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Abstract

Genes associated with educational attainment may be related to or interact with adolescent alcohol, tobacco and cannabis use. Potential gene–
environment interplay between educational attainment polygenic scores (EA-PGS) and adolescent alcohol, tobacco, and cannabis use was
evaluated with a series of regression models fitted to data from a sample of 1871 adult Australian twins. All models controlled for age, age2,
cohort, sex and genetic ancestry as fixed effects, and a genetic relatedness matrix was included as a random effect. Although there was no
evidence that adolescent alcohol, tobacco or cannabis use interacted with EA-PGS to influence educational attainment, there was a significant,
positive gene–environment correlation with adolescent alcohol use at all PGS thresholds (ps <.02). Higher EA-PGS were associated with an
increased likelihood of using alcohol as an adolescent (ΔR2 ranged from 0.5% to 1.1%). The positive gene–environment correlation suggests a
complex relationship between educational attainment and alcohol use that is due to common genetic factors.
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Introduction

Educational attainment has significant beneficial impacts on qual-
ity of life, including better self-reported health and longevity and
less physical disability, dementia, and mood and anxiety disorders
(Davies et al., 2018; Erickson et al., 2016; Kaplan et al., 2017; Lager
& Torssander, 2012; Nguyen et al., 2016; Wang, 2021). Although
the effects of educational attainment on physical andmental health
are partially attenuated after taking into account socioeconomic
factors, like income and access to health care, the association with
positive physical and mental health benefits remains significant
(Kaplan et al., 2017). Educated individuals, therefore, seem to have
overall better health outcomes than those who are less educated.

Educational outcomes are influenced by many factors, both
genetic and environmental. Across 28 twin studies in 16 countries,
genetic factors accounted for approximately 43% of the variance in
educational attainment (Silventoinen et al., 2020). Single-nucleo-
tide polymorphism, or SNP,-based heritability estimates are much
lower at 14.7% (Lee et al., 2018), suggesting a substantial propor-
tion of remaining missing heritability (Manolio et al., 2009).
Polygenic scores (PGSs) based on these common genetic signals

account for as much as 11% of the variance in educational out-
comes in independent samples (Lee et al., 2018). When compared
to other PGSs, which reflect the aggregate influence of common
genetic variants, the educational attainment PGS (EA-PGS) stands
out as the most predictive within the behavioral sciences.

Although genetic factors play a considerable role in educational
attainment, environmental contributions to educational attain-
ment are also substantial. Twin studies suggest that approximately
31% of the variance in educational attainment is due to shared
environmental factors (influences that make twins more similar,
including the rearing environment) and 26% to unique environ-
mental influences (influences that make twins more dissimilar,
including experiences specific to each twin (Silventoinen et al.,
2020). Additionally, genetic influences may still be mediated or
moderated by the environment, suggesting a substantial role for
environmental factors in influencing educational attainment
(Bates et al., 2018; Cheesman et al., 2020; Kong et al., 2018).

Adolescent substance use is one environmental factor that is
known to be associated with educational attainment. Numerous
studies show that adolescent substance use is related to increased
rates of dropping out of high school and of not completing college
(Davis et al., 2022; Grant et al., 2012; Rose et al., 2014; Verweij et al.,
2013; Waldron et al., 2018). However, no studies have yet exam-
ined whether adolescent substance use may interact with genetic
factors associated with educational attainment to influence the
actual level of education an individual attains.
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We hypothesize that those with a high genetic potential for edu-
cational attainment who uses substances as an adolescent will
attain a lower level of education than would be predicted from their
EA-PGS alone. In Moffitt’s proposed developmental taxonomy of
antisocial behavior (Moffitt, 1993), she described a subset of indi-
viduals who continue to engage in antisocial behavior across the
lifespan rather than desisting following adolescence due to experi-
encing developmental ‘snares’ whose effects cascade over time.
One proposed developmental snare that can increase the likelihood
of poorer outcomes in adulthood is adolescent substance use and
addiction (Moffitt, 1993). Substance-using adolescents are at
increased risk of making decisions or experiencing consequences
early on in life that close them off from future opportunities
(Hussong et al., 2004; Malone et al., 2004; McGee et al., 2015).
For example, even individuals with a high genetic propensity for
educational attainment may struggle to reach their potential when
early substance use produces neurological impairments in areas of
the brain responsible for goal direction or logical thinking (Kaag
et al., 2017; Lubman et al., 2007; Squeglia et al., 2009; Squeglia et al.,
2015), results in strained relationships with teachers, parents or
peers who perceive and label substance-using adolescents as
‘bad eggs’ (Catalano et al., 1996; Silva et al., 2018; Walden,
McGue et al., 2004; Wentzel, 1999), or takes considerable time
away from educational pursuits due to spending substantial time
obtaining, using or recovering from the effects of substances
(Bryant & Zimmerman, 2002; Chou et al., 2006; Henry &
Thornberry, 2010).

