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Abstract

The sequencing of the human genome and the advent of low-cost genome-wide assays that
generate millions of observations of individual genomes in a matter of hours constitute a
disruptive innovation for social science. Many public-use social science datasets have or will soon
add genome-wide genetic data. With these new data come technical challenges, but also new
possibilities. Among these, the lowest hanging fruit and the most potentially disruptive to existing
research programs is the ability to measure previously invisible contours of health and disease risk
within populations. In this article, we outline why now is the time for social scientists to bring
genetics into their research programs. We discuss how to select genetic variants to study. We
explain how the polygenic architecture of complex traits and the low penetrance of individual
genetic loci pose challenges to research integrating genetics and social science. We introduce
genetic risk scores as a method of addressing these challenges and provide guidance on how
genetic risk scores can be constructed. We conclude by outlining research questions that are ripe
for social science inquiry.

The sequencing of the human genome and the advent of low-cost genome-wide assays that
generate millions of observations of individual genomes in a matter of hours constitute a
disruptive innovation for social science. For a few hundred dollars, any tissue collected from
a subject in a research study can be transformed into an inventory of disease risks and
behavioral proclivities that is continuously updated by an ever-growing army of scientists
from around the world. Many of the datasets that fuel social science research have or will
soon add genome-wide genetic data. With these new data come technical challenges, but
also new possibilities. Among these, the lowest hanging fruit and the most potentially
disruptive to existing research programs is the ability to measure previously invisible
contours of health and disease risk within populations.

Much of social science is concerned with uncovering sources of heterogeneity within and
between populations in the processes that determine life courses. Non-DNA biomarkers—
including observations of physical and cognitive function, clinical indexes of frailty, and
measured constituents of blood and other tissues—are now in wide use for this purpose.
(Crimmins, Kim, and Vasunilashorn 2010; Carey and Vaupel 2005) Genome-wide genetic
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data are something different. They are different because of their primacy; DNA sequence is
fixed at conception, before the individual is even born. They are different because of their
stability; with rare exception (Forsberg, Absher, and Dumanski 2013), DNA sequence is the
same across tissues and there are no circadian, seasonal, or age- or morbidity-related
changes. (Reverse causality—a central consideration in most other biomarker research—is
not a primary concern in genetics.) They are different because of their scope; DNA sequence
variation is related to virtually any behavioral or disease phenotype that can be imagined. In
these three ways — primacy, stability, and scope of influence — the DNA sequence stands
apart from other biomarkers.

The remainder of this article is divided into four sections. We begin by outlining why now is
the time for social scientists to bring genetics into their research programs. We next discuss
how to select genetic variants to study. We introduce genetic risk scores as a method of
adapting genetic information into social science research designs. Finally, we outline
research questions that are ripe for social science inquiry. This article is not intended as a
comprehensive survey of all the things that can be done with genetic information. Instead,
we aim to suggest some initial forays into the integration of social science and genetics that
represent what we view as the low hanging fruit and that are appropriate to newcomers and
veterans alike.

Three reasons now is the time to integrate genetics and social science

First, data are available. Decline in costs of measuring genomes enabled several large social
surveys to add genome-wide genetic information to their databases. The Health and
Retirement Study (HRS) has completed this process. The Wisconsin Longitudinal Study,
and the National Longitudinal Study of Adolescent Health (Add Health) will soon join the
HRS. In addition to these traditional social science datasets, the National Heart Lung and
Blood Institute’s Atherosclerosis Risk in Communities (ARIC), Multiethnic Study of
Atherosclerosis (MESA), Framingham Heart Study, Coronary Artery Risk Development in
Young Adults (CARDIA) and various other resources bring together genome-wide data,
longitudinal follow-up tracking health, disease, and mortality, and varying degrees of social
contextual information on large population-based samples. Importantly, all of these data are
now or will be publicly available through the NIH dbGaP (http://www.ncbi.nlm.nih.gov/

gap).

Second, data are analytically tractable. Analyzing genome-wide data has been compared to
drinking from a fire hose (Hunter and Kraft 2007). The high dimensionality of the datasets
—usually a million or more observations per individual—makes business as usual data
analysis impossible. But tools and methods for handling genome-wide data are now well
established. Software programs such as PLINK (Purcell et al. 2007) and various packages
written for the R software (http://cran.r-project.org/web/views/Genetics.html) make
genome-wide data analysis computationally feasible, even on standard desktop computers
(Aulchenko et al. 2007). Quality control procedures have been standardized—many publicly
available datasets include “cleaned” genetic data and/or detailed instructions on how to
perform data quality checks. Rules of thumb have been established (Laurie et al. 2010). &
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And techniques have been developed to address the unique structure of genomic data
(Hamer and Sirota 2000). P

