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Abstract
Objective—The aim of this study was to determine if a latent variable approach might be useful
in identifying shared variance across genetic risk alleles that is associated with antisocial
behaviour at age 15 years.

Methods—Using a conventional latent variable approach, we derived an antisocial phenotype in
328 adolescents utilizing data from a 15-year follow-up of a randomized trial of a prenatal and
infancy nurse-home visitation program in Elmira, New York. We then investigated, via a novel
latent variable approach, 450 informative genetic polymorphisms in 71 genes previously
associated with antisocial behaviour, drug use, affiliative behaviours, and stress response in 241
consenting individuals for whom DNA was available. Haplotype and Pathway analyses were also
performed.

Results—Eight single-nucleotide polymorphisms (SNPs) from 8 genes contributed to the latent
genetic variable that in turn accounted for 16.0% of the variance within the latent antisocial
phenotype. The number of risk alleles was linearly related to the latent antisocial variable scores.
Haplotypes that included the putative risk alleles for all 8 genes were also associated with higher
latent antisocial variable scores. In addition, 33 SNPs from 63 of the remaining genes were also
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significant when added to the final model. Many of these genes interact on a molecular level,
forming molecular networks. The results support a role for genes related to dopamine,
norepinephrine, serotonin, glutamate, opioid, and cholinergic signaling as well as stress response
pathways in mediating susceptibility to antisocial behaviour.

Conclusions—This preliminary study supports use of relevant behavioural indicators and latent
variable approaches to study the potential “co-action” of gene variants associated with antisocial
behaviour. It also underscores the cumulative relevance of common genetic variants for
understanding the etiology of complex behaviour. If replicated in future studies, this approach may
allow the identification of a ‘shared’ variance across genetic risk alleles associated with complex
neuropsychiatric dimensional phenotypes using relatively small numbers of well-characterized
research participants.
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Genetic factors are integral to the understanding of the etiology of antisocial behaviour, as
evidenced by family and twin studies that indicate a heritability of at least 50% (Moffitt,
2005; Viding, Larsson, & Jones, 2008). Quantitative genetic studies indicate that genetic and
environmental influences on the emergence of antisocial behaviour appear remarkably
similar in their magnitude despite different approaches, assessment methods, age of
assessment, or the gender of the participants (Rhee & Waldman, 2002; Rhee & Waldman,
2011; Lahey & Waldman, 2012). In addition, many risk factors that are traditionally thought
to be environmental may also reflect genetic vulnerability (Moffitt, 2005).

Over the past decade, it was widely expected that the genetic basis of common disorders
would be resolved by genome-wide association studies (GWAS)--large-scale studies in
which the entire genome is covered by genetic markers. Although recent GWAS have given
us a clearer picture of the allelic architecture of genetic susceptibility for some pediatric-
onset disorders including type I diabetes, the bulk of heritable variance remains unexplained
for many pediatric-onset neuropsychiatric disorders including antisocial behaviour and
substance use disorders.

Information about gene function has led to the identification of a number of relevant
candidate systems of genes (CSG) that influence antisocial (delinquent, criminal, and
substance use) behaviours. The CSG approach provides the advantages of hypothesis-driven
research, while mitigating some limitations of a candidate gene approach that usually targets
only one or a small number of loci. Although a CSG approach is a viable alternative to both
a candidate gene and GWAS studies, it still requires a very large number of subjects to
identify allelic variations that by themselves account for a very small proportion of the
phenotypic variance (Maher et al., 2011; Grigorenko et al., 2010; Yrigollen et al., 2008;
Greenwood et al., 2011).