In the current study, we evaluated this hypothesis by testing
whether adolescent alcohol, tobacco and cannabis use would sig-
nificantly moderate the impact of an EA-PGS on the highest level
of education attained. We hypothesized that a negative interaction
would exist between adolescent substance use and EA-PGS, such
that the effect of PGSs on educational attainment would be reduced
among adolescents who used substances. Evidence for gene–
environment correlations was also evaluated (i.e., EA-PGS predict-
ing adolescent substance use), but we did not have any specific
hypotheses regarding these analyses.

Materials and Methods

Genotype and phenotype data were available for 1871 adult twins
(432 monozygotic (MZ) females, 264 MZ males, 451 dizygotic
(DZ) females, 260 DZmales and 464 twins from opposite sex pairs)
in the Australian Twin Registry. Both twins from MZ pairs were
included despite having identical genotypes, as each may differ
in their substance use or educational attainment and provides
unique phenotypic information. Participants were primarily of
European ancestry (Lynskey et al., 2002). Just over half of the sam-
ple was female (60.0%) and the remainder (40.0%) were male. On
average, participants were 30 years old (M= 29.97, SD= 2.41,
range 24–36).

Measures

Adolescent alcohol, tobacco and cannabis use. As part of a
larger assessment based on the Australian version of the Semi-
Structured Assessment for the Genetics of Alcoholism (Bucholz
et al., 1994), participants were asked about lifetime use of alcohol,
tobacco and cannabis. Individuals who endorsed having used a
substance were then asked when they first initiated use.
Adolescent use was defined as using a substance prior to the age
of 18 years. Among a subset of 217 participants, the four year
test–retest reliability of the adolescent use variables ranged from

good to excellent (alcohol: intraclass correlations [ICC] = 0.77
[0.70–0.83], tobacco: ICC= 0.62 [0.50–0.71] and cannabis:
ICC= 0.82 [0.76–0.87]).

Educational attainment. Educational attainment was assessed
by asking, ‘What is the highest educational level you have com-
pleted?’. Response options were harmonized across Australian
Twin Registry cohorts (Slutske et al., 2022), resulting in a five-level
ordinal variable that ranged from not completing primary school
to obtaining a postgraduate degree. In the current sample, 20.9% of
participants did not complete high school, 42.5% completed a high
school degree, 8.7% completed technical/teachers’ college, 17.7%
completed an undergraduate degree and 10.2% completed a post-
graduate degree.

PGSs for educational attainment (EA-PGS). The EA-PGS were
calculated from genotype dosages imputed to the 1000 genomes
(phase 3 release 5) reference panel. Genomewide association stud-
ies (GWAS) summary statistics from Lee et al. (2018) were
obtained with the exclusion of the contribution of 23andMe (final
sample n= 758,338). These summary statistics were then used for
PGS calculation, which was performed according to the traditional
clumping and thresholding method (Choi et al., 2020). The clump-
ing and thresholding approach, which is the most basic and histor-
ically most common approach to calculating PGSs, uses the effect
size estimates obtained from the GWAS results to weight each SNP
according to its association with a phenotype of interest, such as
educational attainment (Choi et al., 2020). Independent SNPs
are selected based on a chosen linkage disequilibrium (LD) stan-
dard, which helps account for the nonrandom association of alleles
that are located close by one another on a chromosome. The inde-
pendent SNPs that are associated with educational attainment
below a certain p-value threshold are then summed to obtain a
polygenic measure of an individual’s genetic propensity for educa-
tional attainment. SNPs with low imputation quality (r2< .6) and
minor allele frequency below 1% were excluded. The most signifi-
cant independent SNPs were selected using PLINK 1.9 (Chang
et al., 2015; Purcell & Chang, 2015) in order to correct for signal
inflation due to LD (criteria LD r2< .1 within windows of 10MBp).
A total of eight different PGSs were calculated using different
p-value thresholding of the GWAS summary statistics: p< 5e-8,
p< 1e-5, p< .001, p< .01, p< .05, p< .1, p< .5 and p< 1.
Resulting PGSs were z-standardized (mean= 0, standard
deviation= 1).

