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Key Points

Question: Does a polygenic risk scores (PRS) for smoking measure genetic risk for behavioral

disinhibition in general?

Findings: The smoking PRS was associated with externalizing psychopathology and personality

traits related to behavioral control, but not internalizing psychopathology and extraversion during

adolescence, even after controlling for smoking status.

Meaning: The smoking PRS measures genetic influences on behavioral disinhibition in general

which is associated with a variety of important outcomes including mental health, academic

success, and criminality.
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Abstract
Importance: Large consortia of genome wide association studies have yielded more accurate
polygenic risk scores (PRS) that aggregate the small effects of many genetic variants to
characterize the genetic architecture of disorders and provide a personalized measure of genetic
risk.
Objective: We examined whether a PRS for smoking measured genetic risk for general
behavioral disinhibition by estimating its associations with externalizing and internalizing
psychopathology and related personality traits. We examined these associations at multiple time
points in adolescence using more refined phenotypes defined by stable characteristics across time
and at young ages, which reduced potential confounds associated with cumulative exposure to
substances and reverse causality.
Methods: Random intercept panel models were fit to symptoms of conduct disorder,
oppositional defiant disorder, major depressive disorder (MDD), and teacher ratings of
externalizing and internalizing problems and personality traits at ages 11, 14, and 17 years-old in
the Minnesota Twin Family Study (N = 3225).
Results: The smoking PRS had strong associations with the random intercept factors for all the
externalizing measures (mean standardized S = .27), agreeableness (f=-.22, 95% CI: -.28, -.16),
and conscientiousness (f=-.19, 95% CI: -.24, -.13), but was not significantly associated with the
internalizing measures (mean £ = .06) or extraversion (f=.01, 95% CI: -.05, .07). After
controlling for smoking at age 17, the associations with the externalizing measures (mean S =
.13) and personality traits related to behavioral control (mean f = -.10) remained statistically

significant.
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Conclusions and Relevance: The smoking PRS measures genetic influences that contribute to a
spectrum of phenotypes related to behavioral disinhibition including externalizing
psychopathology and normal-range personality traits related to behavioral control, but not
internalizing psychopathology. Continuing to identify the correlates and delineate the
mechanisms of the genetic influences associated with disinhibition could have substantial impact
in mitigating a variety of public health problems (e.g., mental health, academic achievement,

criminality).
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Introduction

Substance use disorders (SUDs) are highly comorbid with each other, antisocial behavior,
and normal-range personality traits associated with disinhibition (e.g., impulsivity,
antagonism)(1-3). Externalizing problems (e.g., rule breaking, aggression), in particular, are
early emerging behaviors that are robust predictors of later SUDs (4), as are parental
externalizing disorders (5). Multivariate behavior genetic studies indicate that a broad, highly heritable
liability to behavioral disinhibition best accounts for the associations among SUDs, antisocial
behavior, and disinhibited personality traits, as well as their familial transmission (2, 5-7).
Although internalizing problems (depression, anxiety) are also associated with SUDs (1, 8)
relative to externalizing problems, these associations are smaller, less robust in terms of being
early predictors of later SUDs, and there is less evidence of shared genetic influences (8-10)

Large consortia of genome wide association studies (GWAS) have detected hundreds of
genome-wide significant (p = 5.0x10"®) associations between specific genetic variants
and psychopathology. However, effect sizes for specific variants are typically very small;
therefore, the cumulative effect of either all or a subset (e.g., those of genome-wide significance)
of measured genetic variants on a phenotype is often estimated using polygenic risk scores
(PRSs). PRSs are calculated by first weighting genetic variants based on the magnitude of their
association with a phenotype of interest in a discovery sample, and then summing these weighted
allele counts in a target sample to examine the association between the “risk score” and
outcomes in the target sample.

One useful application of PRSs is the ability to draw the boundaries of genetic influences
on psychiatric disorders. For example, there is significant overlap among PRS for schizophrenia,

bipolar, autism spectrum disorder, attention deficit hyperactivity disorder, major depression (11,
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12), and among alcohol, nicotine, and cannabis use (13-15), as well as some evidence of genetic
specificity (16). Relatedly, childhood symptoms are associated with PRS for adult disorders,
indicating that these genetic influences contribute to the expression of psychiatric problems early
in life. For example, a meta-analysis of seven longitudinal studies found that the combined
symptoms of ADHD, internalizing, and social problems were associated with PRSs derived in
adult samples for major depression, neuroticism, low subjective well-being, insomnia, low
educational attainment, and body mass index (17).