Third, data are meaningful—and not just in the abstract sense that the genome must be
important because virtually all of human behavior, health, and disease are at least partly
“heritable, ” i.e. influenced by genetic factors (Plomin et al. 2008). The data are meaningful
because large-scale genetic association studies, in particular genome-wide association
studies (GWAS), have produced a library of genetic associations that link thousands of
common DNA sequence variants with a range health and disease processes and outcomes
(Hindorff et al.; Yu et al. 2008). This is critically important. Most social scientists don’t
want to be gene-hunters (although there are some notable exceptions (Boardman et al. 2013;
Rietveld et al. 2013; Fowler, Settle, and Christakis 2011; Benjamin et al. 2012)). But once
geneticists establish connections between specific variants and phenomena that social
scientists study, those variants can become powerful tools (Belsky, Moffitt, and Caspi
2013).

Selecting genetic variants to study: Hypothesis-driven and hypothesis-free

approaches

The first challenge social scientists face in integrating genetics into their research is figuring
out what genes or genetic variants they should study. Broadly speaking, there are two
approaches to addressing this challenge. The first is based on extant biological evidence
(hypothesis-driven). The second is based on statistical evidence from whole-genome data
mining (hypothesis-free). The sections below discuss these two approaches and suggest
criteria social scientists can use to evaluate the genetic evidence base. Our aim is to help
guide social scientists in identifying promising genetic variants to incorporate into their
research.

The hypothesis-driven approach reverse engineers the biology of some phenomenon of
interest (hereafter, the “phenotype”), identifies proteins critical to that biology, and then
finds genes that contribute to the production of those proteins. If possible, the next step is to
identify “functional polymorphisms” in the selected genes—sequence variations within or
around the genes that affect quantity or structure of the protein produced (Collier et al. 1996;
Lesch et al. 1996; Tol et al. 1992; Asghari et al. 1995). If functional polymorphisms are not
evident, variation within and around the gene can be surveyed and tested for association to
identify variants for use in subsequent research (Israel et al. 2009).

The hypothesis-driven approach has a natural affinity with other biomarker research insofar
as genetic associations can be interpreted as evidence for the role of a specific biological
process in the etiology of the phenotype. A strength of the hypothesis-driven approach is
that it provides, at least in theory, indirect measures of hard to observe biological processes,

aror example, the p-value threshold recommended for detecting deviations from Hardy Weinberg equilibrium, the expected
distribution of genotypes given the allele frequency, is 10~

Population stratification arises when ancestry is associated with a phenotype of interest. There are two approaches to addressing
population stratification. One approach is use family-based designs. (Boardman et al. 2013) As second approach is to model
population structure, for example using principal components analysis. (Price et al. 2006; Novembre et al. 2008)
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such as processes in brain (Hariri 2009). For example, addiction is understood partly as a
dysregulation of reward-based learning (Koob and Volkow 2010). Dopaminergic
neurotransmission has an established role in the reinforcement of reward in learning
(Hyman, Malenka, and Nestler 2006). A number of genes encoding proteins that mediate
dopaminergic neurotransmission have been identified, including several with well-
characterized functional variants (Hariri 2009). Studies have used these genes to implicate
dysregulation of dopaminergic neurotransmission in the pathogenesis of addiction (Nikolova
et al. 2011; Bogdan, Hyde, and Hariri 2013).

The limitation of a hypothesis-driven approach is that it depends on existing knowledge—
knowledge of the biology giving rise to the phenotype and knowledge of how genes
influence that biology. So, when should social scientists consider a hypothesis-driven
approach to selecting genetic variants for their research? Three useful criteria are

1. When there is extensive knowledge of the biological pathway in which the gene is
implicated.

2. When there is evidence for modulation of the function of that pathway by the gene,
e.g. from model organism studies where the gene is selectively ablated/ inactivated
or from human monogenic disorders arising from mutations in the gene.

3. When there is evidence that a specific variant alters the function of the gene within
the targeted pathway.

These criteria are not intended as hard rules. Instead, they are meant as a starting point for
evaluating the quality of the evidence base.

The hypothesis-free approach substitutes comprehensive measurement of the genome and
statistical rigor in place of biological plausibility. Hypothesis-free approaches survey
variants across the entire genome and test associations between each variant and a
phenotype. This approach is referred to as a genome-wide association study (GWAS).
Although GWAS can refer to a range of study designs (Hirschhorn and Daly 2005), the
usual approach is to assay one or two million single-nucleotide polymorphisms (SNPs)
selected to measure common variation throughout the genome® and to correlate each variant
with a trait or disease state (Pearson and Manolio 2008).