Data Analysis

First, correlations between EA-PGS and study variables (adoles-
cent substance use and educational attainment) were examined.
Following this, mixed effect regressions were conducted using
the pedigreemm package (Vazquez et al., 2010) in RStudio
(RStudio Team, 2018). All models included age, age2, sex, cohort,
the first five genetic principal components (accounting for genetic
ancestry) and imputation batch as fixed effects covariates. Potential
issues with confounding (Keller, 2014) were explored by testing for
interactions between EA-PGS and sex, age, and cohort and
between adolescent substance use and sex, age, and cohort.
These interactions were nonsignificant across all models
(ps> 0.08). Genetic relatedness among individuals in the sample
was accounted for as a random effect using a genetic relatedness
matrix created using the kinship2 package (Sinnwell et al., 2014).

188 Christal N. Davis et al.

https://doi.org/10.1017/thg.2022.33 Published online by Cambridge University Press

https://doi.org/10.1017/thg.2022.33


Regression models predicting the highest level of education
attained were fitted including interactions between adolescent sub-
stance use and PGSs at each threshold. Change in model R2 was
used to estimate the amount of variance explained by the interac-
tion. A test of potential gene–environment correlation was con-
ducted by examining EA-PGS as a predictor of adolescent
alcohol, tobacco and cannabis use1. The Benjamini–Hochberg false
discovery rate (FDR) correction was used to account for multi-
ple tests.

Results

The rates of adolescent substance use were 80.1% for alcohol,
82.2% for tobacco and 26.1% for cannabis. The mean ages of first
trying substances were 15.66 for alcohol (SD= 2.73), 13.69
(SD= 3.24) for tobacco and 18.69 (SD= 3.42) for cannabis. As
expected, the EA-PGS was significantly correlated with the highest
level of education attained (p< .0001; see Figure 1, Panel A). There
were modest positive correlations between the EA-PGS and ado-
lescent alcohol use (r = .05 to .07; see Figure 1, Panel B), but
PGSs were not significantly correlated with tobacco or cannabis
use (see Table 1 for all correlations).

Main Effects

Adolescent substance use (with the exception of adolescent alcohol
use) and the EA-PGS were each independently and significantly
associated with the highest level of education attained. Adolescent
alcohol use did not significantly predict educational attainment
(β= 0.07, SE= 0.07,ΔR2= .00, p= .30) and explained between just
0.02 and 0.1% of the variance after accounting for EA-PGS.
Adolescent tobacco use was a significant predictor of educational
attainment (β = −0.27, SE= 0.10, ΔR2= .01, p = .006) and

explained 0.2 to 0.7% of the variance in educational attainment
after inclusion of the EA-PGS. Adolescent cannabis use signifi-
cantly predicted lower educational attainment (β = 0.37,
SE= .07, p= 4.5 × 10–7) and accounted for between 2.5 and
3.9% of the variance in educational attainment after EA-PGS inclu-
sion in the model. As expected, the EA-PGS accounted for between
2.4 and 6.5% of the variance in educational attainment after
accounting for adolescent alcohol, tobacco or cannabis use (see
Tables S1, S2 and S3 in Supplemental Materials).

Adolescent Substance Use and EA-PGS Interactions

There were no significant interactions observed between adoles-
cent substance use and EA-PGS. Tables 2–4 present the results
for alcohol, tobacco and cannabis use, respectively. The inclusion
of the substance use * PGS interaction terms accounted for a neg-
ligible amount of variance in educational attainment level (<1%).

Gene–Environment Correlation Models

There was evidence for a positive gene–environment correlation
with adolescent alcohol use at all eight PGS thresholds after
FDR adjustment. Higher genetic propensity for educational attain-
ment was associated with a greater likelihood of using alcohol as an
adolescent. The EA-PGS accounted for between 0.5 and 1.1% of the
variance in adolescent alcohol use (see Table 5 and Figure 2). On
the other hand, the EA-PGS did not significantly predict adoles-
cent tobacco (see Table 6) or cannabis use (see Table 7) and
accounted for a negligible proportion of variance in their use
(see Figure 2).