While CSG studies examine related families of genes, the analytical approach often focuses
on only one allelic variant at a time. Several studies have demonstrated that multiple
measurements of genes are needed to fully realize the association between the variance in
genes to phenotypic variation (Burt & Mikolajewski, 2008; Grigorenko et al, 2010). Thus,
whereas positive CSG studies allow inferences to be made concerning the probable presence
of gene-gene interactions, they do not permit an accurate estimation of the phenotypic
variance explained since the variance accounted for by gene-gene interactions is unlikely to
be simply additive. Indeed, very few approaches, if any, are currently available to assess
systematically the presence of a ‘shared’ variance across genetic risk alleles with regard to a
particular phenotype of interest.
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The application of a latent variable approach to genetic data should facilitate the
identification of allelic variants that collectively contribute to particular phenotypic
outcome. This approach has been widely used in economics and psychology to study
observable behavior that may be influenced by unobservable constructs that are not directly
measurable (Avery, 1979; Bollen, 2002). A clear advantage of using a latent variable
analysis is that it reduces the dimensionality of data so that a large number of observable
variables can be aggregated in a model to represent a single underlying factor when there are
strong relationships among variables.

The application of latent variable analyses to genetic data is novel. Because observed
variables that have no correlation cannot result in a latent construct, the identification of a
latent genetic construct provides a potential path to discover a ‘shared’ variance across
genetic risk alleles. This shared variance could be additive, multiplicative or interactive.
However, this latent variable approach is limited by its inability to specify the biological
nature of the gene-gene interactions that underlie this shared variance. Consequently, we
have chosen to refer to the “co-action” of allelic variants (additive, multiplicative, and other)
in describing our findings.

The choice of the genetic loci to be assessed is critically important. Several studies have
reported associations between antisocial behaviour and drug use and genetic variants
associated with dopaminergic and serotoninergic pathways (Chambers et al., 2001; Bierut et
al., 2002; Solanto, 2002; Kim-Cohen et al., 2006; Moffitt, 2005; Blum et al., 2012; McCrory
et al., 2012; Moul et al., 2013). We also selected genes associated with affiliative behaviors
and stress response. The rationale for including in the CSG genetic loci implicated in
affiliative behaviours is based, in part, on studies that report strong associations between
inconsistent, harsh, or abusive disciplinary practices by parents and child rule-breaking
behaviours, delinquency, and aggression (Stouthamer-Loeber et al., 2001; Stanger et al.,
2004). Childhood conduct problems have also been associated with a lack of parental
involvement, a lack of parental warmth and parent–child conflict (Burt et al., 2005; Caspi et
al., 2004; Stanger et al., 2004). Dopaminergic pathways are also critically involved in
affiliative (e.g., maternal care) and other reward-related behaviours (Depue & Collins, 1999;
Mileva-Seitz et al., 2012). The rationale for including in the CSG genetic loci implicated in
stress response is based on studies that have reported an association between cortisol levels
and aggression in adolescents (Gao et al., 2009; Poustka et al., 2010; Matthys et al., 2013).
In addition, the neural substrates of affiliation (parenting behaviours) are closely interrelated
to the stress response, salience, and reward pathways (Leckman & Herman, 2002; Lim &
Young, 2006; Gordon et al., 2011).

The goals of this preliminary study were: (1) to construct a latent phenotypic antisocial
variable using all, or a subset, of 15 indicators of delinquency, antisocial behaviour and drug
use collected as part of the 15 year follow-up of a randomized trial of a prenatal and infancy
nurse-home visitation program in Elmira, New York (Olds et al., 1998); (2) to define a novel
CSG that includes genetic loci that have been implicated in affiliative behaviours and stress
response as delinquency and drug use; (3) to carry out initial univariate analyses of each of
the informative single nucleotide polymorphisms (SNPs) within the CSG; (4) to perform a
quasi-bootstrapping procedure to construct an initial latent genetic variable; (5) to refine and
extend the latent genetic variable by reassessing each of the remaining informative SNPs
one at a time leading to a final model where both latent genetic and phenotypic variables are
incorporated simultaneously; (6) to determine if there is a continuous relationship between
the number of risk alleles and scores from the latent antisocial variable; and (7) to identify
biological pathways and processes that are over-represented by all of the genes in the CSG
that were implicated in this analysis. A flow chart of these steps and procedures is presented
in Figure 1.
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METHODS
Participants

Participants were a subset of the first-born offspring of 400 pregnant women who
participated in a randomized, controlled study, of the Nurse Family Partnership Program
(NFP) based in Elmira, New York (Olds et al., 1998). Although the phenotypic information
was collected at the 15-year follow-up, the DNA was obtained in association with the 27-
year follow-up. Useable DNA was available from 241 unrelated, primarily Caucasian
participants (consenters) who consented to have their DNA genotyped and analyzed. The
demographic and clinical characteristics of consenters (n=241) and non-consenters (n=87)
were compared. Although the mothers of the consenters, on average, were one year younger
than the non-consenters (19.08 vs. 20.29 years, respectively), no other clinically meaningful
differences were found between these groups (Table 1).

