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Abstract

Although a highly heritable and disabling disease, bipolar disorder’s (BD) genetic variants have been challenging to identify.
We present new genotype data for 1,190 cases and 401 controls and perform a genome-wide association study including
additional samples for a total of 2,191 cases and 1,434 controls. We do not detect genome-wide significant associations for
individual loci; however, across all SNPs, we show an association between the power to detect effects calculated from a
previous genome-wide association study and evidence for replication (P=1.5x10""). To demonstrate that this result is not
likely to be a false positive, we analyze replication rates in a large meta-analysis of height and show that, in a large enough
study, associations replicate as a function of power, approaching a linear relationship. Within BD, SNPs near exons exhibit a
greater probability of replication, supporting an enrichment of reproducible associations near functional regions of genes.
These results indicate that there is likely common genetic variation associated with BD near exons (=10 kb) that could be
identified in larger studies and, further, provide a framework for assessing the potential for replication when combining
results from multiple studies.

Citation: Smith EN, Koller DL, Panganiban C, Szelinger S, Zhang P, et al. (2011) Genome-Wide Association of Bipolar Disorder Suggests an Enrichment of
Replicable Associations in Regions near Genes. PLoS Genet 7(6): €1002134. doi:10.1371/journal.pgen.1002134

Editor: Greg Gibson, Georgia Institute of Technology, United States of America
Received November 26, 2010; Accepted April 29, 2011; Published June 30, 2011

This is an open-access article, free of all copyright, and may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for
any lawful purpose. The work is made available under the Creative Commons CCO public domain dedication.

@ PLoS Genetics | www.plosgenetics.org 1 June 2011 | Volume 7 | Issue 6 | e1002134