Discussion

Consistent with previous research supporting the strong predictive
ability of the EA-PGS (Belsky et al., 2019; Jansen et al., 2018; Lee
et al., 2018), genetic propensity for educational attainment was sig-
nificantly associated with the highest level of education completed
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Fig. 1. Levels of average education (Panel A) and adolescent substance use (Panel B) across deciles of educational attainment polygenic scores (EA-PGS).
Note: Error bars in Panel A indicate standard deviations. An education level of 1 indicates not completing high school, 2 indicates completing high school, 3 indicates completing
technical/teachers’ college and 4 indicates completing an undergraduate degree. Higher EA-PGS deciles indicate greater genetic propensity for educational attainment.

1We recognize that adolescent substance use may not strictly fit the lay definition of an
environment; however, this is the language that is typically used in psychiatric genetic
research (Pereira et al., 2022; Spinath, 2010). Here, we refer to environment broadly to
include exposure to substances.
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in this Australian sample. EA-PGS accounted for as much as 6.5%
of the variation in the highest level of education completed. In
addition, adolescent tobacco and cannabis use (but not alcohol
use) were negatively and independently associated with the highest
level of education completed after accounting for the EA-PGS. This
is consistent with recent work also identifying independent effects
for EA-PGS and smoking PGS on academic success and educa-
tional attainment (Hicks et al., 2021).

In the case of alcohol use, there was evidence for a gene–
environment correlation, such that higher genetic propensity for
educational attainment was associated with an increased likelihood

of having used alcohol as an adolescent. Though these effects were
relatively small, explaining between just 0.5 and 1.1% of the vari-
ance in adolescent alcohol use, they were consistent with previous
research that found a small positive gene–environment correlation
between socioeconomic status and alcohol consumption (Pasman
et al., 2020). Similarly, past research has shown positive correla-
tions between parental education (which is in part influenced by
genetic factors that are passed on to offspring) and adolescent alco-
hol use (Bachman et al., 1981; Zucker & Harford, 1983). A possible
interpretation is that the same genetic factors that give rise to a pos-
itive educational environment could contribute to greater access to
alcohol in the home as a result of more highly educated parents
having more disposable income, a factor that has been found to
predict greater adolescent alcohol use (Bellis et al., 2007;
Lintonen & Nevalainen, 2017; Østergaard et al., 2018).

The passive gene–environment correlation effects could also be
due to broader neighborhood factors at work. Individuals who
inherit genetic variants associated with higher educational attain-
ment from their parents may be more likely to live in advantaged
neighborhoods that are conducive to adolescent alcohol use. For
example, one study found that young boys within families that
moved from low-income to higher-income neighborhoods showed
increases in their alcohol use (Kling et al., 2007). Other research has
also established a link between residing in a more advantaged and
educated neighborhood and greater alcohol use (Slutske et al.,
2016). Parents in more affluent neighborhoods may engage in less
monitoring of children, as the environment is deemed to be safer
(Patrick et al., 2012).

Another possible explanation is that highly educated parents
pass on genetic variants associated with educational attainment
and also place significant pressures on their children to achieve
in school, which could contribute to drinking to cope (Luthar,
2003). Adolescents who reported that their parents overempha-
sized their academic achievements had higher rates of substance
use than adolescents who reported that their parents prioritized
their personal character instead (Luthar & Becker, 2002).
Although adolescents from affluent families are privileged in many
ways, there is also evidence that they are more likely than less afflu-
ent youth to engage in substance use as a way of coping with
depression and anxiety (Luthar & Becker, 2002; Luthar &
D’Avanzo, 1999; Luthar & Latendresse, 2005). These possibilities
suggest that adolescents with high genetic propensity for educa-
tional attainment may be at greater risk for adolescent alcohol
use. Whether this translates into the experience of alcohol-related
problems is a question for future research.

Table 1. Correlations between EA-PGS, adolescent substance use and educational attainment

EA-PGS Threshold Adolescent alcohol use Adolescent tobacco use Adolescent cannabis use Educational attainment

PGS1 p< 5e-8 .05 .00 −.04 .18

PGS2 p< 1e-5 .05 −.04 −.03 .20

PGS3 p< .001 .05 −.02 −.05 .23

PGS4 p< .01 .06 −.02 −.03 .27

PGS5 p< .05 .07 −.01 −.03 .27

PGS6 p< .1 .07 .00 −.02 .27

PGS7 p< .5 .07 −.02 −.01 .28

PGS8 p< 1 .07 −.02 −.01 .28

Note: Italics indicates significance at p< .05. Bold indicates significance at p< .0001. EA-PGS = educational attainment polygenic score.