Antisocial indicators
Assessments conducted at the15-year follow-up are specified in earlier reports (Olds et al.,
1998). Briefly, interviews were conducted with each adolescent in the study group, their
biological mothers and their custodial adults, if the biological mother had lost custody.
School records were abstracted to assess suspensions. In this study, we initially used all 15
non-dichotomous outcome measures (Table 1). These variables included the lifetime number
of times the child/adolescent had run away from home; been stopped by the police, booked
and charged, convicted of a crime (including probation violations), and sent to youth
correctional facilities; the number of lifetime sexual partners; and number of parent reported
youth arrests. For grades 7 through 9, the numbers of short- and long-term school
suspensions were included. For the 6 months prior to the interview, additional questions
were asked that permitted the estimation of the number of minor and major acts of
delinquency. Separate variables were constructed concerning the frequency of using
cigarettes per day and the number of days the adolescents had consumed alcohol or used
illegal drugs during the 6-month period prior to the interview. The adolescents were asked
questions regarding the effect of alcohol on 5 domains of their lives (trouble with parents,
trouble at school, problems with friends, problems with someone they were dating, and
trouble with police). These data were summarized in an alcohol-use behavioural problem
scale (range, 0–5).

Latent antisocial variable
The underlying propensity to display antisocial behaviour was modeled as a latent variable
using 15 indicators of delinquency, criminality, and substance use (Table 1). Data from the
entire cohort of adolescents (consenters and non-consenters) were used to develop the latent
antisocial variable. Each outcome measure was a count variable and upon examination, the
variances of each were found to be about twice that of their means, indicating the possibility
of over-dispersion. On further screening of the data, we found that on average, more than
70% of study participants had a zero response for an outcome indicating excess zeros.
Hence, we developed this latent antisocial construct using a zero-inflated Poisson (ZIP)
regression model (Lambert, 1992), because it allows for extra variation (over-dispersion)
and an inflated number of zeros. The analyses were performed using the NLMIXED
procedure from SAS, version 9.2 (SAS Institute, Gary, NC). The NLMIXED procedure fits
non-linear mixed models –models with both fixed and random effects. To fit the 15 outcome
measures simultaneously into the NLMIXED procedure, the data were rearranged so that
each participant had 15 rows of data with each row containing the response to each of the
outcome variables. The 15 available indicators were entered into a one-factor latent variable
model. To identify the model, the mean and variance of the antisocial latent variable were
set to 0 and 1, respectively. Intercepts and factor loadings could then be estimated.
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Candidate genes and genotyping
To define a relevant CSG that may influence antisocial behaviours, the selection of genetic
loci was driven by two main factors, specifically the presence of literature supporting the
association of a particular gene/genetic variant with antisocial behaviour, drug use, stress
response, and/or affiliative behaviours, and the availability of genetic markers that had
acceptable distributions of allele frequencies (Maher et al., 2011; Grigorenko et al., 2010;
Leckman & Herman, 2002; Yrigollen et al., 2008). A total of 450 SNPs were studied at or
near the 71 genes identified from the literature. The number of SNPs studied with each locus
ranged from 2 to 31. On average, there was one SNP per 16.77 (SD=30.44) kb for each
gene. A complete list of the 71 genes and the 450 informative SNPs included in the CSG is
presented in Supplemental Table 1. Supplemental Table 1 includes: RefSNP accession
identification numbers (rs numbers; http://www.ncbi.nlm.nih.gov/projects/SNP/),
chromosomal locations, gene information, sequence information, and minor allele
frequencies for the four HapMap populations as well as a reference to at least one scientific
report documenting the potential association with antisocial behaviour. Neither the list of
possible utilizable markers nor the list of genes investigated in this research is exhaustive.
Yet, to our knowledge, this is one of only a few efforts to investigate multiple
polymorphisms nested within multiple genes simultaneously.

