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SUMMARY

The power of genetic association studies to identify disease susceptibility alleles fundamentally
relies on the variants studied. The standard approach is to determine a set of tagging-SNPs
(tSNPs) that capture the majority of genomic variation in regions of interest by exploiting local
correlation structures. Typically, tSNPs are selected from neutral discovery panels, collections of
individuals comprehensively genotyped across a region. We investigated the implications of
discovery panel design on tSNP performance in association studies using realistically-simulated
sequence data. We found that discovery panels of 24 sequenced ‘neutral’ individuals (similar to
NIEHS or HapMap ENCODE data) were sufficient to select well-powered tSNPs to identify
common susceptibility alleles. For less common alleles (0.01-0.05 frequency) we found neutral
panels of this size inadequate, particularly if low-frequency variants were removed prior to tSNP
selection; superior tSNPs were found using panels of diseased individuals. Only large neutral
panels (200 individuals) matched diseased panel performance in selecting well-powered tSNPs to
detect both common and rarer alleles. The 1000 Genomes Project initiative may provide larger
neutral panels necessary to identify rarer susceptibility alleles in association studies. In the interim,
our results suggest investigators can boost power to detect such alleles by sequencing diseased
individuals for tSNP selection.
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INTRODUCTION

Extensive coverage of human genetic variation is now readily available (Frazer et al., 2007).
The existence of publicly available sequencing data from the NIEHS SNPs Program
(Livingston et al., 2004), SeattleSNPs (Carlson et al., 2004), HapMap ENCODE (HapMap
Consortium, 2005) and dense HapMap data (HapMap Consortium, 2003) have provided
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investigators with the means to more rigorously select variants for subsequent association
study. The utility of currently available genetic data resources is immense, and many
successful findings have resulted (Eeles et al., 2008, Salonen et al., 2007, Klein et al.,
2005). However, it is also important to recognize the limitations, especially with respect to
identifying the less common underlying variants that are sure to exist (Eberle et al., 2007,
Khoury et al., 2007). The common-disease, common-variant hypothesis is undergoing
scrutiny (Campbell & Manolio, 2007); some researchers suggest many rare functional SNPs
are likely major contributors to common disease susceptibility (Gorlov et al., 2008), and
genomewide association studies have uncovered only a very small proportion of the total
number of variants hypothesized to be involved (lles, 2008). Until such time as full genomic
sequencing of all individuals is technically and financially viable in association studies,
approaches to selecting tSNPs that increase power to detect rarer variants are needed.

Current resources were designed to target common population variants and sequencing and
genotyping map data are only publicly available for a limited number of individuals. For a
single ethnic/racial group, the maximum number with sequence data is 24 individuals
(Livingston et al., 2004, HapMap Consortium, 2005), and the maximum with map data is 60
unrelated individuals (Carlson et al., 2004, HapMap Consortium, 2003). The individuals in
these “discovery panels’ are ‘neutral’, that is, chosen without regard to disease status. The
distinct advantage of neutral discovery panels is that they are universally applicable.
However, it has been shown that small, neutral panels are inadequate to detect and
characterize the genomic variation surrounding less common alleles (Zeggini et al., 2005,
Iles, 2008), leading to sub-optimal tSNPs. This problem is exacerbated using tSNP selection
procedures that pre-screen variants by restricting consideration to only more common
variants (Zeggini et al., 2005). Larger neutral panels are better able to detect and
characterize genomic structure around less common variants, and we hypothesize that so too
will discovery panels consisting of affected individuals (diseased panels) as they are
enriched for susceptibility alleles and structure through more recently shared common
ancestry.

In our unique investigation, we simulated 1,000 replicates of a 250 kb genomic region using
a realistic coalescent model to study the limitations of current discovery panels. For a
spectrum of scenarios including a variety of underlying disease models, with varying
tagging-SNP protocols and data densities (sequencing or map data), we compared the
efficacy of tSNPs selected from diseased and neutral discovery panels of different sizes.