Table 2. Incremental effects of adolescent alcohol use * EA-PGS interaction

EA-PGS threshold Estimate Standard error p value ΔR2

p< 5 * 10–8 −.047 .069 .497 .0002

p< 1 * 10–5 −.086 .070 .220 .0006

p< .001 −.100 .072 .167 .0004

p< .01 −.125 .072 .084 .0011

p< .05 −.095 .071 .179 .0006

p< .1 −.077 .071 .279 .0003

p< .5 −.076 .072 .296 .0002

p< 1 −.080 .072 .269 .0003

Note: EA-PGS = educational attainment polygenic scores.

Table 3. Incremental effects of adolescent tobacco use * EA-PGS interactions

EA-PGS threshold Estimate Standard error p value ΔR2

p< 5 * 10–8 .012 .094 .899 9.0 * 10–7

p< 1 * 10–5 .032 .094 .731 4.21 * 10–5

p< .001 .019 .093 .837 2.91 * 10–5

p< .01 .031 .091 .730 3.9 * 10–5

p< .05 −.021 .092 .822 2.78 * 10–5

p< .1 .002 .092 .983 −3.1 * 10–7

p< .5 −.044 .094 .644 8.81 * 10–5

p< 1 −.047 .095 .621 .0001

Note: EA-PGS = educational attainment polygenic scores.
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There was no evidence that adolescent substance usemoderated
the association between genetic propensity for educational attain-
ment and actual educational outcomes. There are a couple of
potential reasons for this nonsignificant finding. One is that the
measures of adolescent substance use were of any use prior to
the age of 18 years. Therefore, many adolescents who endorsed
using a substance may have used it only once or a few times.
Many of the hypothesized mechanisms that could explain an inter-
action between genetic propensity for educational attainment and
adolescent substance use may require a greater level of substance
use involvement or the development of substance use problems.
For example, spending considerable time on the use or pursuit
of substances at the expense of time spent in educational endeavors
would likely involve substance use that had progressed beyond
mere experimentation. Similarly, strained relationships with peers
and authority figures, such as parents and teachers, would be
unlikely to result from a single or even a few instances of substance
use. In the current study, only the lifetime number of times used
were available, which did not allow for the examination of more
intensive use during adolescence.

A second possibility is that substance use even earlier than 18
years might be more likely to demonstrate an interaction with
genetic propensity for educational attainment. Given interest in
high school completion as an educational outcome, we chose a cut-
off (i.e., prior to the age of 18 years) that would establish temporal
precedence of adolescent use before reaching the educational mile-
stone. However, alcohol and tobacco were commonly used in the

sample at much earlier ages (M= 15.66 and 13.69 respectively),
and use before the age of 18 years was highly prevalent (80.1%
for alcohol and 82.2% for tobacco). The near ubiquity of such sub-
stance use in the samplemay have rendered it difficult to findmod-
eration effects for these specific substances.

Limitations

These analyses were not without limitations. First, analyses may have
suffered from low power to detect interaction effects, which is one of
the primary concerns in gene–environment interaction research. One
rule of thumb asserts that a sample size four times larger than that
needed for main effects is required in order to be sufficiently powered
to detect interaction effects (Smith & Day, 1984). Ideally, therefore,
these analyses would have included at least several thousand individ-
uals. This lack of sufficient powermakes it difficult to rule out the pos-
sibility that an interaction between adolescent substance use and
genetic propensity for educational attainment may exist, even though
such effects were not found in the current study. The use of larger
genetic data banks or combining several datasets that include geno-
type data and assessment of adolescent substance use might be
required. A second limitation was the use of the traditional clumping
and thresholding method to generate PGSs. Other newer approaches
to creating PGSs have been shown to improve predictive power
(Ni et al., 2021).

Finally, it is too simplistic to interpret a PGS as indexing just the
combined direct impact of genetic variants on a certain behavior

Table 4. Incremental effects of adolescent cannabis use * EA-PGS interactions

EA-PGS threshold Estimate Standard error p value ΔR2

p< 5 * 10–8 −.077 .070 .274 .0008

p< 1 * 10–5 −.113 .070 .106 .0017

p< .001 −.053 .069 .450 .0040

p< .01 −.015 .068 .830 2.31 * 10–5

p< .05 .050 .068 .465 .0048

p< .1 .043 .068 .525 .0004

p< .5 .019 .068 .780 8.14 * 10–5

p< 1 .009 .068 .894 2.56 * 10–5

Note: EA-PGS = educational attainment polygenic scores.