Our goal was to clarify the nomological network of a PRS for a binary phenotype of
having ever smoked regularly that was derived from the largest GWAS of smoking-related
phenotypes to date (N=1,232,091), which yielded 378 genome-wide significant hits (13). In
replication samples, this PRS accounted for 4% of the phenotypic variance in smoking and was
associated with use of a variety of other substances (e.g., alcohol, cannabis, cocaine,
amphetamines, ecstasy, hallucinogens) (13, 18). Using the same sample as in the current report,
we also found that this smoking PRS predicted trajectories of nicotine and alcohol use from ages
14 to 34. Notably, the smoking PRS was a stronger predictor of both nicotine and alcohol use
trajectories than a PRS for number of alcoholic drinks per week, even after accounting for the
genetic correlation between the two PRSs and the phenotypic overlap between nicotine and
alcohol use (19). Finally, this smoking PRS was associated with the externalizing dimension of
the Child Behavior Checklist in a large sample of pre-adolescents, even after adjusting for the
general factor of psychopathology (20). These findings suggest the smoking PRS may measure
genetic risk for behavioral disinhibition in general rather than smoking specifically.

To test this hypothesis, we examined the associations between multiple measures of

externalizing and internalizing psychopathology and related personality traits. Importantly, we


https://doi.org/10.1101/2020.07.29.227405
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227405; this version posted July 30, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

POLYGENIC RISK FOR SMOKING, EXT, AND INT 7
took a developmental approach, and focused on behavioral phenotypes that were assessed on
multiple occasions at young ages (11, 14, and 17-years old). This allowed us to define each
phenotype by characteristics that were stable across time (i.e., without time-specific influences
and unsystematic measurement error), and reduced the potential for reverse causality due to the
negative consequences of heavy substance use (e.g., smoking PRS = smoking = externalizing).
We predicted that the smoking PRS would be associated with externalizing problems, but have
smaller or null associations with internalizing problems. We also predicted that the smoking PRS
would be associated with normative manifestations of behavioral disinhibition, specifically,
personality traits associated with behavioral control (i.e., agreeableness and conscientiousness),
but have smaller or null associations with traits associated with emotionality (i.e., neuroticism
and extraversion).
Methods

Participants

Participants were members of the Minnesota Twin Family Study (MTES), a longitudinal
study of 3762 (52% female) twins (1881 pairs) investigating the development of substance use
disorders and related conditions (21-23). All twin pairs were the same sex and lived with at least
one biological parent within driving distance to the University of Minnesota laboratories at the
time of recruitment. Exclusion criteria included any cognitive or physical disability that would
interfere with study participation. Twins were recruited the year they turned either 11-years old
(n = 2510; the younger cohort) or 17-years old (n = 1252; the older cohort). Twins in the younger
cohort were born from 1977 to 1984 and 1988 to 1994, while twins in the older cohort were born
between 1972 and 1979. Families were representative of the area they were drawn from in terms

of socioeconomic status, history of mental health treatment, and urban vs rural residence (21).
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Consistent with the demographics of Minnesota for the target birth years, 96% of participants
reported European American ancestry.

The younger cohort was assessed at ages 11 (M,,. = 11.78 years; SD = 0.43 years) and 14
(M... = 14.90 years; SD = 0.31 years), and all twins were assessed at age 17 (M,.. = 17.85 years;
SD = 0.64 years). Table 1 provides the number of participants for each assessment and
descriptive statistics for the study measures. Retention rates were 91.4% and 86.3% at ages 14
and 17, respectively, for twins in the younger cohort. The total sample included 1205
monozygotic (51.5% female) and 676 dizygotic (52.8% female) twin pairs.