For the study sample (n=241), genomic DNA was extracted from lymphocytes (n=218),
saliva (n=8) and buccal cells (n=15). Genotyping was performed by the Yale Center for
Genome Analysis using Illumina Golden Gate platform. Genotype data were cleaned and
selected genotypes were verified. Verification of Hardy-Weinberg equilibrium of genotypes
was performed by using the χ2 goodness of fit test and no significant deviations beyond
chance levels were observed.

Latent genetic variable
To develop the latent genetic variable, we sought first to identify individual SNPs
significantly associated with the latent antisocial variable. We conducted a univariate
analysis for each of the 450 informative SNPs within the CSG, using a cumulative logistic
regression with two thresholds for 3 possible responses. Autosomal chromosomes were
categorized as having 0, 1, or 2 risk alleles for each SNP to reflect heterozygous and
homozygous genotypes. This initial analysis identified 26 SNPs that were marginally
significantly associated with the latent antisocial variable (data not shown). To ensure that a
potentially informative SNP was not overlooked, SNPs with even marginal significance at a
trend level with a p-value of ≤ 0.20 were retained.

In constructing our genetic latent variable, we also were interested in identifying potential
multicollinearity among these 26 SNPs. To do this, we first identified combinations of 10
SNPs from the initial set of 26 marginally significant SNPs, using a quasi-bootstrapping
procedure with replacement. Second, to determine which SNP combinations were
collectively predictive of the latent antisocial variable, each combination of 10 was serially
entered into a one factor cumulative logistic regression model. The analyses were performed
using the NLMIXED procedure from SAS, version 9.2 (SAS Institute, Gary, NC).

An examination of these results led to the serial identification of unique combinations of
three to four SNPs that when they were simultaneously present the latent genetic variable
was predictive of the latent antisocial construct at a p-value of 0.05. An Initial Model with
four SNPs from four genes was formulated that maximized the predictive power of the latent
genetic variable. We performed a t-test and a linear regression to determine if there was a
significant association between the number risk alleles and the latent antisocial variable
scores.
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Final model
To ensure that none of the remaining 444 SNPs from the original 450 SNPs in our candidate
system of genes (CSG) did not increase the predictive power of our Initial Model, we
developed the “Final Model” by adding each of the remaining 444 SNPs individually into
the Initial Model that included four risk alleles. Only those SNPs that enhanced the model
were retained and included in the Final Model.

Using the “Predict” statement in the NLMIXED procedure, the latent antisocial behaviour
scores were derived for each participant using the Final Model. To determine if there was a
continuous or a step-wise relationship between the number of risk alleles in the Final Model
and the scores of the latent antisocial variable, we examined the distribution of the mean
scores for the latent antisocial phenotype according to the number of risk alleles present in
each of the participants.

Haplotype analysis
The vulnerability contribution arising from being a carrier of the risk alleles identified in the
latent genetic models is not likely to be due to a direct relationship arising from the risk
alleles per se unless these can be demonstrated to be mutations that alter the gene expression
in some important way. More often it will be genetic factors closely linked to the risk alleles
that are the actual causal factor. The extent to which the designated risk alleles provide
useful predictive information is a function of how closely associated they are with the actual
nearby risk factor(s). If both could be measured we might determine that the risk allele is
only associated in a small proportion of the chromosomes carrying a potent nearby risk
factor and much of the time it alone does not really add to the predictive value. Or, we might
find that the designated risk allele has a high frequency of association with a weak nearby
risk factor. Consequently, it is reasonable to expect that multi-SNP haplotypes
encompassing the risk SNPs identified in the final model should have the potential for
capturing more of the genetic variation underlying the vulnerability to antisocial behaviour.
The extent to which multi-SNP haplotypes can capture more of the relevant genetic factor
depends not so much on the physical distance as on the degree of linkage disequilibrium
between the risk allele and relevant nearby factors. Consequently, haplotypes of 2- to 4-
SNPs for each of the genes of interest were examined. To test the predictive value of the
haplotypes we rank ordered the 241 individuals according to their antisocial score and
created three groupings with roughly equal numbers of individuals in each (low, middle, and
top scoring antisocial groups – see Figure 2). If there is no relationship between the
haplotypes and the antisocial measure then we would expect to estimate for each gene
separately the same frequencies for the same haplotypes (within measurement error) in each
of the three groups. If the haplotypes do have predictive value for the antisocial measure
then rather different haplotype frequencies should be estimated across the behavioural
groupings—especially for the haplotypes carrying the already identified risk alleles.