The strength of the hypothesis-free approach is that it leapfrogs current knowledge of
biology to make discoveries that push the frontiers of science (Hindorff et al. 2009). For
example, in the cases of obesity and asthma, the first and best-replicated GWAS discoveries,
FTO for obesity and the ORMDL3/GSDMB locus on chromosome 17 for asthma, were
unanticipated in existing biological models of disease pathogenesis (Herbert et al. 2006;
Moffatt et al. 2007). With this strength comes substantial ambiguity about the function of
discovered SNPs. The FTO case is instructive. Follow-up research linked the obesity-risk
variant in FTO to behavioral measures of appetite (Wardle et al. 2008). But the biological
link between FTO and appetite eluded researchers until recently. Now, evidence suggests

Cvariation in DNA sequence arises through the combination of chromosome segments inherited from mother and father. As a result,
spatially proximate DNA sequence variants tend to be highly correlated. GWAS chips assay SNPs selected to “tag” clusters of
correlated variants. As a result, a single SNP may be used to measure several or even a few hundred variants.
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that the GWAS discovered SNP rs9930506 in the FTO gene gives rise to obesity not through
changes in the structure or function of FTO, but through a change in function of a nearby
gene, IRX3 (Smemo et al. 2014). The implication for social science researchers is that
biological inference about the function of GWAS discoveries is fluid even as the risk
information furnished in the discovered SNPs remains constant. In other words, the
hypothesis-free approach furnishes measurements of genetic risk, broadly defined, not
necessarily specific information about the pathways through which that risk operates.

The limitation of the hypothesis-free approach is that it is vulnerable to statistical artifacts.
To begin with, stringent correction for multiple testing is needed; the p-value corresponding
to an alpha-value of 0.05 in standard GWAS analysis is p<5x108 (Pearson and Manolio
2008). As a result, GWAS design is almost entirely focused on maximizing statistical
power. Extreme group comparisons (e.g. severe cases versus super-controls with no
pathology (Schwartz and Susser 2010)) are one approach to increasing statistical power in
GWAS, but the dominant strategy is to increase sample size (Sullivan, Daly, and
O’Donovan 2012). As a result, effective hypothesis-free discovery research depends on the
organization of large-scale consortia that can assemble samples of tens or even hundreds of
thousands of individuals and mount multiple replication attempts (Sullivan 2010; Benjamin
et al. 2012).

So, when should social scientists consider a hypothesis-free approach to selecting genetic
variants for their research? Three useful criteria are

1. When discovery sample sizes are very large. (Just how large sample sizes need to
be will vary depending on the phenotype. In general, sample sizes of thousands are
a minimum requirement.)

2. When independent replications are positive. Top journals require independent
replication for publication of GWAS. In addition to such “internal” replications,
studies conducted by other groups, studies or sub-analyses using population-
representative samples (Manolio 2009) or samples with more refined measures of a
phenotype add confidence that a GWAS discovery is legitimate.

3. When the technical quality of the GWAS is high. This can be difficult for a non-
geneticist to determine. Guidance on evaluating GWAS quality control steps can be
found here (Laurie et al. 2010). Criteria 1 and 2 are highly correlated with this third
criterion.

In our view, both hypothesis-driven and hypothesis-free approaches to select inggenetic
variants to study are valid. The critical issue is the alignment of the approach used to select
variants to study with the research question. A hypothesis-driven approach is aligned with
questions about mechanism, e.g. “Do differences in a specific biological process explain
differences in an outcome?” The hypothesis-driven approach can furnish genetic variants
that measure individual differences in difficult to observe biological processes. For example,
a recent study of smoking cessation used a hypothesis-driven approach to construct a genetic
measure of dopamine signaling in the brain (David et al. 2013). The authors then used that
genetic measure to test the hypothesis that dopamine signaling capacity would predict
smoking cessation therapy outcome. A hypothesis-free approach is aligned with questions
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about risk, e.g. “Do individuals at higher genetic risk fare differently from their lower
genetic risk peers?” The hypothesis-free approach furnishes genetic variants that measure
individual differences in genetic risk. For example, another recent study of smoking
cessation derived a measure of genetic predisposition to quit success from hypothesis-free
GWAS of clinical trial data (Uhl et al. 2012). The authors then used that genetic measure
test the hypothesis that genetic predisposition to quit success would predict smoking
cessation therapy outcome.

Both hypothesis-driven and hypothesis-free approaches have unique advantages for social
science research. Hypothesis-driven approaches can leverage DNA, which is accessible
from any tissue in the body, to ask research questions about aspects of the biology of social
processes that would otherwise be inaccessible, e.g. because they are located in brain.
Meanwhile, a hypothesis-free approach can provide a point of entry to asking genetic
questions about social problems for which the biology is as yet poorly understood.