Conduct Disorder (CD), Adult Antisocial Behavior (AAB), Oppositional Defiant
Disorder (ODD), and Major Depressive Disorder (MDD). Structured clinical interviews were
used to obtain symptom counts for CD, ODD, and MDD using DSM-III-R criteria, which was the
diagnostic system used when the study began. Because CD symptoms must be present before age
15, the adult criteria for antisocial personality disorder was used to assess antisocial behavior at
age 17. Twins and their mothers reported on symptoms of CD, ODD, and MDD. A symptom was
considered present if reported by either informant. The reporting period for symptoms was
lifetime for the age 11 assessment and the age 17 assessment for the older cohort, and the last 3-
years at the age 14 and 17 assessments for the younger cohort. In combination, these symptom
assessments take advantage of the best interview data at each age, optimizing the capture of
diagnostic information available through the course of adolescence. Twins also reported on their
quantity and frequency of nicotine use as well as symptoms of nicotine dependence during a
structured interview, which were used to calculate a composite measure of smoking at age 17

(19).
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Teacher Ratings of Externalizing and Internalizing Problems. A teacher rating form
covering various aspects of personality, behavior, and adjustment was completed by up to 3
teachers nominated by the twin participants (4). The mean rating across teachers was used
whenever more than one teacher rating was available (~75% of participants with teacher rating
data had at least two teacher informants). It was Minnesota state policy to place members of twin
pairs in separate classrooms whenever possible, which minimizes any bias due to twin contrast
or comparison.

Teachers were instructed to rate how characteristic specific problem behaviors were of
each student (1 = not at all, 2 = just a little, 3 = pretty much, 4 = very much). A teacher rating of
externalizing (TR-EXT) problems was calculated using 28-items (mean a = .97) related to
inattention, oppositionality and defiance, impulsivity, and aggression, while a teacher rating of
internalizing (TR-INT) problems was calculated using 8-items (mean o = .83) related to feelings
of distress, unhappiness, fear, anxiety, and stress reactivity.

Teacher Ratings of Personality. The teacher rating form also included 28 items that
consisted of short descriptors designed to be markers of personality trait constructs (24). For
each item, teachers were instructed to rank each twin in reference to their classmates as falling in
either the lowest 5%, lower 30%, middle 30%, higher 30%, or highest 5% of students in class.
Exploratory and confirmatory factor analyses were used to construct four scales that
corresponded to trait constructs in Big Five trait models of personality: extraversion (6-items:
mean o = .86), neuroticism (4-items: mean o = .76), conscientiousness (5-items: mean a = .91),
agreeableness/prosociality (5-items: mean o = .89).

PRS Methods. PRSs were generated from the GSCAN discovery sample using GWAS

summary statistics for having ever smoked regularly, following removal of the MTFS sample to
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guard against overlap with the target sample (13). PRSs were created for participants of
European ancestry in the MTFS target sample following imputation to the most recent Haplotype
Reference Consortium reference panel (25), and restricted to variants with a minor allele
frequency > 0.001. The resulting filtered variants (i.e., 2.8 million variants) were then submitted
to LDpred (26) to generate beta weights in the MCTFR target sample, including variants of all
significance levels (i.e., p-value threshold < 1) in order to capture all degrees of genetic
influences across the genome. Individual PRSs were then calculated in PLINK 1.9 (27) for all
individuals meeting inclusion criteria for the present study (N = 3225).
Data Analytic Strategy

Associations between the regular smoking PRS and the longitudinal measures of
psychopathology and personality were examined using multiple regression and random intercept
panel models (RI-PM) (see Figure 1). Externalizing factor scores were also calculated using the
covariance among the available measures at each time point (CD, ODD, TR-EXT). In the
multiple regression models, a psychopathology or personality variable at a single time point was
entered as the outcome and regressed on the smoking PRS and the covariates of participant sex
and the first five genetic principal components to adjust for ancestral stratification.

For the RI-PMs, measures of psychopathology or personality (Ext,,, Ext., Ext,in Figure
1) at each time point were specified to load on a time-invariant random intercept factor (RI Ext
in Figure 1). Factor loadings were fixed to 1, and indicator intercepts were allowed to vary. The
mean of the random intercept was fixed to 0 and the variance was freely estimated. The random
intercept captures the common trait variance across time (28). For example, a positive random
intercept score indicates an individual consistently ranked higher than the mean of their peers

across time. Occasion-specific residual factors (R,, through R,;in Figure 1) were then specified


https://doi.org/10.1101/2020.07.29.227405
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227405; this version posted July 30, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

POLYGENIC RISK FOR SMOKING, EXT, AND INT 11
with factor loadings fixed to 1, means fixed to 0, and the variances were freely estimated.
Autoregressive paths were also added from one residual factor to the subsequent residual factor
(o, in Figure 1), to account for correlations between time-point specific deviations from the overall
trend line. The random intercept factors were regressed on the smoking PRS and the covariates
of participant sex and the first five genetic principal components (29), as well as smoking at age
17 to test whether the smoking PRS remained a significant predictor after adjusting for the
putatively expressed phenotype.