BD GWAS Suggests Enrichment near Genes

Funding: This work was supported by grants from the NIMH and NHGRI to JRK (MH078151, MH081804, MH059567 supplement) and by the Genetic Association
Information Network (GAIN). This work was additionally funded in part by the NIMH Intramural Research Program (FJM and TGS). WHB was supported by a grant from the
Tzedakah Foundation, a grant from NIH (RO1 MH59553), and a grant from Philip and Marcia Cohen. ENS, CSB, SSM, and NJS are supported in part by the Scripps
Translational Sciences Institute Clinical Translational Science Award [NIH/NCRR Grant Number UL1T RR025774] and Scripps Genomic Medicine. DWC and CP would like to
acknowledge the Stardust foundation. Follow-up genotyping was performed in the laboratory of HJE at Indiana University School of Medicine. Data and biomaterials
were collected in four projects that participated in the National Institute of Mental Health (NIMH) Bipolar Disorder Genetics Initiative. From 1991-1998, the Principal
Investigators and Co-Investigators were: Indiana University, Indianapolis, IN, U01 MH46282, John Nurnberger, M.D., Ph.D., Marvin Miller, M.D., and Elizabeth Bowman,
M.D.; Washington University, St. Louis, MO, U01 MH46280, Theodore Reich, M.D., Allison Goate, Ph.D., and John Rice, Ph.D.; Johns Hopkins University, Baltimore, MD UO1
MH46274, J. Raymond DePaulo, Jr., M.D., Sylvia Simpson, M.D., MPH, and Colin Stine, Ph.D.; NIMH Intramural Research Program, Clinical Neurogenetics Branch, Bethesda,
MD, Elliot Gershon, M.D., Diane Kazuba, B.A., and Elizabeth Maxwell, M.S.W. Data and biomaterials were collected as part of ten projects that participated in the National
Institute of Mental Health (NIMH) Bipolar Disorder Genetics Initiative. From 1999-2007, the Principal Investigators and Co-Investigators were: Indiana University,
Indianapolis, IN, R0OT MH59545, John Nurnberger, M.D., Ph.D., Marvin J. Miller, M.D., Elizabeth S. Bowman, M.D., N. Leela Rau, M.D., P. Ryan Moe, M.D., Nalini Samavedy,
M.D., Rif EI-Mallakh, M.D. (at University of Louisville), Husseini Manji, M.D. (at Wayne State University), Debra A. Glitz, M.D. (at Wayne State University), Eric T. Meyer, M.S.,
Carrie Smiley, R.N., Tatiana Foroud, Ph.D., Leah Flury, M.S., Danielle M. Dick, Ph.D., Howard J. Edenberg, Ph.D.; Washington University, St. Louis, MO, RO1 MH059534, John
Rice, Ph.D, Theodore Reich, M.D., Allison Goate, Ph.D., Laura Bierut, M.D.; Johns Hopkins University, Baltimore, MD, RO1 MH59533, Melvin Mclnnis M.D., J. Raymond
DePaulo, Jr., M.D., Dean F. MacKinnon, M.D., Francis M. Mondimore, M.D., James B. Potash, M.D., Peter P. Zandi, Ph.D, Dimitrios Avramopoulos, and Jennifer Payne;
University of Pennsylvania, PA, RO1 MH59553, Wade Berrettini M.D., Ph.D.; University of California at Irvine, CA, ROT MH60068, William Byerley M.D., and Mark Vawter M.D.;
University of lowa, IA, ROT MH059548, William Coryell M.D., and Raymond Crowe M.D.; University of Chicago, IL, R0O1 MH59535, Elliot Gershon, M.D., Judith Badner Ph.D.,
Francis McMahon M.D., Chunyu Liu Ph.D., Alan Sanders M.D., Maria Caserta, Stephen Dinwiddie M.D., Tu Nguyen, Donna Harakal; University of California at San Diego, CA,
RO1 MH59567, John Kelsoe, M.D., Rebecca McKinney, B.A,; Rush University, IL, RO1T MH059556, William Scheftner M.D., Howard M. Kravitz, D.O., M.P.H., Diana Marta, B.S.,
Annette Vaughn-Brown, MSN, RN, and Laurie Bederow, MA; NIMH Intramural Research Program, Bethesda, MD, 1Z01TMH002810-01, Francis J. McMahon, M.D., Layla
Kassem, PsyD, Sevilla Detera-Wadleigh, Ph.D, Lisa Austin, Ph.D, Dennis L. Murphy, M.D. Data and biomaterials from the NIMH GI (Genetics Initiative) MGS2 (Molecular
Genetics of Schizophrenia) control sample were collected by NorthShore University HealthSystem, Evanston, IL, R0OT MH59571, Pablo V. Gejman, M.D. (Collaboration
Coordinator; Pl) as part of a collaborative R01 application comprised of ten sites. From 2003-2006, the Principal Investigators and Co-Investigators were: NorthShore
University HealthSystem, Evanston, IL, RO1T MH59571, Pablo V. Gejman, M.D. (Collaboration Coordinator; PI), Alan R. Sanders, M.D.; Emory University School of Medicine,
Atlanta, GA, ROT MH59587, Farooq Amin, M.D. (PI); University of California, San Francisco, CA, R01T MH60870, William F. Byerley, M.D. (PI); University of lowa, lowa, IA, RO1
MH59566, Donald W. Black, M.D. (P1), Raymond R. Crowe, M.D.; Washington University, St. Louis, MO, RO1 MH60879, C. Robert Cloninger, M.D. (PI); University of Colorado,
Denver, CO, R01 MH59565, Robert Freedman, M.D. (Pl), Ann Olincy, M.D.; Stanford University, Palo Alto, CA, R01 MH61675, Douglas F. Levinson, M.D. (Pl); Louisiana State
University, New Orleans, LA, RO1 MH67257, Nancy G. Buccola, APRN, BC, MSN (PI); University of Queensland, Brisbane, Queensland, Australia, RO1 MH59588, Bryan J.
Mowry, M.D. (PI); Mt. Sinai School of Medicine, New York, NY, R01 MH59586, Jeremy M. Silverman, Ph.D. (PI). The funders had no role in study design, data collection and

analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: jkelsoe@ucsd.edu (JRK); nschork@scripps.edu (NJS); dcraig@tgen.org (DWC)

