disorders have rapidly progressed in recent years, with various
consortia conducting large-scale genome-wide association studies (GWAS) in order to detect
variants associated with externalizing related phenotypes (e.g., Karlsson Linnér et al. 2019;
Karlsson Linnér et al. in press; Liu et al. 2019). Using results from these GWAS, we can
aggregate effects of common genetic variants across the genome and calculate polygenic
scores in independent samples (Bogdan et al. 2018; Purcell et al. 2009). Studying these
genetic risk scores in deeply phenotyped, longitudinal samples allows us to unpack the
developmental processes by which genetic risk unfolds. Understanding the pathways by
which genetic factors confer risk on adolescent externalizing behavior can aid in identifying
targeted areas for prevention and intervention.

There are many routes by which genetic risk may influence behavioral development. Genetic
risk could directly impact the behavior, likely by influencing brain development (Bos et

al. 2018), gene expression, and associated regulatory pathways. In addition, the effects of
genetic risk could operate indirectly via environmental pathways. In other words, the effects
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of genetic variation might depend on transaction with environmental processes (Tucker-Drob
et al. 2013). Many “environmental” factors show evidence of genetic influence, including
parenting practices, family environment, and peer experiences, with heritabilities in the
range of 15-35% (Kendler and Baker 2007). The heritability of environmental factors
reflects, in part, the fact that genetic predispositions are associated with the environments
that individuals are born into or select into, the way they interpret environmental events,
and the reactions they evoke from the world (Plomin et al. 1977; Scarr and McCartney
1983). Thus, genetic predispositions shape behaviors partially through genetic differences
in exposure to particular environments (Avinun and Knafo 2014; Beaver and Wright 2007).
This process, whereby individuals create or select into particular environments that are
associated with their genetic predispositions, is known as gene-environment correlation
(rGE; Jaffee and Price 2007; Rutter and Silberg 2002).

There are three main types of /GE processes: passive, evocative (reactive), and active.

In passive /GE, genetically related parents pass on genes and also provide the child’s
environment, both of which influence the child’s behaviors. For example, parents may

pass on genes that are involved in the development of externalizing behaviors and also
practice parenting strategies that are influenced by the same genetic factors. In evocative
/GE, individuals’ genetic predispositions evoke a response from their environment, such as
when parenting is a response to a child’s genetically influenced behavior. In active /GE,
individuals select and shape their environments based on their genetic predispositions. For
example, a child who has inherited a genetic propensity for externalizing may choose to
spend time with others who encourage such behaviors. Although much attention has focused
in recent years on characterizing gene-environment interaction (Dick et al. 2015; Dick and
Kendler 2012), it is possible that these genetically influenced environmental pathways also
play a considerable role in influencing behavioral outcomes (Tucker-Drob et al. 2013).
There has been renewed interest in this area by recent demonstrations of genetic nurturance
(Kong et al. 2018; Wertz et al. 2019) and indirect genetic effects (Xia et al. 2020) as
indicated via genotypic correlations.

Parenting and family processes provide an important context for adolescent development.
Parenting behaviors such as parental knowledge, monitoring, and support are associated
with externalizing behaviors in adolescence (Racz and McMahon 2011). The association
between parenting and adolescent externalizing behaviors is in part genetically influenced
(Narusyte et al. 2011; Neiderhiser et al. 1999). Research and meta-analytic evidence

show that genetically based differences among youth may evoke different responses from
their parents (evocative /GE; Avinun and Knafo 2014; Klahr and Burt 2014). Twin and
family studies demonstrate that children’s genetic predispositions contribute to parenting
behaviors, such as discipline (Button et al. 2008), monitoring (Neiderhiser et al. 2007),

and criticism (Narusyte et al. 2011). Moreover, evocative /GE has been shown to be
involved in the relationship between parenting and adolescent externalizing, such that a
genetic predisposition towards externalizing is associated with greater environmental risk by
evoking a negative response from parents such as less parental knowledge of the child’s
whereabouts and more parent-child relationship problems (Burt et al. 2005; Samek et

al. 2014; Wertz et al. 2016). Studies with measured genotype data similarly show, for
example, that children’s genetic risk for aggression can evoke negative parenting behaviors,
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as indexed by less parental monitoring (Elam et al. 2017). There is also evidence that
problematic childhood behaviors are predictive of subsequent lower parental knowledge
(Kerr and Stattin 2003; Kerr et al. 2008) because these youth may choose to disclose less
about their whereabouts and parents may feel unable to manage the child’s misbehavior or
withdraw (Racz and McMahon 2011), resulting in less parental knowledge. In turn, research
consistently shows that a low level of parental knowledge and/or monitoring is a robust
risk factor for poor psychosocial adjustment during adolescence, including externalizing
behavior (Lac and Crano 2009; Lopez-Tamayo et al. 2016; Mason et al. 1994; Racz and
McMahon 2011; Yap et al. 2017). Taken together, this suggests that parenting may play
an important mediating role in linking children’s genetic predispositions and adolescent
externalizing behaviors.

Peers also serve as an important context for adolescent development. Adolescents do not
randomly choose friends; twin data show that genetic factors contribute to affiliation with
deviant peers in adolescence (Tarantino et al. 2014). Research also indicates that genetic
factors influence adolescent exposure to peers exhibiting externalizing behavior, such as
alcohol and cigarette use (Fowler et al. 2007; Harden et al. 2008). Adolescents with genetic
predispositions toward higher sensation seeking or delinquent behaviors are more likely to
be affiliated with deviant peers (Mann et al. 2016; TenEyck and Barnes 2015). Collectively,
this suggests that children may seek out affiliation with peers who have similar externalizing
tendencies, thereby actively influencing the environments they experience. Accordingly,
gene-environment correlation processes in relation to peers may also serve as a mechanism
by which genetic factors influence adolescent externalizing behavior, as substance-using
peers may provide opportunities and reinforcement for adolescent externalizing behavior
(Dodge et al. 2009; Hawkins et al. 1992; Pratt et al. 2010).