In each simulation, a population of 100,000 haplotypes were generated using ms software
(Hudson, 2002) and standard parameters: mutation rate of 108 per base per meiosis,
uniform recombination rate of 1 cM per Mb, and an effective population size of 10*
(HapMap Consortium, 2005, Phillips et al., 2003). For a spectrum of scenarios including a
variety of underlying disease models, with varying tagging-SNP protocols and data densities
(sequencing or map data), we compared the efficacy of tSNPs selected from diseased and
neutral discovery panels of different sizes. Nine single-locus disease models were explored
based on dSNP minor allele frequencies (MAFs) of approximately 0.20, 0.05, and 0.01 and
multiplicative genotypic relative risks (GRRs) of 1.2, 2.0 and 4.0 to represent small to
moderate effect sizes (Khoury et al., 2007, loannidis). A constant sporadic affected rate of
0.05 was assumed (Gloeckler Ries et al., 2003, Jemal et al., 2007). From the coalescent-
generated haplotypes in each simulation, a variant of appropriate MAF was randomly
selected as the dSNP. A range around each targeted MAF was determined to yield
approximately 20-30 variants within the specified range from which the dSNP was
randomly selected: for MAF of 0.20, 0.17-0.23; for MAF of 0.05, 0.47 to 0.53; and for
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MAF of 0.01, 0.009 to 0.011. Diploid individuals were created by sampling with
replacement from the haplotype population. Disease status was assigned based on the dSNP
genotype and disease model considered. Discovery panels of neutral individuals ignored
disease status; individuals in diseased panels were diseased. For each model, neutral and
diseased discovery panels of size 200, 100, 60 and 24 individuals and an independent
sample of 1,000 cases and 1,000 controls were generated. One thousand replicates were
generated for each.

SNP tagging software based on the pairwise linkage disequilibrium statistic r2, IdSelect
(Carlson et al., 2004) was used to select tSNPs from marker genotypes (with phase
removed) for each panel in each replicate. Either all variants were considered in the tagging
procedure (unrestricted), or only those above a MAF threshold of 0.01 or 0.05 (restricted).
An r2 threshold of 0.8 for binning SNPs was used. Hence, tSNPs selected should represent
all variants identified in the discovery panel with a minimum correlation of 0.8. For each
scenario, the correlation between tSNPs selected in each panel and the known disease SNP
(dSNP) were calculated in the 4,000 phase-known haplotypes from an independent sample
of 1,000 cases and 1,000 controls, and the best tSNP noted (highest r2). We chose r? as our
measure for correlation because it has been widely used in assessing tSNP performance
(HapMap Consortium, 2005, Frazer et al., 2007, Eberle et al., 2007), and is inversely
proportional to the sample size multiplier necessary to approximately maintain equivalent
power to the dSNP itself in an association analysis (Amos, 2007, Klein, 2007, Pritchard &
Przeworski, 2001). Across all 1,000 data replicates, the r? achieved or exceeded by 80% of
best tSNPs (20t percentile r2 value) was determined (r2gp). The r2gy measure was used to
compare the different scenarios and can be interpreted as the correlation that will be
achieved by the best tSNP with 80% probability. Due to non-normality, differences in rZgg
between panels were assessed using a two-sample Kolmogorov-Smirnov test (SAS v.9.1). A
Monte Carlo estimate (10,000 simulations) of the p-value was used as asymptotic results
may be unreliable when the distribution of the data is skewed, or heavily tied (Agresti,
1992). To assess the relative impact on power, 1/r2gy was used as the ‘sample size’
multiplier necessary to achieve a specified level of power (Thompson et al., 2003, Pritchard
& Przeworski, 2001).

In our realistically simulated regions, the frequency distribution and total number of variants
simulated closely matched that observed in the HapMap ENCODE regions. For the neutral
discovery panel of size 24, we observed an average of 441 SNPs in 1,000 replicates of 250
kb, or 1 per 567 bp (95%Cl, 1 per 563 to 571 bp), compared to 11,974 SNPs across
6,777,685 bp, or 1 per 566 bp averaged over all ENCODE regions in 16 CEU samples
(Thorisson et al., 2005).

Figure 1 illustrates findings for models with GRR of 2.0. If the dSNP is common (0.20),
neutral panels of all sizes performed well (all r2gy~0.90); diseased panels did not improve
tagging performance. For dSSNP MAF=0.05 and a panel size of 24, the diseased panel had a
significantly higher r2gq than the neutral panel (p<0.0001). Increasing the neutral panel size
to 60 significantly improved the performance (p<0.0001) and matched that of the disease
panel (both r2gy~0.90). Further increasing panel size provided no significant advantage. For
dSNP MAF=0.01, neutral panels of successive larger size significantly outperformed
smaller neutral panels (all p<0.0001). Diseased panels significantly outperformed same-
sized neutral panels until the largest panel (200 individuals), when their performance was
comparable (both r2gy~0.90). For models with GRR=1.2, diseased panels only outperformed
neutral for dSSNP MAF=0.05 at a panel size of 24. Successively larger neutral panels
increased performance; only a panel of 200 was able to achieve an r2gy~0.90 for both dSNP
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MAF 0.05 and 0.01 (Supplemental Figure 1 online). For GRR=4.0 results were qualitatively
the same as for GRR=2.0, but with comparably larger r2gy (Supplemental Figure 2 online).