Measuring a continuum of genetic risk: Genetic risk scores

Once a set of genetic variants are identified, the next challenge is how to use them. In
genetics, the usual approach is to examine one genetic variant at time, i.e. tests of each
genetic variant are conducted independently. We argue that for social scientists, this
approach is generally sub-optimal for two reasons:

1. The complex traits, behaviors, and health outcomes of interest to social scientists
are highlypolygenic (Visscher, Hill, and Wray 2008); they reflect the influence of
many different genes.

2. Individual genetic loci influencing the etiology of complex phenotypes have low
penetrance (Gibson 2011); no single genotype determines phenotype, or is even
highly predictive.

These two reasons highlight technical and conceptual problems with studying genetic
variants one at a time in social science research.

The technical problem is that studying one genetic variant at a time requires a great deal of
statistical power (effect-sizes are small, many variants must be tested). Such power can be
obtained by brute force, as in the use of massive samples (Kilpelainen et al. 2011), or by
surgical precision, as in carefully designed experiments (Shalev et al. 2009). But in either
case, achieving sufficient power often precludes the incorporation of design features that
social scientists need to address the substantive questions motivating genetic inquiry in the
first place (e.g. detailed measurements of phenotype and environmental context, population-
representative sampling, and longitudinal follow-up) (Belsky, Moffitt, and Caspi 2013).

The conceptual problem is that studying one genetic variant at a time rarely captures the
genetic influence social scientists wish to study. Genetic predisposition to any behavior/trait/
outcome of interest to social scientists is quantitative; there is a continuum of genetic risk
that reflects small contributions from many genetic loci. Some individuals carry very few
genetic risk factors, others carry many, and most of the population is somewhere in the
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middle (Figure 1) (Plomin, Haworth, and Davis 2009). The genotype of any one variant may
not be informative about where an individual is located on the continuum of genetic risk.

A solution that addresses the technical and conceptual limitations of studying genetic
variants one at a time is to combine information across variants into a quantitative
measurement of the continuum of genetic risk: a genetic risk score. A genetic risk score is a
summary measure of a set of risk-associated genetic variants. Depending on the discipline,
phenotype, and use of the score, a variety of names are used, e.g. “multi-locus genetic
profile” (Nikolova et al. 2011), “polygenic risk score” (Llewellyn et al. 2014), “allelic
score” (Spycher et al. 2012), “SNP score” (Vrieze, McGue, and lacono 2012), “genotype
score” (Meigs et al. 2008), “genetic prediction score” (Zhao et al. 2014) among others.
Some genetic risk scores include thousands of variants only weakly linked with disease
(Wray, Goddard, and Visscher 2007; Purcell et al. 2009; Evans, Visscher, and Wray 2009).
Others are composed of a handful of markers with well established evidence of association
with a phenotype of interest (Morrison et al. 2007; Kathiresan et al. 2008; Ripatti et al.
2010). In our view, the defining characteristic of a genetic risk score is that it provides a
quantitative measure of genetic predisposition that is calculated using information from
multiple genetic variants.

Genetic risk scores are most often additive summaries of risk information from a set of
genetic variants (e.g. a count of risk-associated alleles across a panel of SNPs (Morrison et
al. 2007)). This approach assumes that the individual genetic variants in the score make
additive contributions to the phenotype. We know this assumption of additive contribution is
probably wrong. Epistasis—interaction between genetic loci—is important and pervasive
(Zuk et al. 2012). Unfortunately, we know very little about epistatic interactions. Given the
specifics of the interactions are unknown, additivity provides a workable default. As
epistatic interactions are characterized, they can be incorporated into genetic risk scores.

Genetic risk scores can be computed from genetic variants selected using either hypothesis-
driven or hypothesis-free approaches. In a hypothesis-driven approach, the goal should be
biological coherence of the variants included in the score. For example, scores developed to
measure the continuum of genetic influence on dopaminergic neurotransmission have been
used to study neural reactivity to reward (Nikolova et al. 2011; Stice et al. 2012). Ina
hypothesis-free approach, the goal should be statistical coherence—the same standard of
evidence should be applied to all variants in the genome to select SNPs into the score. We
describe a formal, three-stage approach to this process in an earlier article (Belsky, Moffitt,
Sugden, et al. 2013). A simple example is to select all genome-wide significant SNPs
reported in a GWAS (Belsky, Sears, et al. 2013). Although the most common method of
hypothesis-free variant selection for a genetic risk score is GWAS of SNPs (which are
common DNA sequence variants), whole-genome sequencing studies that analyzer are-
variants can also be used (Purcell et al. 2014). Hybrids of hypothesis-free and hypothesis-
driven approaches to constructing genetic risk scores also exist. Results from GWAS can be
screened using databases that link variants with genes and genes with biological pathways to
construct pathway-specific genetic risk scores. For example, Li and colleagues conducted
GWAS of lung function within a cohort of asthma cases, applied pathway analysesc| to the
subset of SNPs with p-values<10-4, and then constructed a score based on SNPs that met
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their p-value criterion and were linked with a biologically plausible pathway (X. Li et al.
2013).