Here, we report longitudinal analyses of some of the processes by which genetic risk
influences externalizing behavior across adolescence. In this study, we used the results from
the Externalizing Consortium’s multivariate GWAS (Karlsson Linnér et al. in press), the
largest analysis to date on externalizing spectrum behavior (with data from ~1.5 million
individuals) to calculate genome-wide polygenic scores in our independent, high-risk sample
of adolescents of European and African ancestry. Given that rates of externalizing behaviors
in adolescents vary across racial/ethnic groups (McLaughlin et al. 2007) and there are
important differences in genetic diversity, allele frequencies, and linkage disequilibrium
patterns between individuals of European and African ancestry (Campbell and Tishkoff
2008; Cardon and Palmer 2003), we stratified the sample by analyzing separately within
European ancestry and African ancestry groups. We examined whether adolescents’ genetic
predispositions, as characterized by genome-wide polygenic scores, have direct effects

on externalizing behavior but also influence externalizing behavior via gene-environment
correlation processes. We operationalized adolescent externalizing with both non-clinical
indictors such as substance use behaviors and clinical indicators of externalizing problems
including conduct disorder and oppositional defiant disorder criteria. We focused on the
role of parent/family and peers as potential mechanisms through which genetic risk may
influence adolescent externalizing behavior, as these are two salient developmental contexts
for adolescent externalizing behavior (Dishion 2000; Hawkins et al. 1992; Pinquart 2017).
We used repeated measures of externalizing behavior, parental knowledge, and perceived
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peer substance use across two time points (approximately two years apart) in adolescence to
examine the following pre-registered (https://osf.io/d65au/) hypotheses:

1. 1. Adolescents’ genetic predispositions toward externalizing behavior, as indexed
by a polygenic score, would be associated with reported adolescent externalizing
behavior, parental knowledge, and peer substance use at the baseline assessment
(Time 1) such that higher externalizing polygenic scores would be associated
with greater externalizing behavior and peer substance use, and lower parental
knowledge.

2. 2. Each of the domains (i.e., adolescent externalizing behavior; parental
knowledge; and peer substance use) at Time 1 would predict variation in that
same outcome at follow-up (Time 2).

3. 3. Each of the domains at Time 1 would partly mediate the associations between
externalizing polygenic score and adolescent externalizing behavior at Time 2.

In exploratory analyses, we examined whether there were sex differences in pathways of
risk, and no specific hypotheses were made.

Data were drawn from the Collaborative Study on the Genetics of Alcoholism (COGA)
Prospective Study (Bucholz et al. 2017). COGA is a diverse, multi-site, multi-generational
family-based study of genetic and environmental factors for alcohol use disorders (Begleiter
et al. 1995; Reich et al. 1998). Alcohol-dependent probands were ascertained through
alcohol treatment programs at seven U.S. sites. In addition, a group of community
comparison families were recruited into the study. Beginning in 2004, a sample of
adolescent and young adult offspring (ages 12-22) of prior adult COGA participants

were recruited into the COGA Prospective Study to study the development of alcohol

use disorders and related problems (Bucholz et al. 2017). Prospective Study participants
were interviewed at enroliment and followed up at approximately biennial intervals. The
Institutional Review Board at all sites approved this study, and written consent (and assent
for adolescents) was obtained from all participants.

The present study included adolescents (aged 12-17) for whom the following apply: (1)
had GWAS data available, (2) completed the adolescent version of the Semi-Structured
Assessment for the Genetics of Alcoholism for Children Interview (Bucholz et al. 1994;
Kuperman et al. 2013) during their baseline and first follow-up (approximately two years
after the baseline) assessments, (3) were under age 18 at their first follow-up assessment,
and (4) were of European or African ancestry as determined by genetic ancestry principal
component analysis. This strategy resulted in an analytic sample of 1,200 adolescents
(49.9% male) from 458 COGA extended families. Youth from both case and comparison
families were included. Specifically, this analytic sample included 764 European (EA; Mage
=12.99, SD=1.13 at baseline assessment; Mge = 15.05, SD = 1.23 at Time 2; 50.0% male)
and 436 African (AA; Myge = 12.99, SD = 1.11 at baseline assessment; Myge = 15.11, SD
= 1.23 at Time 2; 49.8% male) ancestry participants. No differences were observed between
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this analytic sample and the whole adolescent sample at baseline in externalizing behaviors.
However, this analytic sample was younger at baseline (¢=-7.23, p<.01) and had lower
peer substance use (= —3.35, p<.01) at baseline.

This is a relatively early adolescent sample, as 46.9% of the sample was aged 12 at their
baseline assessment. The interval between participants’ baseline assessment and their first
follow-up assessment was, on average, 2.08 years (SD = .55). For simplicity, we refer to
the baseline assessment and first follow-up assessment as Time 1 (T1) and Time 2 (T2),
respectively, from this point forward.

Externalizing Behavior Score.—\We created a composite measure of externalizing
behaviors/disorders using the first principal component extracted from a principal
component analysis. We used both non-clinical and clinical indicators, as age-appropriate,
measured in the C-SSAGA interview: (1) alcohol use, (2) marijuana use, (3) cigarette use,
(4) DSM-1V clinical criterion counts (American Psychiatric Association 1987) of conduct
disorder (CD) criteria, and (5) DSM-IV oppositional defiant disorder (ODD) criterion
counts. DSM-IV criterion counts were obtained from the C-SSAGA (Bucholz et al. 1994;
Hesselbrock et al. 1999). Alcohol use was measured in the C-SSAGA by asking individuals
to report the frequency of past-year drinking on a 12-point scale from 1 (about 1 to 2 days
a year) to 12 (every day). Non-drinkers were coded as zero. Marijuana use was assessed by
asking participants to report the number of times they used marijuana in the last 12 months.
Cigarette use was coded as 1 = past-year use, and 0 = no cigarette use in the past year.