Table 5. Results of models predicting adolescent alcohol use from EA-PGS

EA-PGS threshold Estimate Standard error p value ΔR2

p< 5 * 10–8 .147 .065 .023 .005

p< 1 * 10–5 .150 .065 .021 .006

p< .001 .151 .065 .020 .006

p< .01 .169 .065 .009 .008

p< .05 .191 .065 .003 .010

p< .1 .189 .065 .004 .009

p< .5 .211 .065 .001 .011

p< 1 .204 .065 .002 .011

Note: Bold indicates false discovery rate-corrected p value <.05. EA-PGS, educational
attainment polygenic scores.

Table 6. Results of models predicting adolescent tobacco use from EA-PGS

EA-PGS threshold Estimate Standard error p value ΔR2

p< 5 * 10–8 −.003 .086 .973 −1.56 * 10–6

p< 1 * 10–5 −.135 .086 .119 .004

p< .001 −.080 .086 .352 .002

p< .01 −.058 .085 .499 8.92 * 10–4

p< .05 −.022 .085 .799 .0001

p< .1 −.017 .085 .846 9.04 * 10–5

p< .5 −.056 .085 .508 8.43 * 10–4

p< 1 −.058 .085 .498 8.78 * 10–4

Note: EA-PGS = educational attainment polygenic scores.

Table 7. Results of models predicting adolescent cannabis use from EA-PGS

EA-PGS threshold Estimate Standard error p value ΔR2

p< 5 * 10–8 −.083 .063 .193 .002

p< 1 * 10–5 −.057 .063 .361 .001

p< .001 −.095 .062 .124 .003

p< .01 −.048 .062 .436 6.39 * 10–4

p< .05 −.045 .062 .471 5.37 * 10–4

p< .1 −.035 .062 .574 .0003

p< .5 −.013 .063 .841 3.72 * 10–5

p< 1 −.016 .063 .795 6.42 * 10–5

Note: EA-PGS, educational attainment polygenic scores.
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(i.e., X genetic variant causes X trait). Instead, PGSs capture both
direct and indirect effects of genetic variants, and this has been
most compellingly demonstrated for educational attainment
(Kong et al., 2018; Okbay et al., 2022; Selzam et al., 2019).
Indirect effects include the contributions of: (1) effects from rela-
tives, such as genetic influences on parents/siblings’ socioeconomic
status or educational attainment that are not necessarily passed
down to offspring but still influence the child’s educational attain-
ment, (2) gene–environment correlations, which are correlations
between genotypes and certain environmental exposures, and
(3) other population level effects, such as assortative mating, which
refers to the nonrandom selection of mates who are phenotypically
and genetically similar to one another. After controlling for
parents’ EA-PGS, just 31% of the predictive power of the child’s
EA-PGS could be attributed to direct effects, which was much less
than for other traits examined, including height (83%), body mass
index (93%) and cognitive performance (68%; Okbay et al., 2022).
Given that many indirect effects are included in the EA-PGS, this
may make it difficult to formally detect gene–environment inter-
play using the typical population-based EA-PGS estimate. An
alternative option that may result in a less biased EA-PGS (i.e.,
one that captures direct effects more exclusively) is the use of
within-family GWAS or PGS analyses (Okbay et al., 2022;
Selzam et al., 2019).

Future Directions

Heavier adolescent use may be more likely to yield significant
genetic moderation effects than any adolescent substance use.
Future research could make use of more detailed assessments of
adolescent substance use to explore this possibility. For example,
as the Adolescent Cognitive Brain Development (ABCD) study
continues, the in-depth assessment of various substance use behav-
iors (Lisdahl et al., 2018), in conjunction with collection of geno-
typic data, may allow for an investigation of this possibility within a
contemporary sample.

Future analyses could also make use of more recently developed
techniques for generating PGSs (Ni et al., 2021). The new
approaches differ from traditional clumping and thresholding in
that they more formally model the genetic architecture of a trait.
For example, some assume that the effect sizes of genetic variants

are drawn from a normal distribution (i.e., LDpred2-Inf and
SBLUP), while other approaches (i.e., LDpred2, PRS-CS and
SBayesR) estimate the distribution of effect sizes using Bayesian
modeling. Although all the novel approaches outperformed the
traditional method of clumping and thresholding in a recent com-
parison, a few approaches stood out as being especially well suited
for conducting research on highly polygenic traits such as psychi-
atric phenotypes (Ni et al., 2021). In particular, SBayesR shows
promise for its improvements in polygenic prediction, efficient
use of computing power and flexibility (Ni et al., 2021). These fea-
tures make it one of themost attractive choices for generating PGSs
moving forward.