We have thus far assumed that all variants would be considered in the tSNP selection
procedure (unrestricted selection). However, it is common practice to pre-screen and
exclude variants from the selection procedure based on MAF; for restricted selection, we
find the discovery panel type becomes increasingly important. For less common dSNPs,
restricted selection based on a pre-screen MAF threshold of 0.05 had severe consequences.
To illustrate the potential impact on sample size to maintain power, Figure 2 shows the
sample-size multiplier 1/r2gq for neutral and diseased panels of varying sizes, and dSNP
MAFs of 0.05 and 0.01 (GRR=2.0). Note that a binning criteria of r2>0.8 should lead to a
sample-size multiplier no higher than 1.25 if the dSNP is appropriately tagged. The
multiplier is <1.25 for unrestricted situations with panel size 200. For dSNP MAF=0.05,
only the diseased panel of size 200 performs well with restricted selection. For dSNP
MAF=0.01 (MAF threshold of 0.05) the tSNPs available are so poor that the multiplier can
increase to 8-10 in both neutral and diseased panels. Using restricted selection with a pre-
screen MAF threshold of 0.01 mitigates the loss of power, particularly in larger panels;
diseased panels of size 100-200 perform well, whereas the sample size multiplier was as
high as ~3 for same-sized neutral panels (Supplemental Figure 3 online).

Our simulations assume full sequencing with the dSNP position contained in the sequence
data. This fairly represents the HapMap ENCODE data and the 1000 Genomes Project
(National Institutes of Health, 2008) sequencing initiative; however, our results will be
optimistic for map data and or incomplete sequence data (unsequenced intronic or regulatory
regions). To address this, we repeated analyses removing the dSNP from the data (Figure 3).
The same relative patterns between panels were evident, but with substantially lower, ~30%
decreased r?gg values.

DISCUSSION

There is much empirical and theoretical evidence that rarer variants are involved in complex
diseases. Indeed, in studies with large sample sizes, targeting rare SNPs may be a better
strategy for identifying causal alleles than targeting common variation (Gorlov et al., 2008).
Based on ENCODE data, Gorlov, et al. (Gorlov et al., 2008) estimated that ~60% of SNPs
have MAF<0.05, and suggested that numerous rare functional SNPs are likely major
contributors to common disease susceptibility. Also, genomewide association analyses
performed thus far have uncovered only a very small proportion of the total number of
variants hypothesized to be involved in disease susceptibility (lles, 2008). The ENCODE
data are based on a maximum sequencing panel size of 16 individuals per racial/ethnic
group(HapMap Consortium, 2005) and the NIEHS/SeattleSNPs on sequencing panels of
maximum size 24 (Carlson et al., 2004, Livingston et al., 2004). Our results, and those of
others (Zeggini et al., 2005, lles, 2008), indicate that currently available neutral discovery
panels are adequate to tag common variants (e.g. MAF 0.20), but not less common variants
(MAF 0.01-0.05). Of course, full genomic sequencing for all individuals will eventually
obviate the need for the use of tSNPs in analyses. However, until this is technically and
financially viable, approaches to selecting tSNPs that increase power to detect rarer variants
are needed. Our approach, similar to others, was to use r? to assess power differences. In
contrast to single-locus, pairwise tagging strategies, it has been demonstrated that multi-
locus tagging approaches may tag rarer variants with greater success (Zeggini et al., 2005).
We explored the efficacy of diseased vs. neutral discovery panels in a multi-locus
framework using Haploview (Barrett, et al. 2005) with a subset of simulated data. Similar to
our observations based on a pairwise approach, diseased panels outperformed neutral panels
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when panel size was small (24 individuals) and the underlying susceptibility allele was less
common (MAF 0.01-0.05).