We used developmentally-appropriate substance use variables, including alcohol, marijuana,
and cigarette use, to capture more variability in risky behavior in the young sample, rather
than using the more severe clinical-level substance use problems as indices of externalizing
behaviors, which would yield floor effects in our early adolescent sample. We included

a count of DSM-1V CD and ODD symptoms because they index externalizing behavior

and problems in youth. Descriptive statistics for externalizing indicators are summarized

in Table 1. At T1, the first principal component accounted for approximately 44% of the
common variance among the externalizing variables with the following loadings: alcohol
use, 0.72; marijuana use, 0.69; cigarette use, 0.75; CD, 0.62; and ODD, 0.49. At T2, the first
principal component accounted for approximately 43% of the common variance among the
externalizing variables with the following loadings: alcohol use, 0.71; marijuana use, 0.68;
cigarette use, 0.70; CD, 0.67; and ODD, 0.51.

Parental Knowledge.—Parental knowledge was assessed via participants’ responses to
three questions (how much their parent figures know about their plans, their interests,

and where and with whom they spend time when not at home) adapted from Chassin

et al. (1993), and included as part of the C-SSAGA. Responses were rated on a 4-point
scale from 1 (a/ways) to 4 (rarely). Cronbach’s alphas were .70 and .76 for T1 and T2,
respectively. Items were reversed coded and averaged, and higher scores indicated higher
parental knowledge.
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Peer Substance Use.—Perception of peer substance use was measured using 4 items
adapted from the FinnTwin12 study (Kaprio et al. 2002), included as part of the C-SSAGA.
These questions asked participants about how many of their best friends smoke, use alcohol,
use marijuana, and use other drugs. Responses were rated on a 4-point scale from 1 (none
of them) to 4 (all of them). Cronbach’s alphas were .77 and .79 for T1 and T2, respectively.
Items were averaged, and higher scores indicated higher levels of perceived peer substance
use.

Genotyping and Externalizing Polygenic Scores.—Participants’ DNA samples were
genotyped using the Illumina Human1M array (lllumina, San Diego, CA), the Illumina
Human OmniExpress 12V1 array (lllumina), the Illumina 2.5M array (lllumina) or the
Smokescreen genotyping array (Biorealm LLC, Walnut, CA; Baurley et al. 2016). A detailed
description of data processing, quality control, and imputation is available elsewhere

(Lai et al. 2019). Data were imputed to 1000 Genome Phase 3, and single nucleotide
polymorphisms (SNPs) with a genotyping rate < 0.95, that violated Hardy-Weinberg
equilibrium (p < 1076), or had minor allele frequency (MAF) < 0.01 were excluded from
analysis.

Genetic risk for externalizing problems was assessed by constructing polygenic scores
(PGS), which are aggregate measures of the number of risk alleles individuals carry, each
weighted by effect sizes from GWAS summary statistics. We used PRS-CS auto version
(Ge et al. 2019) to calculate the externalizing polygenic scores. This approach employs a
Bayesian regression and continuous shrinkage method to correct for the non-independence
among nearby SNPs in the genome (i.e. linkage disequilibrium, LD). In keeping with the
recommendations of the PRS-CS developers, we limited the SNPs included in the PGS to
HapMap3 SNPs that overlapped between the original GWAS summary statistics and the LD
reference panel (1000 Genomes Phase 111 reference panel).

We calculated externalizing polygenic scores using estimates from a multivariate genomic
analysis of externalizing behaviors/problems (which included alcohol problems, attention-
deficit/hyperactivity disorder (ADHD), lifetime cannabis use, age of first sexual intercourse,
number of sexual partners, general risk tolerance, and lifetime smoking initiation) with an
effective sample size of ~1.5 million individuals of European ancestry, from the international
Externalizing Consortium(Karlsson Linnér et al. in press). For a detailed description of

the samples and phenotypes that went into the multivariate genomic modeling, please see
Karlsson Linnér (in press) and its pre-registered analysis plan (https://osf.io/pmyq8/).

Our sample included participants of European and African ancestry. For the European
ancestry sample, we used estimates from the above referenced discovery GWAS to

derive the externalizing polygenic scores. For the African ancestry sample, we calculated
externalizing polygenic scores using two methods, given prior evidence that PGS are most
predictive when individuals in the discovery GWAS and the target sample are matched

on ancestral background (Martin et al. 2017; Peterson et al. 2019). First, we created the
PGS based on the weights from the discovery GWAS of European ancestry individuals
(Karlsson Linnér et al. in press). Second, we used a multi-ethnic polygenic scoring approach
(Mérquez-Luna et al. 2017) to calculate PGS for the African ancestry sample. This multi-
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ethnic scoring approach combines GWAS results from the European ancestry discovery
sample with training GWAS data from the target (i.e., African ancestry) population.
Specifically, we combined GWAS results weights from Karlson Linnér et al. (in press)

with results from a 10-fold GWAS method of a latent externalizing factor constructed by

a phenotypic externalizing factor that corresponded with the seven indicator phenotypes in
the discovery multivariate analyses (Karlsson Linnér et al. in press) in the COGA sample of
African ancestry individuals (including all COGA African ancestry individuals, not limiting
to the subset of African adolescents in the current study; n = 3379). Thus, for our African
ancestry sample, we calculated two versions of the externalizing polygenic scores. The
externalizing polygenic score that accounted for the largest amount of variance in adolescent
externalizing behavior scores in the African ancestry sample was advanced to subsequent
analyses of that sample, per our pre-registered analytic plan. We recognize the limitations of
this approach and understand that it is less than ideal; however, we believe it is an ethical
imperative to include African Americans in genetic studies like this one.