In the remainder of this section, we provide an overview of approaches to constructing
genetic risk scores from GWAS results. The optimal strategy for constructing a specific
genetic risk score will depend on the nature of the GWAS evidence and the data available to
construct the score. Here, we highlight a handful of key issues and provide some guidance
based on our own experience.

There are two broad classes of approaches to constructing genetic risk scores from GWAS
results. One approach is to construct the score from SNPs with strong evidence for
association with the phenotype of interest—usually SNPs with p-values<5x1078. We call
this the “top-hits” approach. Top-hits scores are conservative. They include only a subset of
the genetic variants that contribute to a phenotype. But they are designed to have a high
signal to noise ratio. Some top hits scores are simple counts of risk-associated alleles across
a set of SNPs. Some top hits scores incorporate weights that customize the contribution of
each SNP to the score. In our view, such weights are most useful when the GWAS
phenotype is closely aligned with the phenotype that will be analyzed using the genetic risk
score. For example we used published GWAS estimates of SNP effects on BMI to weight
SNPs in a genetic risk score for obesity (Belsky et al. 2012; Belsky, Moffitt, Sugden, et al.
2013).

A second approach is to construct the score from all or at least a very large number of
measured genetic variants. We call this the “whole-genome” approach. (Whole-genome
genetic risk scores are sometimes called “Purcell scores” after the geneticist and statistician
Shaun Purcell, who pioneered their use in psychiatric genetics (Purcell et al. 2009).) Whole-
genome scores are liberal. They are based on a polygenic model that assumes very large
numbers of genomic loci make “infinitesimal” contributions to phenotypic variation
(Visscher, Hill, and Wray 2008; Wray, Goddard, and Visscher 2007; Gibson 2011). Whole-
genome genetic risk scores seek to capture these infinitesimal contributions by incorporating
information from all SNPs in a GWAS that meet some nominal threshold of statistical
significance (e.g. p<0. 1) or even the complete set of SNPs analyzed. To minimize the
statistical noise generated by including so many SNPs (many of which will not be truly
related to the phenotype), whole-genome genetic risk scores weight each SNP by the effect-
size estimated in a GWAS (Wray, Goddard, and Visscher 2007). The highly inclusive
approach of whole-genome genetic risk scores has been met with skepticism. But there is
now evidence that the whole-genome approach to constructing a genetic risk score captures
more signal than noise and in many cases outperforms genetic risk scores computed from
top hits (Dudbridge 2013; Evans, Visscher, and Wray 2009).

The first task in constructing a genetic risk score from GWAS results is to select the
GWAS(s) that will form the basis of the score. Now that genome-wide data and
computational tools for analyzing them are widely available, GWAS studies are

dPathway analyses mine databases that describe existing knowledge about molecular processes to attach genes and genetic variants to
coherent networks reflecting higher-level biological phenomena.
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proliferating and some are of higher quality than others. A brief primer on how to evaluate a
GWAS can be found here (Pearson and Manolio 2008). A more in depth overview along
with detailed discussion of theoretical issues is here (Bush and Moore 2012). A further
consideration beyond GWAS quality is to match the racial/ethnic population in the GWAS
to the target population for the genetic risk score analysis. We discuss this issue in detail
elsewhere (Belsky, Moffitt, Sugden, et al. 2013; Belsky, Moffitt, and Caspi 2013). Briefly,
subtle differences in the structures of genomes between racial/ethnic populations can cause a
given GWAS SNP to tag different regions of DNA sequence in different populations (Frazer
et al. 2007; Cardon and Palmer 2003). This means that a particular SNP may measure a
disease-causing variant in one population, but not in another. Ultimately, the extent to which
SNPs discovered in GWAS of one population provide valid measures of risk in another is an
empirical question (Domingue, Belsky, et al. 2014). Absent empirical evidence, we
encourage matching the race/ethnicity of the GWAS population to the population that will
be analyzed using the genetic risk score.