Biological network and pathway analysis
We used the PANTHER Classification System v8.0 (Mi & Thomas, 2009; Mi,
Muruganujan, & Thomas, 2013) to investigate all genes implicated in the CSG for
enrichment of membership in biological pathways and processes. This tool uses a binomial
statistical test to compare classifications of multiple clusters of lists to a reference list to
determine over- or under-representation of PANTHER classification categories (Cho &
Campbell, 2000).

We employed the online tool GeneMANIA (http://www.genemania.org) to visualize
connections among our genes and find other genes related to our set of input genes. The
GeneMANIA database consists of genomics and proteomics data from a variety of sources,
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including data from gene and protein expression profiling studies and primary and curated
molecular interaction networks and pathways. Our analysis weighted all network data
sources equally (“Equal by network” advanced option) in order to visualize all networks
(physical interactions, predicted interactions, pathways, genetic interactions) that connect
our input gene list.

RESULTS
Latent antisocial variable

Fourteen of the 15 observed (directly measured) indicators of antisocial behaviour were
found to significantly contribute at a p-value of 0.05 to a single latent antisocial variable.
Estimates obtained from the zero-inflated Poisson regression model are presented in
Supplemental Table 2. The one observed variable that did not significantly contribute to the
latent antisocial variable was the number of long-term school suspensions in grades 7–9 and
it was omitted from the subsequent analyses. The total number of times the child had run
away, had been stopped by the police, and had been sent to a correctional facility from birth
to the 15 year follow-up; and the number of days the adolescent had drunk alcohol and used
drugs were the phenotypic variables that most robustly contributed to the latent antisocial
construct (Supplemental Table 2). Figure 2 presents the distribution of the latent antisocial
variable scores.

Latent genetic variable
Using the available DNA from the 241 consenters, we first identified 26 SNPs that were
marginally related to the latent antisocial variable at a p-value of <0.20 (data not shown).
After identifying combinations of 10 SNPs using the quasi-bootstrapping method, we
identified a unique combination of four of these 26 SNPs (Initial Model) from four genes
(Table 2). When these four SNPs were entered collectively into the Initial Model, the
resulting latent genetic construct was significantly predictive of the latent antisocial
construct (β=0.413; p=0.0059) and accounted for 16.0% of the variance of the latent
antisocial variable. This Initial Model included: Glutamate receptor, metabotropic, 5
(GRM5, OMIM 604102, Gen-Bank accession NM_000842.1 chromosome 11q14.3, SNP:
rs1874946); Dopamine receptor D2 (DRD2, OMIM 126450; Gen-Bank accession
NM_016574.2, chromosome 11q23.2, SNP: rs4587762); Arginine vasopressin receptor 1A
(AVPR1A, OMIM 600821, Gen-Bank accession NM_000706.3 chromosome12q14-q15,
SNP: rs10877970); and Glutamate receptor, ionotropic, N-methy-D-aspartate, subunit 2A
(GRIN2A, OMIM 138253, Gen-Bank accession NM_000833.2, chromosome 16p13.2, SNP:
rs8047589. The total number of risk alleles was significantly associated with an individual’s
latent antisocial variable score ([slope] y= 0.205 x – 0.571, r2 = 0.076, t = 4.44, d.f. = 239, 2-
tailed p= 1.381 × 10−5).