In order to account for population stratification, we regressed all polygenic scores on the
first 10 genetic ancestry principal components (PC1-PC10) and saved the residualized
PGS. Analyses were conducted separately by ancestral background. We used standardized,
residualized polygenic scores in all subsequent analyses.

Covariates.—We included participants’ age and sex as covariates given their demonstrated
associations with adolescent externalizing behaviors.

Analytic Strategy

We first examined descriptive statistics and correlations among study variables. We then
conducted regression analyses to examine how well the externalizing polygenic scores could
explain variability in the externalizing scores in our sample using the change in /2 above a
baseline model with sex, age, and the first 10 genetic ancestry principal components.

Next, we conducted path analysis (see Figure 1 for the conceptual model). Externalizing
PGS was specified to have a direct genetic effect on T1 externalizing (as indicated by path a
in Figure 1), a direct genetic effect on T1 parental knowledge (path b), and a direct genetic
effect on T1 peer substance use (path c). Paths b and c test for evidence of gene-environment
correlations. In addition, adolescent externalizing behavior, parental knowledge, and peer
substance use were specified to be correlated within T1. Externalizing PGS was specified to
predict T2 externalizing behavior directly (not shown), and indirectly through T1 parental
knowledge (path d) and T1 peer substance use (path e), while controlling for previous levels
of externalizing behavior at T1. Additional cross-domain paths between T1 and T2 were also
included: associations between T1 externalizing behavior and T2 parental knowledge (path
f) and T2 peer substance use (path g); association between T1 parental knowledge and T2
peer substance use (path h); and association between T1 peer substance use and T2 parental
knowledge (path i).

Adolescents’ age and sex were included as covariates for adolescent externalizing behaviors,
parental knowledge, and peer substance use at both time points. We used the MODEL
INDIRECT command in Mplus to examine indirect effects of externalizing PGS on
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T2 externalizing behaviors via T1 parental knowledge and T1 peer substance use. This
provides a test of specific indirect effects in addition to the total indirect and direct

effects of externalizing PGS on adolescent externalizing behaviors. Since multiple indirect
pathways were examined simultaneously, specific indirect effects reflect each of the specific
pathways (e.g., EXT PGS—T1 parental knowledge —T2 externalizing behaviors) while
also accounting for the shared associations between them. We evaluated indirect effects
using bias-corrected bootstrapped (1000 times) 95% confidence intervals. Confidence
intervals not including zero would provide evidence of statistically significant indirect
effects.

Following this primary path modeling analysis, we also conducted exploratory analyses
to examine potential differences in path coefficients across adolescent sex. We used a
multigroup model by removing sex from the path model and compared a model with
paths constrained to equality with another model that had paths freely estimated between
males and females. Wald test of parameter equalities was used to test whether there were
significant sex differences in observed effects.

We conducted analyses using Mplus version 8.3 (Muthén and Muthén 1998-2012). Full
information maximum likelihood estimation method was used to account for missing data.
Clustering within families was accounted for using the CLUSTER command in Mplus. We
conducted analyses separately by ancestry in order to minimize the issue of population
stratification.

Descriptive statistics and zero-order correlations for the study variables are presented

in Table 2. Among EAs, positive correlations were observed between EXT PGS and
externalizing behavior and peer substance use at both T1 and T2, and negative correlations
were observed between EXT PGS and parental knowledge at both time points. T1 parental
knowledge and T1 peer substance use were also correlated with T2 externalizing behavior.
Among AAs, EXT PGS was not significantly correlated with any of the study variables.
However, the pattern of correlations among the phenotypic variables were consistent with
the correlations observed among EAs.

Next, we conducted linear regressions to assess the predictive power of EXT PGS in
explaining variation in adolescent externalizing behavior scores in our sample. Among EAs,
the externalizing polygenic score was associated with both T1 externalizing behavior score
(AR?= .03, p< .01) and T2 externalizing behavior score (47 = .05, p<.01). Among AAs,
neither the polygenic score constructed using the EA weights nor the multi-ethnic polygenic
score was associated with externalizing behavior score (4R = .001-.007, all 17s). Because
the multi-ethnic polygenic score did not improve the predictive ability in the AA sample, we
carried forward the polygenic score constructed using the weights from results of the GWAS
based on samples of European ancestry.
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Path modeling results

European ancestry participants.—Figure 2 summarizes the results of the path
analysis. Path modeling results are shown in Table 3, which includes the coefficients and
p-values for the paths shown in Figure 1, as well as indirect effects. As hypothesized, EXT
PGS was positively associated with externalizing behavior and peer substance use at T1,
and negatively associated with parental knowledge at T1. All stability paths between T1 and
T2 (e.g., T1 parental knowledge and T2 parental knowledge) were significant (ps < .01).
Further, within-time covariation paths (e.g., T1 parental knowledge with T1 externalizing
behavior) were all significant (ps < .01). Controlling for covariation links among domains
within time or stability within domains between T1 and T2, peer substance use at T1
predicted T2 externalizing behavior (p < .01). T1 parental knowledge was, however, not
significantly associated with T2 externalizing behavior (p=.07). T1 externalizing behavior
was not associated with subsequent parental knowledge nor peer substance use at T2.
However, T1 parental knowledge predicted lower levels of perceived peer substance use at
T2.