After GWAS have been selected, the primary decision point in constructing a genetic risk
score is what p-value threshold should be used to select SNPs for inclusion in the score. For
top-hits scores, genome-wide significance is an appropriate starting point. For whole-
genome genetic risk scores, studies often test a series of p-value thresholds. Scores are
generated from sets of SNPs selected using increasingly liberal p-value cut-offs until
maximum predictive power in the training dataset is achieved. (Ideally, the GWAS sample
that provides the p-values and weights for a whole-genome genetic risk score should be
different from the sample used to test p-value thresholds.) The optimal p-value threshold is a
function of the genetic architecture (Gibson 2011; Flint and Kendler 2014) of the trait being
analyzed and the statistical power of the GWAS. In cases of highly polygenic traits where
most genetic effects are very small, more inclusive p-value thresholds will yield better score
performance. In studies of psychiatric phenotypes, where most whole-genome genetic risk
score research has been conducted, increasingly liberal p-value thresholds improve genetic
risk score performance up to a certain level, after which score performance plateaus or
sometimes modestly declines, e.g. (Ripke et al. 2013; Demirkan et al. 2011; Rietveld et al.
2013). The p-value level at which score performance reaches a plateau is negatively
correlated with GWAS power. This can be seen in the successive iterations of the
Psychiatric Genomics Consortium’s GWAS of schizophrenia. In the first iteration, including
about 7,000 individuals, the performance of a genetic risk score (measured as Nagelkereke’s
Pseudo R2) increased as the p-value threshold for inclusion was relaxed from p<0. 1 to
p<0.5, achieving a peak performance of between R2=0.02 and 0.03 across replication
datasets (Purcell et al. 2009). In the second iteration, including 15,000 individuals, score
performance plateaued at a p-value threshold of 0.2, with maximum R? ranging between
0.03 and 0.06 across replication datasets (Schizophrenia Psychiatric Genome-Wide
Association Study (GWAS) Consortium 2011). In the most recent iteration, including
21,000 individuals, score performance plateaued at a p-value threshold of 0.1, with
maximum R? exceeding 0.06 (Ripke et al. 2013).

A secondary decision point in constructing genetic risk scores is the linkage threshold used
to define whether selected SNPs provide independent information. GWAS chips include
many SNPs with highly correlated allele frequencies. SNPs that covary in excess of chance
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are referred to as being in “linkage disequilibrium” (LD). SNPs that are spatially proximate
on the genome are often in high LD, but LD can extend over large expanses of sequence. In
the context of GWAS, LD is typically quantified using the metric R2, which is computed as
the squared correlation of genotypes between a pair of SNPs. Just as a p-value must be set to
determine which SNPs are associated with the phenotype, an R? value must be set to
establish which SNPs are independent and which are redundant. The R? threshold must
balance two competing threats to score quality. One threat is over-representation of regions
characterized by high LD and dense GWAS coverage. In such regions, a single causal
variant could give rise to a large number of strong association signals all providing
essentially the same information. Too liberal an R? threshold will result in over-counting
risk alleles in the region. The other threat is the presence of multiple causal variants within a
given genomic region (sometimes referred to as “allelic heterogeneity”) (Lango Allen et al.
2010; McClellan and King 2010). For example in the case of smoking, there is evidence for
multiple causal signals within the region on chromosome 15 harboring the CHRNAS/A3/B4
gene cluster (Saccone et al. 2010; Liu et al. 2010). Too conservative an R? threshold would
under-count risk alleles in this region. In general, R? thresholds for top-hits genetic risk
scores tend to be relatively liberal. We used a threshold of R2<0.60 in constructing genetic
risk scores for smoking and for asthma (Belsky, Sears, et al. 2013; Belsky, Moffitt, Baker, et
al. 2013). Others have used thresholds as high as 0.80 (Milton et al. 2014). We discuss the
issue in more detail in a previous article (Belsky, Moffitt, Sugden, et al. 2013). R? thresholds
for whole-genome genetic risk scores tend to be more conservative. R2<0.20 is standard
(Ripke et al. 2013), although we are not aware of empirical examinations of this threshold.

The guidance we offer here is intended as a starting point. Constructing genetic risk scores
involves multiple decision points and gold standard practices have not been established. Top
hits genetic risk scores, especially to the extent that they are composed of SNPs reaching
genome-wide significance in multiple samples and that are in relatively weak LD, are
relatively easy to implement. Whole genome-genetic risk scores require more technical
sophistication and are more sensitive to the quality of the source GWAS. Several
international consortia make their GWAS results available for download.® These data are an
excellent resource for constructing genome-wide genetic risk scores.