Our novel investigation suggests that although not a panacea, using diseased discovery
panels can produce superior tSNPs for association studies when compared to same-sized
neutral panels when the underlying susceptibility allele is rare. In the majority of scenarios,
diseased panels of 24-60 individuals provide significantly better tSNPs for alleles in the
0.01-0.05 range compared to equivalent neutral panels. A large neutral discovery panel of
~200 individuals is required to provide >0.8 probability that a tSNP will be highly correlated
with a rare dSNP (0.01-0.05), compared to a panel of 100 diseased individuals. Similarly to
others (Zeggini et al., 2005, Klein, 2007) we also find that the common practice of pre-
screening based on MAF to exclude variants from the selection procedure below a specified
threshold leads to tSNPs with much lower correlation with underlying dSNPs and can
therefore have severe consequences for the ability to detect less common susceptibility
alleles. We show that this problem persists even if diseased discovery panels are used,
although the negative effect is not as exaggerated. This questions the benefit of genotyping
fewer tSNPs with a restricted selection since to regain equivalent power it necessitates
genotyping on much larger resources —increasing to sample sizes only available via large
collaborative efforts. Finally, it is clear that full sequence data is essential to adequately tag a
region of interest (Tantoso et al., 2006); our results also show that tSNP performance
declines substantially if the underlying susceptibility allele is unavailable as might occur
with map or incomplete sequence data, in both neutral and diseased panels. The 1000
Genomes Project aims to resequence the genomes of at least 1000 unrelated individuals
across several racial/ethnic populations (National Institutes of Health, 2008). This effort will
provide a valuable resource to develop the next generation tSNPs sets, especially for
populations represented by at least 200 individuals. However, before this new resource is
realized, our results indicate that investigators can increase their power to detect rarer
disease susceptibility variants by sequencing disease discovery panels to supplement tSNP
selection. This approach may be especially helpful for following up specific regions of
interest.

As we embrace a paradigm that includes rare alleles as some researchers suggest (Campbell
& Manolio, 2007, lles, 2008, Gorlov et al., 2008), tSNP selection will need to be revisited.
Our novel investigation indicates that sequencing 24—60 diseased individuals and
implementing unrestricted tSNP selection may be a useful endeavor to significantly increase
the efficacy of the tSNPs for detecting rarer susceptibility variants for many genetic models.
Furthermore, our study clearly illustrates the superiority of full sequencing in the discovery
panel and unrestricted tSNP selection procedures in this regard, which are necessary for
adequate tSNP performance even if diseased panels are used. The completion of the
production phase of the 1000 Genomes Project anticipated in 2011 will certainly provide a
new generation of universally useful tagging sets, and provided that the population-specific
panels sequenced are at least of size 200, these sets will adequately tag not only common
susceptibility alleles, but also rare variants that may have low to moderate effect sizes. In the
interim, however, we must be aware of the limitations, or use alternate approaches to combat
them. Including diseased individuals in discovery panels is a unique approach that
investigators can use to boost their power to detect rarer alleles.

WEB RESOURCES

The National Institute of Environmental Health Sciences Environmental Genome Project
homepage is available at http://egp.gs.washington.edu/. The HapMap homepage is available
at http://www.hapmap.org/. The SeattleSNPs homepage is available at
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http://pga.gs.washington.edu/. The 1000 Genomes Project homepage is available at
http://www.1000genomes.org/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Comparison of discovery panels using r2gy (multiplicative GRR 2.0). (a) dSNP MAF of
0.20. (b) dSNP MAF of 0.05. (c) dSNP MAF of 0.01. Circles indicate a two-sample
Kolmogorov-Smirnov (KS) D-statistic p-value<0.0001, diseased vs. neutral panel of the
same size. Triangles indicate two-sample KS D-statistic p-value<0.0001, neutral panel vs.
neutral panel of the next smallest size.
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Figure 2.

Comparison of sample size multiplier 1/r%g for restricted (R) and unrestricted (U) tSNP
selection procedures. Restriction is based on a pre-screen MAF threshold of 0.05. Genetic
models with dSNP MAFs of 0.01 and 0.05 (multiplicative GRR 2.0) are illustrated.
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Figure 3.

Comparison of discovery panels using r2gy and dSNP removed from the data (multiplicative
GRR 2.0). (@) dSNP MAF of 0.20. (b) dSNP MAF of 0.05. (c) dSNP MAF of 0.01. Circles
indicate two-sample KS D-statistic p-value<0.0001, diseased vs. neutral panel of the same
size. Triangles indicate two-sample KS D-statistic p-value<0.0001, neutral panel vs. neutral
panel of the next smallest size.
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