All models were fit in Mplus version 8.4 (30) using full information maximum likelihood
estimation. Confidence intervals were derived via clustered (by family) nonparametric percentile
bootstrap (1000 draws), which provides reliable assessments of parameter estimate precision
under a variety of complex data conditions (31). A parameter estimate was considered
statistically significant if the bootstrapped 95% confidence interval did not include 0. The Mplus
Automation Package (32) in R (33) was also used to facilitate the analyses.

Results

Descriptive statistics for the study variables are reported in Table 1. The externalizing
(mean autocorrelation = .52) and personality (mean autocorrelation = .49) measures had
moderate to strong stability over time, while the internalizing measures had only small to
moderate stability over time (mean autocorrelation = .27). The unconditional RI-PMs were fully
saturated and thus were a perfect to the data. The variance component of each random intercept
was statistically significant (see Table 2 for parameter estimates). Results for the multiple
regression and RI-PMs for the youth externalizing, internalizing, and personality measures are
presented in Table 3.

Adolescent Externalizing Problems
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For the externalizing measures, all the regression coefficients were statistically
significant and small to medium in size (mean standardized § = .17). In the RI-PMs, the smoking
PRS had small to medium associations with the random intercept factors for each externalizing
measure (mean f = .27). The associations with the random intercept factors remained significant
after adjusting for smoking at age 17, though the effect sizes were reduced by about 50% (mean
p=.13).
Adolescent Internalizing Problems

In contrast to the externalizing phenotypes, associations between the internalizing
measures and the smoking PRS were null to small in size (mean f = .03), and only the
association with MDD at age 17 was statistically significant (5 = .08, 95% CI: .04, .12). The
smoking PRS had small and non-significant associations with the random intercept factors for
MDD (f = .07, 95% CI: -.01, .15) and TR-INT problems (5 = .04, 95% CI: -.03, .10), and
adjusting for smoking at age 17 reduced the magnitude of these associations to zero.
Adolescent Personality

The regression coefficients for neuroticism, conscientiousness, and agreeableness were
all statistically significant and small to medium in size (mean || = .12). The smoking PRS had
small to medium associations with the random intercept factors for agreeableness (8 = -.22, 95%
CI: -.28, -.16), conscientiousness (f = -.19, 95% CI: -.24, -.13), and neuroticism (f = .14, 95%
CI: .07, .21). Adjusting for smoking at age 17 reduced the associations with agreeableness and
conscientiousness by about 50%, though the adjusted associations remained statistically
significant. In contrast, the association with neuroticism declined by about 70% and was no
longer significant. The associations between the smoking PRS and the measures of extraversion

and its random intercept factor were near zero and not statistically significant (mean || = .01).
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Discussion

The results provided strong evidence that the smoking PRS measures genetic risk for
behavioral disinhibition, as evidenced by the consistent and relatively strong associations with
CD, ODD, and TR-EXT at multiple time points and across different informants from ages 11 to
17. These associations were stronger for the variance that was stable across time (i.e., the random
intercept factor), suggesting that these genetic variants contribute to consistent individual
differences in psychological processes that contribute to externalizing problems over time. The
genetic influences measured by the smoking PRS extended beyond symptoms of pathology to
normal range personality traits associated with behavioral control (conscientiousness and
agreeableness), indicating this aggregate genetic risk also contributes to broad temperament
dispositions.

Furthermore, these associations remained significant—though were reduced in size—
after controlling for the putatively expressed phenotype of smoking at age 17, which helps rule
out the possibility of reverse causation (i.e., smoking PRS - smoking = externalizing).
Conversely, the smoking PRS was not associated with internalizing problems or extraversion,
and its association with neuroticism dropped to non-significance after adjusting for smoking at
age 17. Taken together, these results exhibit a theoretically coherent pattern of associations
indicating the smoking PRS indexes genetic risk for behavioral disinhibition, but not
psychopathology in general. This is consistent with multivariate twin studies that have posited a
common genetic etiology that accounts for the co-occurrence among SUDs, antisocial behavior,
and disinhibited personality traits (2, 5-7)