Introduction

Genome-wide association studies (GWAS) have been responsi-
ble for the elucidation of hundreds of loci associated with common
human diseases, in some cases aiding in the prediction of
individual disease susceptibility, but primarily allowing for a better
biological understanding of disease [1,2]. Although effect sizes of
associated variants identified in these studies have been small to
modest, it has been suggested that many more loci of even smaller
effect may be detected with larger datasets [3] based on the
distribution of associated variant frequencies and effect sizes and,
in the case of height, these non-significant effects can add up to a
large proportion of the variance explained [4]. This has been
borne out with recent GWAS using hundreds of thousands of
individuals [5-7]. A challenge is determining whether additional
samples are worth genotyping for common variation when initial
results with modest sample sizes do not result in genome-wide
significant effects. Here, we analyze effects across multiple GWAS
with sub-significant P-values to determine whether there is a true
underlying genetic signal tagged by common variation present
across studies. Since true effects will tend to replicate across studies
as a function of power, we can test the hypothesis that there is an
underlying genetic signal for a trait by testing whether replication
of an association with a variant across studies is a function of the
power to detect that variant based on that variant’s frequency and
effect size as determined from a single study. It has been suggested
as an alternative to a Bonferroni-based approach to genome-wide
significance that P-values be interpreted in the context of power
[8]. We assume that the association statistics in a previous study
provide prior information about the potential for replicability of
associations, by estimating the power to detect SNP effects from
the frequency and effect sizes determined in an initial data set on a
SNP-by-SNP basis and then testing associations with those SNPs
In a test data set, and can thereby focus on the variation that is
most likely to be truly associated.
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Bipolar disorder (BD) is a major psychiatric disorder affecting
approximately 1% of the population. Patients with BD suffer
extreme mood swings between mania and depression, and 17%
suicide. BD is highly heritable, but has not easily yielded genetic
loci from family and population based mapping strategies [9,10].
Multiple genome-wide association studies [11-14] have highlight-
ed compelling candidates for BD without reaching genome-wide
significance. ANR3 and CACGNAC! were identified at genome-wide
significance through the combination of multiple GWAS [15], and
a meta-analysis identified a region at 3p21.1 associated with a
combined sample of individuals with BD or major depressive
disorder [16]. Intriguing, however, are results that suggest a shared
polygenic basis with schizophrenia, with effects over many loci,
each contributing a small effect [17]. By considering the
development and application of a multilocus schizophrenia-based
genetic risk ‘score’ across many SNPs — many that were not
significant in a single locus analysis — Purcell et al. [17] were able
to predict BD case-control status with a non-zero probability,
indicating a probable polygenic basis for Schizophrenia. In this
work, we assess the relationship between the power to detect a
SNP based on association statistics observed in one study and
replication in another study. We assess this relationship in a way
that allows for the assessment of collections of SNPs in defined
genomic regions in order to test hypotheses about the nature of
genetic variation mediating BD susceptibility.

We apply this strategy to new BD GWAS data to show that it is
possible to identify replicable genetic signals in circumscribed
regions of the genome that would not be captured by single locus
analyses in a single GWAS data set at genome-wide significance
levels. Essentially, we assess the consistency of effects at different
loci across studies by calculating the power to detect an effect in a
“discovery” study and comparing the results to observed
associations in a ‘“‘test” study. Power encompasses both allele
frequency and penetrance or effect size, and therefore is a single
measure of the likelihood of replication. If there is a true
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Author Summary

Bipolar disorder (BD) is a highly heritable disease that has
been difficult to characterize genetically. We have geno-
typed 1,190 BD cases and 401 controls to find regions of
the genome associated with BD. After combining these
data with previously existing genotyped samples, we did
not find any genome-wide significant associations. How-
ever, when we used an additional study to prioritize loci
for replication and meta-analysis purposes, we found that
we were more likely to see an association in our sample
with variants for which we had the highest power. We
quantified this effect using logistic regression and saw a
strong association between power to detect an effect
based on an initial study’s results and replication P-value in
a second study (P=1.5x10""7), supporting the presence of
shared genetic risk factors across the studies. Moreover,
this association was stronger when we restricted analysis
to SNPs near coding regions, and it was further enriched
when SNPs had the same direction of effect in both
studies. This result supports the presence of genetic
factors underlying BD near exons whose collective effect
results in a detectable signal and provides a framework for
assessing the potential for replication when combining
results from multiple studies.

underlying signal common to the two datasets that is tagged by
common variation interrogated in the genotyping chips used in the
studies, then one would expect to see greater evidence for
replication at loci for which there is greater power to detect an
effect. If there were no true underlying signal, one would expect to
see no association between power calculated from an initial study’s
findings and replication in an independent data set. Because we
characterize trends across many SNPs without identifying
individually significant effects, this approach has similarities to
the false discovery rate [18] approach, but uses an unrelated study
to prioritize markers.