Genetic risk scores in social science research: 3 suggestions

Genetic risk scores have been studied primarily as tools to predict whether apparently
healthy individuals will develop disease (Dudbridge 2013; Wray et al. 2013). Despite recent
advances in genomic medicine (Manolio 2013), genetic risk assessment for common health
conditions remains an area under development. Age-related macular degeneration is one
case where genetic risk assessment may already have clinical value (Seddon et al. 2009).
And evidence is growing for the application of genetic risk scores in clinical assessments of

€The Social Science Genetic Association Consortium results for educational attainment can be found at http://ssgac.org/Data.php; The
Psychiatric Genomics Consortium results for a range of mental disorders can be found at https://pgc.unc.edu/
Sharing.php#SharingOpp; Global Lipids Genetics Consortium results for cholesterol traits can be found at http://
www.sph.umich.edu/csg/abecasis/public/lipids2013/; GABRIEL Consortium results for asthma can be found at http://www.cng.fr/
gabriel/results.html; GIANT Consortium results anthropometric traits can be found at http://www.broadinstitute.org/collaboration/
giant/index.php/GIANT_consortium_data_files.
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cardiovascular disease risk (Ganna et al. 2013). But, in general, the potential to use common
genetic variants to predict whether an individual will develop a common health condition
remains uncertain (Manolio 2010). (For discussion of why genetic variants with well
replicated evidence for association with a disease may not aid in clinical prediction, see
(Kraft et al. 2009; Jakobsdottir et al. 2009).) Studies that examine how genetic risk scores
combine with other risk information to predict disease outcomes will be needed to determine
their ultimate clinical utility (Belsky, Moffitt, and Caspi 2013). Parallel to this integration
genetic risk information into medicine, social scientists can test how genetic risk scores
combine with the elements of their research paradigms to improve understanding of social
and behavioral processes and their outcomes. Below we outline three applications of genetic
risk scores in social science research.

First, genetic risk scores can be used to study developmental processes. The DNA sequence
is fixed a birth. Most genetic research is conducted on large samples of adults. Genetic risk
score studies can shed light on what happens in between. For example, we studied how a
genetic risk score derived from GWAS of adult BMI related to processes of growth in-utero
(measured as birth weight), during infancy, and in childhood, and then tested whether early-
life growth mediated genetic influences on the pathogenesis of obesity in adolescence,
young adulthood, and middle life (Belsky et al. 2012). We found that children at high
genetic risk were born at similar weights to their low genetic risk peers, but subsequently
grew more rapidly. In turn, this rapid growth mediated genetic influence on obesity during
adolescence through midlife. Building on this finding, other researchers then showed that
increased appetite beginning early in childhood was one path through which genetic
influences contributed to accelerated weight gain, suggesting a potential intervention target
(Llewellyn et al. 2014; Belsky 2014). This same model can be applied to a range of
phenotypes. For example, we also studied genetic influences on smoking and asthma in this
way (Belsky, Moffitt, Baker, et al. 2013; Belsky, Sears, et al. 2013). And the phenotypes
need not be health-related. In the case of genetic discoveries for educational attainment
(Rietveld et al. 2013), genetic risk score studies could investigate genetic influences on
intermediate phenotypes such as academic performance, in-grade retention, disciplinary
actions, etc. and the extent to which these early developmental manifestations mediate
genetic influences on degree attainment.

Second, genetic risk scores can be used to study how genetic factors contribute to
relationships between behavioral and social processes and health outcomes. For example,
cognitive ability and certain personality traits are associated with risk of developing a range
of chronic physical and mental health problems (Israel et al. 2014; Meier et al. 2014; Jokela
et al. 2011). GWAS have identified many genetic variants predisposing to these chronic
physical and mental health problems (Hindorff et al.). Genetic risk score studies can test
whether psychological traits function to mediate or modify genetic influences in chronic
disease etiology. To our knowledge such studies have not yet been conducted. But proof of
concept can be seen in two recent studies showing that genetic risks discovered in GWAS of
schizophrenia are related to cognitive ability and cognitive decline (Mclntosh et al. 2013;
Lencz et al. 2014), although this finding remains contentious (van Scheltinga et al. 2013).
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Third, genetic risk scores can be used to study how individuals become exposed to certain
environments and what the outcomes of those exposures are, i.e. to study polygenic risk-
environment correlations (rGE) and interactions (GXE). rGE occurs where genetic risks are
patterned over specific social or physical environments. To our knowledge the only
published examples of polygenic rGE deal with the assortment of genetically similar
individuals into friendship and spousal pairs (Christakis and Fowler 2014; Domingue,
Fletcher, et al. 2014), but there is growing molecular genetic evidence that rGE is a real and
an empirically tractable phenomenon (Fowler, Settle, and Christakis 2011; Boardman,
Domingue, and Fletcher 2012; Conley et al. 2014). Now that data measuring individuals’
genomes and their the social and physical environments are available, analysis of rtGE
should be a priority.