Behavioral disinhibition is associated with a variety of outcomes (34), and it will be

important to continue to test if the correlates of the smoking PRS maps onto the broader
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nomological network of behavioral disinhibition. For example, academic engagement and
success and criminality are especially important domains to examine further. The smoking PRS
also has the potential to help delineate processes of gene-environment correlation and interaction
for important outcomes. If the empirical correlates of the smoking PRS closely align with the
nomological network of behavioral disinhibition, it may also help to delineate the mechanisms
that underlie the psychological processes of disinhibition. A limitation of the current PRS
method, however, is that it is a crude estimate of overall genetic influence that does not identify
specific variants that point to specific biological processes. A key next step will be to incorporate
functional genomic information (35, 36) to begin the process of uncovering the neurobehavioral
mechanisms that account for the link between genetic background and clinical phenotypes.
Another goal is that PRS approaches will eventually have practical value by identifying persons
at greatest risk for experiencing negative outcomes, and will inform prevention and intervention
efforts (37). PRSs that have been validated with longitudinal data may be especially helpful in
identifying high-risk individuals at young ages to circumvent negative outcomes, and in crafting
PRS-informed interventions that forestall the development of severe psychopathology that may
persist through adulthood (38).

The study has some limitations including a sample was restricted to people of European
ancestry. Consequently, it is unclear if the predictive utility of the smoking PRS will generalize
to people of other ancestral groups due to varying allele frequencies (39, 40). Notably, this
limitation has the potential to proliferate health disparities with precision medicine efforts if
these findings are only applicable to individuals of European ancestry, further prioritizing the
importance of extending these efforts to diverse ancestry groups (41). Additionally, genetic

influences always act within an environmental context, and several putatively environmental
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variables such as peers and parenting have strong associations with behavioral disinhibition, the
effects of which may vary across development (42, 43). Delineating the gene-environment
interplay between disinhibition and known environmental risk factors may be key reaping
practical utility from the smoking PRS.

Despite these limitations, the current results extend prior work by validating the
predictive utility of the smoking PRS as a genetic measure of general behavioral disinhibition.
This validation serves as a key step in demonstrating that polygenic prediction of disinhibition-
related outcomes across important developmental periods has the potential to have meaningful
implications for the future of personalized prevention and intervention efforts for a variety of

consequential outcomes (e.g., education, work, mental health, criminality).
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Table 1
Descriptive Information for Outcome Variables Across Time
Age 11 Age 14 Age 17
M SD N M SD N ril M SD N ril rl4

Externalizing Psychopathology

Externalizing Factor 0 .85 2510 0 .88 2345 .60 0 81 3512 A48 .65

Conduct Disorder 0 1 2510 0 1 22901 45 0 1 3414 .30 Sl

Oppositional Defiant Disorder 2.10 1.87 2510 | 244 203 2291 49 2.37 1.98 3468 40 57

Teacher Rated Externalizing Problems 140 46 2292 1.35 43 1931 .62 1.44 46 2664 .55 .64

Internalizing Psychopathology
Major Depressive Disorder 34 1.22 2506 .55 1.62 2289 A5 1.03 226 3503 A7 32
Teacher Rated Internalizing Problems 1.59 45 1820 1.53 45 1901 .29 1.55 45 2375 .33 .36

Teacher Rated Personality Traits

Extraversion 3.21 .70 2292 3.20 .70 1932 52 3.35 .66 2672 47 54
Neuroticism 1.74 71 2291 1.70 .67 1928 37 1.76 .68 2662 .30 37
Conscientiousness 3.39 .80 2291 3.53 77 1933 .61 3.64 72 2672 .56 .59
Agreeableness 3.94 7 2291 3.96 73 1929 52 3.98 .70 2670 46 .53