Consistent with our hypothesis, results indicated that there were significant indirect effects
of EXT PGS on T2 externalizing behavior via T1 variables. Specifically, EXT PGS was
associated with higher T2 externalizing behavior via higher levels of peer substance use

at T1 (B =.02, 95% CI [.004, .039], p< .05). Further, as expected, EXT PGS was also
associated with higher T2 externalizing behavior via more externalizing behaviors at T1 (B
=.07, 95% CI [.030, .123], p< .01). There was no significant indirect effect of EXT PGS on
T2 externalizing through T1 parental knowledge (B = .01, 95% CI [.000, .032], p=.145).

In an exploratory analysis, we examined potential sex differences by conducting a
multigroup analysis. Results from the Wald test of constraining all paths linking EXT PGS,
externalizing behavior, parental knowledge, and peer substance use to be equal across males
and females was not significant (;(2: 9.38, df=12, p=.67), suggesting no evidence for sex
differences in the effects.

African ancestry participants.—Figure 3 summarizes the results of the path analysis,
and results are shown in Table 4. Contrary to our hypothesis, EXT PGS was not associated
with externalizing behavior, parental knowledge, and peer substance use at T1. However,
consistent with our expectation, all stability paths between T1 and T2 (e.g., T1 parental
knowledge and T2 parental knowledge) were significant (s < .01). Further, within time
covariation paths (e.g., T1 parental knowledge with T1 externalizing behavior) were all
significant (o5 < .01) in the expected direction. Controlling for covariation links among
domains within time or stability within domains between T1 and T2, T1 parental knowledge
predicted lower T2 externalizing behavior (p < .05). T1 peer substance use was, however,
not significantly associated with T2 externalizing behavior. T1 externalizing behavior
predicted lower levels of parental knowledge at T2 and higher levels of peer substance use at
T2. There was no evidence of indirect effects of EXT PGS on T2 externalizing behavior via
any of the T1 variables.
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Discussion

The main goal of the current study was to use longitudinal data to examine the processes by
which genetic risk for externalizing behavior unfolds. We focused on direct genetic effects,
as well as the possible role of indirect genetically influenced environmental pathways
involving family and peer contexts on influencing adolescent externalizing behavior. We
tested whether parental knowledge and peer substance use accounted for, in part, the
association of genetic predispositions with adolescent externalizing behavior. We considered
parental knowledge and peer substance use mediating pathways simultaneously in order

to examine the unique effects of each specific pathway. The present study adds to the
literature in understanding the mechanisms through which genetic risk, as operationalized
using polygenic scores, unfolds to influence adolescent development and behavior.

We found that polygenic scores derived from results of a large multivariate genomic
analysis of externalizing spectrum behavior/disorders (Karlsson Linnér et al. in press)

were associated with adolescent externalizing behavior in an independent sample of
European ancestry. Our polygenic scores were derived using results from a multivariate
genomic approach of externalizing behaviors/problems that included a range of clinical

and non-clinical traits related to the externalizing spectrum. Notably, the phenotypic
adolescent externalizing behavior in our sample was derived using age-appropriate, similar
externalizing phenotypes, but not directly overlapping with the externalizing phenotypes in
the discovery GWAS (Karlsson Linnér et al. in press). The observed polygenic association

is consistent with evidence from twin and family studies that much of the genetic influences
on any externalizing psychopathology/behavior is broadly shared with other externalizing
spectrum behavior/problems (Kendler et al. 2003; Krueger et al. 2002; Young et al. 2000).

In addition, as hypothesized, externalizing polygenic score predicted greater peer substance
use, which in turn was associated with adolescents’ subsequent externalizing behavior, while
controlling for prior level of externalizing behavior. Our results indicated that peer substance
use serves as a mediating pathway of genetic influences on adolescent externalizing
behavior, presumably reflecting active and evocative gene-environment correlation processes
as adolescents select and shape their environments (Scarr and McCartney 1983). These
findings are consistent with previous research, with evidence from mostly twin and family
studies, showing that children’s genetic predispositions are associated with their peer group
selections/ affiliation (Elam et al. 2017; Fowler et al. 2007; Harden et al. 2008; Mann

et al. 2016; TenEyck and Barnes 2015), as well as with the robust relationship between

peer substance use and adolescents externalizing behavior (Hawkins et al. 1992; Pratt et al.
2010). It is also possible that adolescents with a genetic predisposition toward externalizing
may be considered “more fun” for other like-mind peers, making other children with similar
externalizing tendencies more likely to want to spend time with them. Taken together,

our results demonstrate that genetic risk conferred not only direct effects on adolescent
externalizing behavior but also impacted subsequent externalizing behavior indirectly
through perceived peer substance use. This underscores the importance of gene-environment
interplay, and highlights gene-environment correlations, particularly in relation to peers, as
important mechanisms by which genetic risk influence behavior and psychosocial outcomes
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in adolescence. Additional research is needed to consider other psychosocial mechanisms
underlying genetic risk for adolescent outcomes.

We also found that adolescent’ genetic predispositions for externalizing behavior

were associated with parental knowledge, providing some evidence of evocative gene-
environment correlation (Klahr and Burt 2014). This is consistent with prior literature
indicating that children’s genetic predispositions contribute to parenting behaviors and
could evoke, for example, less parental monitoring and less knowledge (Elam et al. 2017;
Samek et al. 2014; Wertz et al. 2016). Higher genetic risk for externalizing was associated
with lower parental knowledge, and this inverse relationship likely reflects lower levels of
adolescent self-disclosure of their activities and whereabouts and perhaps poorer quality of
parent-adolescent relationship (e.g., less enjoyable parent-child interactions, less parental
involvement).