Final model
The serial addition of the remaining 444 informative SNPs found that the Initial model was
stable. Four SNPs from four additional genes modestly enhanced the significance of the
latent genetic variable yielding the Final model (Table 2, Figure 3). In the Final model, the
predictive power of the resulting latent genetic construct that included the eight SNPS was
stronger and accounted for slightly more of the total variation of the latent antisocial
variable than the Initial model. The four additional genes included in the Final model were:
Nuclear receptor subfamily 3, group C, member 2 (NR3C2, OMIM 600983, Gen-Bank
accession NG_013350, chromosome 4q31.23, SNP: rs3843413); Neural cell adhesion
molecule 1 (NCAM1, OMIM 116930; Gen-Bank accession NG_032036, chromosome
11q23.1, SNP: rs1545086); Cholinergic receptor, nicotinic, alpha 7 (CHRNA7, OMIM
118511; Gen-Bank accession NM_148911.1, chromosome 15q13.3, SNP: rs1514246); and
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Sulfide quinone reductase-like (yeast) (SQRDL, Gen-Bank accession NM_021199,
chromosome 15q13.3, SNP: rs626808).

We found a continuous linear relationship between the number of risk alleles and the latent
antisocial variable (Figure 4; [slope] y= 0.141 x – 0.836, r2 = 0.091, t = 4.889, d.f. = 239, 2-
tailed p= 1.861 × 10−6). We also ran the final model after excluding the 27 “non-white”
participants (see Table 1) and the results were unchanged (data not shown).

Haplotype analyses
To test the predictive value of the haplotypes we rank-ordered the 241 individuals according
to their antisocial score and created three groupings with roughly equal numbers of
individuals in each (low, middle, and top scoring antisocial groups – see Figure 2). We
found that for all eight of the risk genes the overall haplotype frequency estimates were
statistically different for some or all of behavioural subgroups when compared two at a time
(see Table 2). A more detailed explanation of these haplotype analyses can be found in the
supplemental materials. An examination of the results shows somewhat complex patterns in
that the risk alleles are found on a number of different haplotype backgrounds at each gene
and some of these show patterns where a particular risk allele haplotype systematically
increases in frequency from the low to middle to top (high) antisocial groups. Figure S1 (in
the supplement) is a bar-graph illustration of the results with Figure S1a displaying the
results for the 3 genes (DRD2 > CHRNA7 > GRIN2A) with the strongest and most
powerful statistical differences comparing the 3 behavioural groupings. The haplotyping
results for the remaining five genes (NCAM1 > AVPR1A = SQRD = NR3C2 > GRM5) also
show significant differences between at least two of the antisocial groups in the predicted
direction (Figure S1b).

Network and Pathway Analysis
In addition, 33 SNPs from 63 of the remaining genes were also significant at a univariate
level when added to the final model one at a time. In an effort to identify biological
pathways and processes that may contribute to the latent anti-social phenotype, we
completed this analysis for 41 implicated genes (eight in the Final model plus the additional
33 that were minimally significant). The most prominent over-represented biological
pathways and processes included G protein-coupled dopaminergic, serotoninergic, and
opioid receptors that activate an intracellular second messenger cascades to produce
excitatory or inhibitory responses in the CNS (Table 3). Furthermore, there is evidence for
genetic, physical and pathway interactions among many of the input implicated gene list
(Supplemental Figure 2).