GXE occurs where genetic differences between individuals cause variation in their responses
to certain social or physical environments (or vice versa). The best documented polygenic
GXE is of lifestyle risk factors modifying polygenic risk for obesity; physically active
individuals appear to be protected against polygenic risk for obesity, whereas those living a
sedentary lifestyle with unhealthy diet appear to be especially susceptible (S. Li et al. 2010;
Ahmad et al. 2013 Qi, Li, et al. 2012; Qi, Chu, et al. 2012). A second example is of trauma
exposure modifying polygenic risk for smoking (Meyers et al. 2013; Belsky, Moffitt, and
Caspi 2013). In these cases and for other emerging GxE findings, further research is needed
to refine causal inference about the specific environmental exposures that function to
mitigate or amplify genetic risks (Fletcher and Conley 2013; Moffitt, Caspi, and Rutter
2005). In addition, there are opportunities to investigate how genetic risks affect response to
social policy interventions (Fletcher 2012) and how genetic influences are shaped by
cultural and temporal contexts (Kim et al. 2010; Chiao and Blizinsky 2010; Demerath et al.
2013).

In our view, among the most important contributions to be made from the integration of
genetics into social science is improved understanding of the causes and means to treat
social gradients in health. We recognize that this is a controversial assertion. The specter of
eugenics movement looms large in our scientific history—rightly so we feel. But a healthy
regard for past sins need not impede progress, nor should concern for what that progress
might yield. If certain genetic risks are concentrated in population strata with high disease
burden, this is motivation for research to understand how those genetic risks operate and
how they can be mitigated. If genetic risks are not patterned in this way, it is a powerful
argument for modifying environments.

In a recent article in the American Journal of Public Health (Belsky, Moffitt, and Caspi
2013), we articulated 3 possible models of how genetic factors contribute to social gradients
in health (Figure 2): One possibility is that they do not. We call this model G+E: Genetic
and environmental risks make independent contributions to morbidity; social gradients arise
from a concentration of environmental risks in socially disadvantaged individuals. A second
possibility is that genetic risks may cause social gradients in health directly. We call this
model rGE: Genetic risks are unequally distributed in the population; social gradients arise
from a concentration of genetic risks in socially disadvantaged individuals. A third
possibility is that genetic risks may cause social gradients in health in interaction with
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environmental risks. We call this model GXE: Genetic risks are amplified by/ act to amplify
environmental risks; social gradients arise from synergies between genetic and
environmental risks.

These models are testable. GWAS have discovered hundreds of variants associated with the
chronic diseases that mediate social gradients in health. Genetic risk scores can translate
these discoveries into measurements that map directly to the distributions of genetic risk
hypothesized in each of the 3 models in Figure 2. Survey data together with a range of data
tracking air pollution (Logue et al. 2014), the built environment (Gordon-Larsen et al. 2006),
crime (Gomez et al. 2004), and even more sociologically evocative measures, such as of
neighborhood disorder and decay (Odgers et al. 2012), provide an unprecedented view of
social disadvantage. Studies that bring these data together are needed to chart a new course
for social science and genetics.

Conclusion

The genome represents a unique and valuable source of information for social scientists.
Genomic data are becoming available on an unprecedented scale. Analyzing such data has
been compared to drinking from a fire hose (Hunter and Kraft 2007). We view genetic risk
scores as a means of regulating the flow of genetic information into social science research
in a way that is both conceptually appealing and analytically powerful.
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Figure 1. Polygenic risk for complex health conditionsis continuously and normally distributed
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Figure 2. Three models of genetic contributionsto social gradientsin health
In each panel, the densities graph hypothesized distributions of polygenic risk (left-side y-

axis) and the slopes graph hypothesized associations between polygenic risk and morbidity
(right-side y-axis). Red lines show cases in which the distribution of polygenic risk (density)
or the genetic gradient in disease risk (slope) are the same in socially advantaged and
socially disadvantaged population strata. For example, in Models 1 and 3, the distribution of
polygenic risk is shared across social strata. Blue lines show where the distribution of
polygenic risk or the genetic gradient in disease risk are different in socially advantaged and
socially disadvantaged population strata. For example, in Model 2, the distribution of
polygenic risk is shifted to the right in the socially disadvantaged population stratum and to
the left in the socially advantaged population stratum (the socially disadvantaged population
stratum carries a higher burden of genetic risk as compared to the socially advantaged
stratum).
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