Contrary to our expectations, there was no indirect effect of genetic risk on adolescent
externalizing at T2 via parental knowledge from T1. This seems to be consistent with

some evidence from the twin literature that suggests parental knowledge is associated

with adolescent externalizing via a direct environmental influence independent of genetic
influences (Marceau et al. 2015). It is also possible that the lack of significant indirect
effects via parenting from T1 may mean that parental knowledge may have more of a
concurrent effect than a lagged effect. In fact, in looking at the within-time correlations, the
magnitude of correlation between T1 parental knowledge and T1 externalizing was smaller
as compared to the correlation between T1 peer substance use and T1 externalizing, and,
thus, there is even less predictive variance to be carried over. It is interesting to also note that
higher parental knowledge at T1 was associated with decreased perceived peer substance
use at T2, which is correlated with T2 externalizing behavior. Thus, it is possible that the
lagged effect of parental knowledge might not be operating on externalizing behavior per
se, but through the discouragement of affiliations with deviant peers. More generally, the
lack of indirect effect via parental knowledge may in part also reflect that youth spend less
time with parents during adolescence (Hill et al. 2007; Larson et al. 1996) as adolescents
increasingly gain autonomy to shape their social worlds, with a consequent increase in the
influence of peers.

In our analysis of the smaller African ancestry subsample, we found no significant
association between externalizing polygenic scores and adolescent externalizing behavior,
nor associations between externalizing polygenic score and T1 parental knowledge and T1
peer substance use. The lack of predictive polygenic association is likely due in part to the
smaller sample size and thereby reduced power, and in part to the fact that the discovery
sample of our externalizing polygenic score included only individuals of European ancestry
(Karlsson Linnér et al. in press). Polygenic scores do not translate well across ancestries
(Martin et al. 2017), and populations of non-European ancestry, particularly those of African
ancestry, have been historically underrepresented in gene identification efforts (Popejoy and
Fullerton 2016). This is a limitation of the field as a whole, and represents a serious issue
for studies with diverse populations. Although we attempted to address this issue by also
implementing a multi-ethnic polygenic scoring approach (Marquez-Luna et al. 2017), the
predictive power of the polygenic score constructed using this approach in the African
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ancestry subsample was still severely attenuated when compared to the results observed

in the European ancestry subsample. Newer statistical methods and approaches to better
account for differences in allele frequencies and LD patterns in order to calculate polygenic
scores across populations are under development (e.g., Liang et al. 2020). However, there is
a critical need to prioritize diversity and increase representation of non-European population
in genetic research in order to ensure that all racial/ethnic groups benefit equally from
advances related to genetic findings (Martin et al. 2019).

Although there were no significant genotypic effects in our analysis of African ancestry
subsample, interesting cross-phenotypic correlations between T1 and T2 emerged. In
contrast to the link observed in the European ancestry subsample, T1 peer substance use was
not correlated with T2 externalizing behavior in the African ancestry sample. T1 parental
knowledge was, however, predictive of subsequent adolescent externalizing behavior at

T2. This is consistent with the prior literature that shows that a high level of parental
knowledge is a protective factor for adolescent externalizing behavior (Lac and Crano

2009; Lopez-Tamayo et al. 2016; Mason et al. 1994; Racz and McMahon 2011; Yap et al.
2017). Additionally, there was an inverse relationship between T1 adolescent externalizing
behavior and T2 parental knowledge. This provides some evidence that youth behavioral
problems could predict a change in parenting behavior (i.e., less parental knowledge). One
explanation of this relationship could be because youth with behavioral problems are less
likely to disclose details of their lives to parents. Additionally, parents may feel that they
are unable to manage their high externalizing child and start to give up and withdraw,
resulting in less parental knowledge (Kerr et al. 2008; Racz and McMahon 2011). In
addition, T1 externalizing behavior also predicted subsequent levels of parental knowledge
at T2. This suggests the bidirectional associations between adolescent externalizing behavior
and parenting (Pardini 2008), highlighting the effects of the child on parents as well.
Collectively, our findings suggest potential ethnic/racial differences in vulnerability such
that European American youth may be more susceptible to peer influences (e.g., peer
substance use), whereby parents continue to exert a more important role in youth outcomes
further into adolescence in African American youth (Wallace and Muroff 2002). Future
research is needed to take a cultural genomics approach by examining the interplay between
genes and environments across and within different cultural groups (Causadias and Korous
2018), as the salience of different pathways/mechanisms of genetic risk may vary across
different racial/ethnic background.

Our results should be interpreted within the context of the following limitations. First,
COGA is a high-risk sample with most participants from extended families enriched

for alcohol use disorders. Findings from this study may not generalize to samples

with different recruitment/ascertainment strategies (Savage et al. 2018). Replicating our
findings in community and population-based samples is an important next step. Second,
all of our measures were based on self-report data. It is possible that adolescents’
externalizing traits or their genetic predispositions led to biased reports of perceived peer
substance use (Bauman and Ennett 1996) and parental knowledge. Third, our measure of
parental knowledge tapped adolescent perceptions rather than actual parental knowledge or
specifically implemented parental monitoring behavior/strategies and control (Kerr et al.
2010; Stattin and Kerr 2000). Future work is needed to replicate our findings and to use

Behav Genet. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuo et al.

Page 14

multi-informant data (e.g., adolescent report, parent report) and consider other dimensions
of parenting. In addition, our measure of parental knowledge was not specific to maternal
or paternal knowledge. Overall, findings of the current study appear to generalize to males
and females. However, it is possible that sex of the parent and sex of the child may interact
to influence the relationships between parenting and adolescent externalizing (Finan et al.
2015; Trudeau et al. 2012).

Fourth, we found an association between child’s genetic predispositions and parental
knowledge, suggestive of evocative gene-environment correlation. However, there could be
additional alternative explanations, such as passive /GE. For example, this relationship could
also in part indicate that parents themselves were high on externalizing symptomatology
(genetically influenced characteristics), which contributed to lower levels of parental
knowledge, as research suggests that parental psychopathology negatively influences
parenting (Berg-Nielsen et al. 2002; Cummings et al. 2005). Future work with assessments
of parental psychopathology will be needed to tease apart the pathways by which risk
unfolds. Fifth, we focused only on peer substance use because it is a commonly studied
aspect of peer influences on externalizing behaviors. Our sample was, however, limited in
the peer measures that were collected. Future research can consider the role of broader peer
influences, including delinquency and deviance.