DISCUSSION
The genetic, epigenetic and neurobiological mechanisms by which childhood adversity
increases vulnerability to psychopathology including antisocial outcomes and a heightened
risk of substance abuse remain poorly understood. Efforts to identify susceptibility genes
using GWAS have largely failed, in part because they evaluate potential risk alleles one-by-
one rather than in combination with one another. Latent variable constructs using multiple
risk alleles may provide a useful approach to identify susceptibility genes that in
combination contribute to antisocial outcomes. Knowledge of individual differences in risk
genotypes may contribute to a deeper understanding of the complex interaction between
environmental experiences (such as abuse) and antisocial outcomes and has the potential to
identify the molecular pathways that influence the neurobiological circuitry underpinning
psychological and emotional development.
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In this study, a novel latent variable approach identified eight genes, from a predefined CSG
of 71 genes, which collectively accounted for 16% of the variance in a latent antisocial
phenotype. Notably, we found a linear relationship between the number of risk alleles and
the individual’s latent antisocial variable score (Figure 4). The results of the haplotyping
analyses were also consistent with each of these loci being adjacent to a functional genetic
variant. If replicated, this is a remarkably high proportion of the phenotypic variance to be
explained by genetic factors. In our estimation these results suggest both additive non-
additive effects. Specifically, the amount of variance explained by the 8 gene final model is
slightly above 16%, but when we simply do a regression analysis looking at the association
between an individual’s total number of risk alleles and their antisocial latent variable the
amount of variance explained is just 7.8% (Figure 4). This difference (16% vs. 9.1%) may
well be due to various “non-additive” effects that involve a more complex “co-action” of
some of these risk alleles.

To put this finding in a clinical perspective, well-designed and well-executed GWAS have
provided a glimpse into the complex genetic architecture of medical disorders such as a
type-2 diabetes mellitus (T2DM). Specifically, at least 36 diabetes-associated genes have
been identified that increase the risk of T2DM, but these loci collectively account for only a
small fraction (5–10%) of the genetic contribution to T2DM (Stolerman & Florez, 2009).
Interestingly, most of the discovered gene variants have been linked to beta-cell dysfunction
rather than insulin resistance. This finding has challenged the established thinking of T2DM
as being simply a disorder of insulin action.

There are several weaknesses of this study. First, the sample of consenting subjects was
primarily Caucasian of European descent limiting the generalizability of these findings to
other ethnic groups. Second, a larger dataset from a single ethnic background would be
desirable especially in order to establish which particular risk allele haplotype backgrounds
are most and least associated with the latent antisocial variable score. Third, the decision to
use a single latent antisocial and a single genetic variable can also be questioned. It is
possible that a multifactorial antisocial variable could account for more of the phenotypic
variance. Likewise this analytic approach does not permit the characterization of the
biological processes that contribute to this shared variance. However, twin data strongly
suggests that a common set of genetic risks are associated with four disorders reflecting
antisocial behaviour (conduct disorder and antisocial personality disorder) and substance use
disorders (alcohol and drug abuse or dependence) (Kendler et al., 2011; Lahey & Waldman,
2012). Fourth, our selection of genetic loci and the selection of SNPs is somewhat dated.
Additional genes, particularly nodal genes identified by the pathway analysis (see
Supplemental Figure 2) G-protein-coupled kinase 5 [GRK5]; Adenylate cyclase 6
[ADCY6]; BCL2-associated athanogene 1 [BAG1]; DISCS large, drosophila, homolog of, 2
[DLG2]; 5-Hydroxytryptamine receptor 1D [HTR1D]; Adenosine A2 receptor
[ADORA2A]; Neurotrophic tyrosine kinase, receptor, type 2 [NTRK2]; and Signal
transducer and activator of transcription 5A [STAT5A]) should be included in future efforts
to replicate these findings (see Supplemental Figure S2). Given the likely importance of
epigenetic modification in altering levels of gene expression including SNPs from DNA
methyltransferase 3 –like protein [DNMT3L], along with DNMT3B, will also be of interest.

In the current study the strongest contributors included genes over-representing dopamine,
norepinephrine, serotonin, and glutamate signaling (Table 3). This is largely congruent with
our understanding of the neurobiology of antisocial behaviour (Gao et al., 2009), although
finding an enrichment for these signaling processes may be biased by the CSG selection
processes and tendency for prior studies to focus on genes in neurotransmitter systems. We
also found a highly significant result with regard to CHRNA7 and glucocorticoid receptor
signaling which is consistent with Raine’s (2002) theory that the role of prefrontal deficits,
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low autonomic arousal, and early health factors acting in part through cholinergic
mechanisms affecting cardiac functioning may play an important role in the development of
antisocial and aggressive behaviour in children.