Future studies would also benefit from distinguishing within-
and between-family effects of EA-PGS. Given that indirect effects
account for a considerable proportion of the variance explained by
EA-PGS (Kong et al., 2018; Okbay et al., 2022), the observed relation-
ship with other phenotypes may differ when within-family
approaches are utilized rather than traditional population-based esti-
mates. Therefore, potential gene–environment interplay between
EA-PGS and adolescent substance use should be evaluated further
using PGS estimates derived from within-family GWAS.

Conclusions

Although adolescent substance use did not moderate genetic pro-
pensity for educational attainment (i.e., gene–environment inter-
action), there was evidence for a positive gene–environment
correlation between adolescent alcohol use and the EA-PGS,
wherein higher EA-PGS scores were associated with an increased
likelihood of alcohol use in adolescence. This positive gene–envi-
ronment correlation suggests a complex relationship between edu-
cational attainment and alcohol use that is in part due to common
genetic factors. Additional investigations making use of larger
datasets, newer methods of generating PGSs and within-family
GWAS approaches may provide greater insight into the presence
(or lack thereof) of interactions between adolescent substance use
and genetic propensity for educational attainment.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/thg.2022.33.
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J., Hopper, J. L., Ordoñana, J. R., Sánchez-Romera, J. F., Colodro-
Conde, L., Calais-Ferreira, L., Oliveira, V. C., : : : Kaprio, J. (2020).
Genetic and environmental variation in educational attainment: An individ-
ual-based analysis of 28 twin cohorts. Scientific Reports, 10, 12681. doi:10.
1038/s41598-020-69526-6

Sinnwell, J. P., Therneau, T. M., & Schaid, D. J. (2014). The kinship2 R pack-
age for pedigree data. Human Heredity, 78, 91–93. doi:10.1159/000363105

Slutske, W. S., Davis, C. N., Lynskey, M. T., Heath, A. C., & Martin, N. G.
(2022). An epidemiologic, longitudinal, and discordant-twin study of the
association between gambling disorder and suicidal behaviors. Clinical
Psychological Science. doi:10.1177/21677026211062599

Slutske, W. S., Deutsch, A. R., & Piasecki, T. M. (2016). Neighborhood con-
textual factors, alcohol use, and alcohol problems in the United States:
Evidence from a nationally representative study of young adults.
Alcoholism: Clinical and Experimental Research, 40, 1010–1019. doi:10.
1111/acer.13033

Smith, P. G., &Day, N. E. (1984). The design of case-control studies: The influ-
ence of confounding and interaction effects. International Journal of
Epidemiology, 13, 356–365. doi:10.1093/ije/13.3.356

Spinath, F. M. (2010). Genetically sensitive sample designs. In German Data
Forum (Eds.), Building on Progress: Expanding the Research Infrastructure
for the Social, Economic, and Behavioral Sciences (1st ed., pp. 353–366).
Budrich UniPress.

Squeglia, L. M., Jacobus, J., & Tapert, S. F. (2009). The influence of substance
use on adolescent brain development. Clinical EEG and Neuroscience, 40,
31–38. doi:10.1177/155005940904000110

Squeglia, L.M., Tapert, S. F., Sullivan, E. V., Jacobus, J., Meloy,M., Rohlfing,
T., & Pfefferbaum, A. (2015). Brain development in heavy-drinking adoles-
cents. American Journal of Psychiatry, 172, 531–542. doi:10.1176/appi.ajp.
2015.14101249

Vazquez, A. I., Bates, D. M., Rosa, G. J. M., Gianola, D., & Weigel, K. A.
(2010). Technical note: An R package for fitting generalized linear mixed
models in animal breeding1. Journal of Animal Science, 88, 497–504.
doi:10.2527/jas.2009-1952

194 Christal N. Davis et al.

https://doi.org/10.1017/thg.2022.33 Published online by Cambridge University Press