Sixth, we examined peer substance use and parental knowledge as two plausible

pathways underlying the mechanisms through which genetic risks influence externalizing
in adolescence. This study offers an illustration of broad strokes of patterns representing the
interplay between polygenic risk, parenting, peers, and adolescent externalizing behavior,
but these broad patterns require closer examination in future studies, both to replicate

these findings and consider other explanatory pathways and shared processes from multiple
levels and contexts that may underpin the genetic influences on adolescent behavior and
outcomes. Finally, our study focused on adolescence, and by T1 in this study, the constructs
examined were already showing strong interconnections. This suggests that many of the
gene-environment correlation processes began earlier in development. Future research
should consider earlier antecedents and /GE processes at younger ages to further delineate
how genetic risk unfolds across development and interfaces with the environment.

In conclusion, the present study adds to the literature by unpacking the cascading
developmental processes by which genetic factors confer risk for adolescent behavior. Our
results show that polygenic scores from a large-scale multivariate genomic analyses of
externalizing spectrum behavior/disorders predicted externalizing behavior among a sample
of independent adolescents. Among individuals of European ancestry, in addition to direct
genetic effects on adolescent externalizing behavior, our findings show that peer substance
use serves as an important mediating pathway by which genetic influences further convey
risk for future adolescent externalizing behavior. Externalizing polygenic score predicted
higher levels of adolescent externalizing behavior indirectly via peer substance use. More
generally, our results indicate that genetically at-risk youth carry risk that is exacerbated
through a combination of gene-environment processes. This research underscores the
importance of considering the complex interplay between genes and environments when
considering etiology and prevention/intervention for externalizing behavior because gene-
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environment correlation processes serve as mechanisms by which genetic influences, in part,
impact adolescent behavioral problems. Understanding the mechanisms of genetic risk for
problematic behaviors in youth will be critical for identifying targets for effective prevention
and intervention efforts. Additionally, our findings underscore the need for expanded genetic
study in diverse populations.
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Time 2

Parental
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Externalizing
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Conceptual model of the associations among externalizing polygenic score, parental
knowledge, peer substance use, and adolescent externalizing behaviors and their interplay
Note. a = direct genetic effect on Time 1 (T1) externalizing behavior. b = direct genetic
effect on T1 parental knowledge. ¢ = direct genetic effect on T1 peer substance use. Paths
b and c indicate evidence of gene-environment correlations. d = direct effect of T1 parental
knowledge on T2 externalizing behavior. e = direct effect of T1 peer substance use on T2
externalizing behavior. f = effect of T1 externalizing behavior on T2 parental knowledge. ¢
= effect of T1 externalizing behavior on T2 peer substance use. h = effect of T1 parental
knowledge on T2 peer substance use. i = effect of T1 peer substance use on T2 parental

knowledge.
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Path model linking the associations among externalizing polygenic scores, parental
knowledge, peer substance use, and adolescent externalizing behaviors at Time 1 and Time 2
among participants of European ancestry
Note. Standardized path coefficients are presented. The EXT PGS included in the analyses
was regressed on the ten genetic ancestry principal components. To simplify the figure,
covariates (age, sex) are not illustrated. Dashed lines represent nonsignificant paths.

*p< .05, **p< 0l
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Path model linking the associations among externalizing polygenic scores, parental
knowledge, peer substance use, and adolescent externalizing behaviors at Time 1 and Time 2
among participants of African ancestry
Note. Standardized path coefficients are presented. The EXT PGS included in the analyses
was regressed on the ten genetic ancestry principal components. To simplify the figure,
covariates (age, sex) are not illustrated. Dashed lines represent nonsignificant paths.

*p< .05, **p< 0l
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Table 1.
Descriptive statistics for externalizing indicators

Time 1 Time 2
Indicators Mean Sin] Mean Sin]
Alcohol use .23 .95 .92 1.84
Marijuana use 266 2482 12.08 53.26

0, - 0, -
Cigarette use? 3.2% 9.5%
Conduct disorder criterion count 71 1.18 .66 1.20
Oppositional defiant disorder criterion count .98 1.57 .89 1.52

Note. Abbreviations: SD = standard deviation.

Page 25

a . . ’ S
For binary variable, proportion of response category = 1 were reported. Alcohol use was measured by asking individuals to report the frequency
of past-year use on a 12-point scale. Non-drinkers were coded as zero. Marijuana use was assessed by asking participants to report the number of

times they used marijuana in the last 12 months. Cigarette use was coded as 1 = past-year use, and 0 = no cigarette use in the past year.

Behav Genet. Author manuscript; available in PMC 2022 September 01.



Page 26

Kuo et al.