Consistent with the importance of glucocorticoid receptor signaling, we also found that
NR3C2, in the Final model, had a “negative” coefficient indicating that the major allele was
associated with an increased risk of antisocial behaviour when considered in combination
with the seven other risk genes. NR3C2 encodes the mineralocorticoid receptor (MR).
NR3C2 encodes the mineralocorticoid receptor (MR). MR belongs to the nuclear receptor
superfamily and functions as a ligand-dependent transcription factor that mediates the
effects of glucocorticoids as well as aldosterone on a variety of target tissues including the
central nervous system. While the MR has a very high affinity for glucocorticoids, the
glucocorticoid receptor (GR) has a somewhat lower affinity. The glucocorticoids are known
to produce profound and diverse effects in the brain in relation to cognition and behavior (de
Kloet et al., 2005). Although the GR has received a great deal of attention, it is now clear
that the MR also plays an important role in the coordination of normal circadian activity and
the reactivity of the hypothalamus- pituitary- adrenal (HPA) axis in response and adaptation
to stress (Conway-Campbell et al., 2012; Zalachoras, Houtman, & Meijer, 2013).

However, for this latent variable modeling approach to have true clinical significance,
environmental risk and protective variables also need to be included in these models. This in
turn has the potential to clarify interactions between genotypes and response to preventive
interventions including the Nurse Family Partnership (Olds et al., 1998; 2010) as well as
other interventions including lifestyle changes and cognitive-behavioural interventions over
the course of development (Lochman et al., 2011; Rutter, 2013).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Key Points

• The genetic, epigenetic and neurobiological mechanisms by which childhood
adversity increases vulnerability to psychopathology including antisocial
outcomes and a heightened risk of substance abuse remain poorly understood.

• Efforts to identify susceptibility genes using Genome-Wide Association Studies
have largely failed, in part because they evaluate potential risk alleles one by
one rather than in combination with one another.

• Latent variable analyses have been widely used in economics and psychology.
Its application to genetics is novel. Our preliminary data suggests that this may
be a useful approach to identify susceptibility genes that in multiple
combinations contribute to a shared vulnerability to develop antisocial
outcomes.

• Knowledge of individual differences in risk genotypes may contribute to a
deeper understanding of the complex interaction between environmental
experiences (such as abuse) and antisocial outcomes, and has the potential to
identify the molecular pathways that influence the neurobiological circuitry
underpinning psychological and emotional development and that are responsive
to preventive interventions as well as lifestyle changes and cognitive-
behavioural treatments.
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Figure 1. Flow Chart
This diagram presents the step-by-step sequence of the analyses undertaken as part of this
study. The Elmira study refers to the phenotypic characterization of the participants in the
initial follow-up study of the Nurse Family Partnership conducted in Elmira, NY (Olds et
al., 1998). See the text for a more detailed presentation of the measures and the analyses
performed. SNP = single nucleotide polymorphism.
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Figure 2. Distribution of the Latent Antisocial Variable Scores
This figure presents the frequency distribution of latent antisocial variable scores for the 241
individuals who participated in the Nurse Family Partnership randomized clinical trial and
provided DNA (see Olds et al., 1998). Low, Middle and Top refer to the three groups
(tertiles) based on their latent antisocial variable scores.
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Figure 3. Final Model
The final model incorporates a latent antisocial outcome variable and a latent genetic
predictor variable. The latent genetic variable represents the underlying genetic level
manifested by the 8 available genes. The latent antisocial variable represents the antisocial
level manifested by 14 available delinquency indicators. The latent genetic variable is
significantly predictive of the antisocial construct (β=0.413; p=0.006) and accounts for 16%
of the variance in the latent antisocial variable score. The dashed line for NR3C2 indicates
that the coefficient for this gene in the Final model has a negative sign (indicating that the
more frequently occurring genotype C is associated with an increased risk of antisocial
behaviour when considered in combination with the other genes.
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Figure 4. Distribution of the number of risk alleles vs. antisocial latent variable scores in the
Final model
The scatter plot presents the individual data for each of the participants (latent antisocial
variable score vs. the total number of the risk alleles (slope y= 0.141 x – 0.836, r2 = 0.091, t
= 4.889, d.f. = 239, 2-tailed p= 1.861 × 10−6).
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