https://doi.org/10.1073/pnas.110583910
https://doi.org/10.1038/s41588-018-0147-3
https://doi.org/10.1136/bmjopen-2016-013994
https://doi.org/10.1016/j.dcn.2018.02.007
https://doi.org/10.1177/0269881107078309
https://doi.org/10.1046/j.1467-8624.2003.00625.x
https://doi.org/10.1046/j.1467-8624.2003.00625.x
https://doi.org/10.1111/1467-8624.00492
https://doi.org/10.1017/S0954579499002357
https://doi.org/10.1111/j.0963-7214.2005.00333.x
https://doi.org/10.1111/j.0963-7214.2005.00333.x
https://doi.org/10.1017/S0033291701005062
https://doi.org/10.1017/S0033291701005062
https://doi.org/10.1017/S0954579404040088
https://doi.org/10.1038/nature08494
https://doi.org/10.1177/0004865815589828
https://doi.org/10.1177/0004865815589828
https://doi.org/10.1037/0033-295X.100.4.674
https://doi.org/10.1016/j.annepidem.2015.10.006
https://doi.org/10.1016/j.biopsych.2021.04.018
https://doi.org/10.1016/j.biopsych.2021.04.018
https://doi.org/10.1038/s41588-022-01016-z
https://doi.org/10.1159/000492323
https://doi.org/10.1016/j.drugalcdep.2020.107948
https://doi.org/10.15288/jsad.2012.73.772
https://doi.org/10.48550/arXiv.2203.02198
https://doi.org/10.48550/arXiv.2203.02198
http://www.cog-genomics.org/plink/1.9/
https://doi.org/10.1111/acer.12491
https://doi.org/10.1016/j.ajhg.2019.06.006
https://doi.org/10.1016/j.ajhg.2019.06.006
https://doi.org/10.1038/s41598-020-69526-6
https://doi.org/10.1038/s41598-020-69526-6
https://doi.org/10.1159/000363105
https://doi.org/10.1177/21677026211062599
https://doi.org/10.1111/acer.13033
https://doi.org/10.1111/acer.13033
https://doi.org/10.1093/ije/13.3.356
https://doi.org/10.1177/155005940904000110
https://doi.org/10.1176/appi.ajp.2015.14101249
https://doi.org/10.1176/appi.ajp.2015.14101249
https://doi.org/10.2527/jas.2009-1952
https://doi.org/10.1017/thg.2022.33


Verweij, K. J., Huizink, A. C., Agrawal, A., Martin, N. G., & Lynskey, M. T.
(2013). Is the relationship between early-onset cannabis use and educational
attainment causal or due to common liability?Drug and Alcohol Dependence,
133, 580–586. doi:10.1016/j.drugalcdep.2013.07.034

Walden, B., McGue, M., Lacono, W. G., Burt, S. A., & Elkins, I. (2004).
Identifying shared environmental contributions to early substance use:
The respective roles of peers and parents. Journal of Abnormal Psychology,
113, 440–450. doi:10.1037/0021-843X.113.3.440

Waldron, J. S., Malone, S. M., McGue, M., & Iacono,W. G. (2018). A co-twin
control study of the relationship between adolescent drinking and adult out-
comes. Journal of Studies on Alcohol and Drugs, 79, 635–643. doi:10.15288/
jsad.2018.79.635

Wang, T. (2021). The impact of education on mental health: Evidence
from compulsory education law in China. Applied Economics Letters, 1–7.
doi:10.1080/13504851.2021.1946002

Wentzel, K. R. (1999). Social-motivational processes and interpersonal
relationships: Implications for understanding motivation at school.
Journal of Educational Psychology, 91, 76–97. doi:10.1037/0022-0663.
91.1.76

Zucker, R. A., & Harford, T. C. (1983). National study of the demography
of adolescent drinking practices in 1980. Journal of Studies on Alcohol, 44,
974–985. doi:10.15288/jsa.1983.44.974

Twin Research and Human Genetics 195

https://doi.org/10.1017/thg.2022.33 Published online by Cambridge University Press

https://doi.org/10.1016/j.drugalcdep.2013.07.034
https://doi.org/10.1037/0021-843X.113.3.440
https://doi.org/10.15288/jsad.2018.79.635
https://doi.org/10.15288/jsad.2018.79.635
https://doi.org/10.1080/13504851.2021.1946002
https://doi.org/10.1037/0022-0663.91.1.76
https://doi.org/10.1037/0022-0663.91.1.76
https://doi.org/10.15288/jsa.1983.44.974
https://doi.org/10.1017/thg.2022.33

	Educational Attainment Polygenic Scores: Examining Evidence for Gene-Environment Interplay with Adolescent Alcohol, Tobacco and Cannabis Use
	Introduction
	Materials and Methods
	Measures
	Adolescent alcohol, tobacco and cannabis use
	Educational attainment
	PGSs for educational attainment (EA-PGS)

	Data Analysis

	Results
	Main Effects
	Adolescent Substance Use and EA-PGS Interactions
	Gene-Environment Correlation Models

	Discussion
	Limitations
	Future Directions
	Conclusions

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