G0’ >d 81ed1pul SUOITR[31I09 Pap|og "sfenpiAipul A1saoue ueadolng Jo SO AIBA0DSIP 8y} wioly SIYBIaM 8y} uo paseq Pajoniisuod sem SHd
1X3 ‘ajdwes A1sadue uedLyy ay uj ‘JeuoBelp Jaddn sy ul pajuasaid aie ajdwes A1sadue UBILIPY BU) J0) SUOIRI3LI00 pue ‘euolelp Jamo) syl ul pajussald ale ajdwies Ansaoue ueadoin3 ayy 104 SUOIR|BII0D
"A1isaoue uedLIyY 4o sjuedionied = vy ‘Ansaoue ueadoin3 Jo siuedionted = 3 'z swil] = Z1 T awi] = T "8109s d1uabAjod Buizijeulsix3 = SO 1 X3 "UOHLIASP PIepUBlS = (7S SUOIBIAIGQY 90N

870 9.0 0T 0€0 €0 [90 660 as vy
G€'T 0c€ L00 ¥I'T 8¢ LOO- 000 UesN YV
790 /LS0 00T ¢€0 LSO 6.0 660 as v3
¥€T 9¥'e 200- €ETT 6vE 2C0- 000 Ues\ 3

- 8¢€— 175 LS ve- Sy’ 6T 95N BUBISANS 493d ¢1 "L
€e' - - w-  T¢- Ly Lg- - abpajmouy [ejusred Z1 °9
A4S A A - 8y  9¢- §§ €Z°  @2102s BuizifeusaIx3 gL 'S
9 vI- 9¢ - - 89’ T 95N 3DULISANS J9dd TL v
- 7 §¢-  9¢- - 8y'—  ¢T'— abpajmouy [ejusred T1 '€
9 T€- LS A B T - LT 2109s BuzifeussIx3 TL ¢
00 €0’ 00’ L00-  ¢O 80 - SOd1IX3'T

L 9 I 14 € 4 T 3ANSeaN

(reuobeip anoqe)

3|dwies A1saoue uedlyy pue (JeuocBerp mojaq) ajdwes Ansaoue ueadoin3 ayi 1o} sajqelieA Apnis Buowe suolle|ali09 Japi0-019zZ pue sa11s1eIs aAndiiosaq

Author Manuscript

‘¢ slqeL

Author Manuscript

Author Manuscript

Author Manuscript

Behav Genet. Author manuscript; available in PMC 2022 September 01.



1duosnuey Joyiny

1duosnuen Joyiny

Kuo et al. Page 27

Table 3.

Path coefficients, direct and indirect effects from the path model examining parental knowledge and peer
substance use as indirect pathways linking externalizing polygenic scores and adolescent externalizing
behaviors among participants of European ancestry

Paths B SE B p

EXT PGS — T1EXT 14 .03 17 <001
EXT PGS — T1 par knowledge -.07 .02 -12  .004
EXT PGS — T1 peer sub use .04 .01 13 <.001
EXT PGS — T2 EXT 14 .03 14 <001
EXT PGS — T2 par knowledge -.04 .02 -.06 .047
EXT PGS — T2 peer sub use .06 .02 11 <001
T1EXT — T2 EXT .51 .10 40 <.001
T1EXT — T2 par knowledge -.05 .06 -.07 421
T1 EXT — T2 peer sub use .06 .05 .09 .226
T1 par monitor — T2 EXT -.16 .09 -.09 .070
T1 par monitor — T2 par knowledge 43 .05 43 <001
T1 par monitor — T2 peer sub use -.09 .04 -10 .020
T1 peer sub use — T2 EXT 42 .16 13 <001
T1 peer sub use — T2 par knowledge 11 .09 .06 .263
T1 peer sub use — T2 peer sub use .63 .09 40 <.001
Indirect Effects B 95% ClI B p

EXT PGS — T1 EXT — T2 EXT .070 [.030,.123] .068  .003

EXT PGS — T1 par knowledge — T2 EXT .011 [.000,.032] .011 .145
EXT PGS — T1 peer sub use — T2 EXT .018 [.004,.039] .017 .043

Note. Abbreviations: EXT PGS = externalizing polygenic score. T1 = Time 1. T2 = Time 2. EXT = externalizing behaviors. Par knowledge =
parental knowledge. Peer sub use = peer substance use. Cl = confidence intervals. The EXT PGS included in the analyses was regressed on the ten
genetic ancestry principal components. Age and sex were included as covariates. Statistically significant coefficients/effects are bolded.
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Page 28

Path coefficients, direct and indirect effects from the path model examining parental knowledge and peer

substance use as indirect pathways linking externalizing polygenic scores and adolescent externalizing

behaviors among participants of African ancestry

Paths B SE B p

EXT PGS — T1EXT .04 .04 .06 .266
EXT PGS — T1 par knowledge .02 .04 .03 512
EXT PGS — T1 peer sub use -.03 .02 -.09 .094
EXT PGS — T2 EXT -.04 .04 -.03 .369
EXT PGS — T2 par knowledge .03 .03 .04 .300
EXT PGS — T2 peer sub use .01 .02 .05 218
T1EXT — T2 EXT .79 12 .52 <.001
T1EXT — T2 par knowledge -.18 .07 -.16 .008
T1 EXT — T2 peer sub use .10 .05 14 .030
T1 par monitor — T2 EXT -.13 .06 -.09 .040
T1 par monitor — T2 par knowledge 41 .05 .39 <.001
T1 par monitor — T2 peer sub use -.04 .04 -.07 .213
T1 peer sub use — T2 EXT .10 .27 .03 712
T1 peer sub use — T2 par knowledge .02 14 .01 .896
T1 peer sub use — T2 peer sub use 48 .09 .30 <.001
Indirect Effects B 95% ClI B p

EXT PGS — T1 EXT — T2 EXT .032  [-.026,.084] .030 .248
EXT PGS — T1 par knowledge — T2 EXT -.003 [-.016,.005] -.003 .562
EXT PGS — T1 peer sub use — T2 EXT -.003 [-.020,.005] -.003 .733

Note. Abbreviations: EXT PGS = externalizing polygenic score. T1 = Time 1. T2 = Time 2. EXT = externalizing behaviors. Par knowledge =
parental knowledge. Peer sub use = peer substance use. Cl = confidence intervals. The EXT PGS included in the analyses was regressed on the ten

genetic ancestry principal components. Age and sex were included as covariates. Statistically significant coefficients/effects are bolded.
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