M = mean; SD = standard deviation; N = number of ratings; r11 = correlation with corresponding variable at age 11; r14 = correlation with corresponding variable at age 14.
Because conduct disorder symptoms must be present prior to age 15, the adult criteria for antisocial personality disorder was used to assess conduct disorder at age 17.
Consequently, values for conduct disorder symptom counts were standardized within each time point. Externalizing factor scores were derived from time-point specific factor
models with conduct disorder, oppositional defiant disorder, and teacher rated externalizing problems as indicators. Factor means and variances were fixed to 0 and 1, respectively.
Due to the within-time standardization of conduct disorder and specification of the externalizing factor there is no mean change over time apparent in these variables; as the
primary analyses do not draw on the mean structure though this does not affect the major results.
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Table 2
Unconditional Random Intercept Model Results
O Oril W14 W17 rl1=>rl4 rl4->rl7
Externalizing Psychopathology
Externalizing Factor 25% 46% 43% 32% A41% A1
Conduct Disorder 21% 9% 0% .69%* 30% .38%
Oppositional Defiant Disorder 1.23* 2.28* 2.76* 2.30* 29% 37
Teacher Rated Externalizing Problems 2% 10* 07%* 10* .05 A5
Internalizing Psychopathology
Major Depressive Disorder 53% 96%* 2.05* 4.41%* -.25 30%
Teacher Rated Internalizing Problems .07% 3% 14 4% -.08 .05
Teacher Rated Personality Traits
Extraversion 21% 28% 26% 22% 15% A2
Neuroticism .14% .36* 30% 33% A1* .10
Conscientiousness 32% 32% 27 21% 18%* .04
Agreeableness 25% 33% .28% 26% A1 .09

o,;= random intercept variance; o,1; = age 11 residual factor variance; y,4 = age 14 residual factor residual variance; y,{7 = age
17 residual factor residual variance; r11->114 = autoregressive path from age 11 residual factor to age 14 residual factor;
r14->r17 = autoregressive path from age 14 residual factor to age 17 residual factor; * = 95% confidence interval for parameter
estimate did not include 0. Unstandardized parameter estimates presented. All models were fully saturated (i.e., degrees of
freedom = 0) and thus fit perfectly. Confidence intervals derived via clustered, non-parametric percentile bootstrapping (with

1,000 random draws).
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Table 3

Standardized Regression Coefficients From Smoking PRS to Outcome Variables

22

Random Intercept Factor
adj for covs &

Age 11 Age 14 Age 17 adj for covs smoking
Externalizing Psychopathology
Externalizing Factor 22 23 24 30 14
[.16,.27] [.17,.28] [.18,.28] [.24,.37] [.09,.19]
: 16 16 18 36 15
Conduct Disorder [L11,21]  [11,21] [.14, .22] [.28, .56] [.10, .20]
. : . 14 18 .16 26 15
Oppositional Defiant Disorder [08,19]  [13,23]  [.11,20] [.20,.34] .10,.22]
Teacher Rated Externalizing Problems L 0.81:‘1 9] [.1'21,:723] L 075(2.91 4] L 161,:520] L 02’2?1 3]
Internalizing Psychopathology
Major Depressive Disorder <01 04 08 07 01
[-.06,.04] [-.01,.09] [.04,.12] [-.01,.15] [-.06,.09]
Teacher Rated Internalizing Problems - 87(’)1) 6] - Og 309] - 2';),2.07] - Og fl 0] . 67(? '10 6]
Teacher Rated Personality Traits
Extraversion <.01 .02 .02 .01 .03
[-.06, .06] [-.04,.07] [-.03,.07] [-.05,.07] [-.03,.09]
Neuroticism .08 07 .07 14 04
[.02, .13] [.01,.12] [.02,.12] [.07,.21] [-.02,.10]
Conscientiousness ~13 ~17 ~13 ~19 ~10
[-18,-.07] [-.22,-.12] [-.18,-.08] [-.24,-.13] [-.15,-.06]
Agrecableness -.12 -17 -.16 -22 -.10
[-.12,-.06] [-.23,-.13] [-.20,-.11] [-.28,-.16] [-.15,-.05]

adj for covs = regression paths from smoking PRS to random intercept adjusted for standard covariates; adj for covs & smoking = regression paths from
smoking PRS to random intercept after adjusting for standard covariates and smoking at age 17; Age 11, 14, and 17 = regression paths from smoking PRS to
outcome variables at ages 11, 14, and 17, respectively. All models include the standard covariates of participant sex and five genetic principal components to
adjust for ancestry stratification. 95% confidence intervals presented under parameter estimates. Parameter estimates for which confidence intervals do not
include O are presented in bold. Confidence intervals derived via clustered, non-parametric percentile bootstrapping (with 1,000 random draws).
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Figure 1. Conditional Random Intercept Model for Externalizing Problems. RI = random intercept factor; EXT =
externalizing at ages 11, 14, and 17; R = residual factors at age 11, 14, and 17; CVS = set of covariates including the
first five genetic principal components, sex, and occasionally the nicotine use composite at age 17.
Variances/residual variances and mean structure omitted from figure for clarity of presentation.
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