Results

We first considered the results of an association study involving
1,190 newly genotyped BD cases from the Bipolar Genome Study
(BiGS) and 401 controls, referred to as the “TGEN’ sample (Table
S1). These samples were collected through the same mechanisms
as 1,001 cases and 1,033 controls of European Ancestry genotyped
through the GAIN initiative [12]. However, while most of the
samples in GAIN were collected as part of extended families or
sib-pairs, the TGEN samples were primarily selected without
regard to family history. We combined the GAIN and TGEN
samples, for a total of 2,191 BD cases and 1,434 controls. We
performed GWAS (Figure S1) and report the top regions at
P<107> (Table S2 and Figure S2). Although none of the
associations reached genome-wide significance of 5x107%, we
note that 1 SNP in the region near the voltage-dependent calcium
channel gene CACNA2DI was associated at P=59x107°
(rs2367911). A related gene, CACNAIC, reached genome-wide
significance in a large meta-analysis [15], but was not significant in
this study (Table S3). We assessed replication of loci implicated in
other GWAS and show consistent support with the imputed SNP
rs10994336 at ANK3 (P=0.02), as well as the genotyped SNP
rs9804190 (P =0.02) that has been suggested to signal an alternate
allele [14] (Table S3). We performed a fixed effects meta-analysis
with SNPs that overlapped in the Wellcome Trust Case Control
Consortium (WTCCC) [8] BD dataset (Figure S1 and Table S4).
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There were no genome-wide significant associations, with the
strongest association at chromosome 2 (peak SNP rs12618769,
P=1.0x10"%). Although many of the top associations changed,
there was an overall high correlation (r=0.42) between —log P-
values across the GAIN-TGEN and GAIN-TGEN-WTCCC
meta-analyses. We scored individuals in the GAIN+TGEN study
based on the observed odds ratios in WT'CCC across all markers
to test for polygenic effects [17]. We saw a significant association
when all SNPs, SNPs pruned for linkage equilibrium (r*<0.5), or
SNPs pruned for independent associations using PLINK’s
“clump” procedure were used (Al P=2.3x10"%° LE:
P=1.7x10"", clumped: P=5.9x10"'%), with all SNPs explain-
ing 3.3% of the variation in diagnosis (Figure S3).

Because the multilocus scoring method suggested an underlying
polygenic influence on BD, that did not include SNPs that were
individually significantly associated with BD at genome-wide
significance levels, we hypothesized that we were underpowered to
detect single locus effects given our sample size. If, however, effect
sizes for the SNPs have been well estimated in the GWAS
considered, then we would expect that we would observe
assoclations in one data set as a function of power to detect
effects based on information obtained in a different data set; i.e.,
variants that we have 80% power to detect based on one data set
will be observed to be associated 80% of the time in other data
sets. We thus assessed the power to detect SNP effects obtained in
one GWAS data set and applied this information to others (Figure
S4). To do this, we estimated effect sizes based on a discovery
GWAS data set, calculated power to detect those effects, and
tested whether SNPs with the greatest power exhibited replicable
associations in a second GWAS dataset.

As a proof of principle of this strategy, we considered data from
a recently published meta-analysis on height [19]. Up to 53,394
individuals were genotyped on a cardiovascular disease-focused
array [20], which contains 49,320 SNPs. These results were
followed up in 37,052 additional samples genotyped on the same
array. For each SNP, we calculated power to detect the effect in
the test sample based on the effect, allele frequency, and standard
deviation of height in the discovery sample. We show a strong
association with almost a linear relationship between power and
replication (Figure 1). If the discovery data set is restricted to fewer
people, worsening the estimate of the effect size, the association
decays (Figure 1). These results suggest that if the discovery sample
is large enough to give a good estimate of the effect size, then we
should expect replication to show a linear relationship with power.
We verified this by simulating hypothetical data based on the effect
sizes observed a sample of SNPs chosen from the BD and height
data sets and show that if the observed effects were real, that we
would expect to see replication rates linearly associated with power
approximating a slope of 1 (Figure S5).

We applied this test to our BD samples. Of the SNPs that were
shared between the WTCCC and GAIN-TGEN, we had 60% or
higher power at an alpha of 0.05 to detect associations of the same
or larger effect at only 7,277/364,259 (2.0%) SNPs, if the
WTCCC effect sizes were true. We tested the hypothesis that the
probability of association at P<<0.05 in GAIN+TGEN was
associated with the power to detect them based on the WI'CCC
data using logistic regression. We found that we were more likely
to replicate associations at P<<0.05 when we had more power to
detect them (Figure 2, blue line; logistic P=1.5x10"7). This P-
value does not require multiple-testing correction since we are not
analyzing SNPs individually, but are rather testing a single
hypothesis: the correlation between power based on one study and
association strength in another. This trend was not observed when
case/control status was permuted in the GAIN+TGEN combined
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Figure 1. Replication as a function of power in height meta-analysis. Power to detect associations in test data sets was calculated based on
observed effects in discovery subsets of the IBC height collection and is plotted against association at P<<0.05 in the test data. Lines are smoothed
splines indicating the proportion of SNPs that replicate at P<<0.05 across varying power. Smaller subsets of the discovery data set are shown in

rainbow colors.
doi:10.1371/journal.pgen.1002134.g001

sample (Figure 2, green line; P=0.32). When we restricted our
analysis to a subset of SNPs that are in linkage equilibrium
(r?<0.5), we still see a significant association (P=0.01). These
results are consistent with the notion that multiple variants, each
likely of small effect, contribute to BD. It might also be the case
that the genotyped loci are tagging multiple rare variants that
contribute to a polygenic effect [21]. Excluding regions covering
ANK3, CACNAIC, and 15ql4 (+/—1 Mb) that have been
highlighted in a meta-analysis of BD GWAS [15] did not
attenuate the association (logistic P=1.4x1077). This indicates
that there is an underlying genetic signal for BD shared between
the WICCC and GAIN+TGEN studies within yet-to-be-
described regions that are tagged by common variation.

We estimated the number of SNPs driving this effect by
counting the excess SNPs in the highest power deciles (Figure S6).
Among SNPs for which we have 60% power or higher, we observe
503/7,277 (6.9%) associated at P<<0.05. This is an excess of 89
SNPs more than the 414 that we would expect from the average
rate of replication across all SNPs, 5.69%. Since the majority

@ PLoS Genetics | www.plosgenetics.org

(4147503, 82%) of the SNPs are likely to be false, however, we
cannot specifically identify which SNPs are contributing to the
excess association. Additionally, since some of these SNPs are not
independent, we cannot say how many loci might be causally
associated with BD.

Recent advances in sequencing and exon targeting have made
exon sequencing more feasible. We tested whether there was an
excess of replicating SNPs near coding regions. We stratified the
SNPs by their location relative to exons (within 2 kb; this
amounted to 15% of all SNPs). We then tested whether SNPs
near exons showed stronger associations between discovery set-
based power to replicate and test set replication (Iigure 2, black
line). At the higher levels of discovery-based power, a higher
proportion of SNPs near exons yielded P<<0.05 than did SNPs
that are further away from exons (Figure 2, red line). We
quantified this difference using logistic regression, testing the
interaction between power and whether a SNP was close to an
exon (logistic regression SNP location xpower interaction,
P=7.8x10"%. Extending the distance between SNP and exon
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to 25 kb attenuated the enrichment at higher power levels
(Figure 2, purple line), but the interaction term remained
significant (P=8.4x107°). When we investigated a range of
distances, the enrichment was strongest up to 10 kb, but SNPs
within exons were not enriched for replication (Figure S7). This
is consistent with variation in nearby sequences, possibly
regulatory in nature, being associated with the disease. This
suggests that the regions near exons are likely to be enriched for
variants associated with BD. This does not imply that disease-
associated variation is exonic, but that the portion of the genome
that is near genes also contains proportionally more variation
likely to be associated with disease.

As a negative control, we used power derived from phenotypes
in the WI'CCC other than BD and performed the same tests
(Table 1). These other phenotypes did not show the same level of
reproducibility as BD, although some P-values were observed at
P<0.05/7, these were weak compared to the BD-derived values.
This suggests that the enrichment of associated SNPs is specific to
BD. SNPs were more likely replicate at P<<0.05 if the effects seen
in GAIN+TGEN were in the same direction as those seen in
WTCCC (P=1.8x10"2", Table S5). This effect was also
dependent on power, consistent with true associations having the
same direction of effect (P=1.9x10"°%). Using other WI'CCC
phenotypes as input, we usually saw no association between the
consistency of direction of effect and replication in GAIN+TGEN
(Table S5). We did see an association with Crohn’s Disease
(P=3.0x10"%), but this effect was independent of power
(interaction P=0.65). These less strongly associated relationships
could be explained by subtle underlying shared genetics, but may
also be artifactual as they were not consistent with patterns
observed with overall genotype correlations showing similarity
between BD, CAD, and T2D [22].

While the use of P-value<<0.05 represents a moderately
stringent cutoff, showing effects in the same direction is a less
stringent criterion. If we restrict our analyses to only those SNPs
where effects were in the same direction in both studies, we see
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even stronger associations with BD and no association with the
other phenotypes (Table 1). The association with power is similarly
enriched (Figure 2). This adds support for the observation that
these effects are consistent across studies that are likely to reflect
underlying true variation associated with BD.

SNPs with very high power (>90%) based on WI'CCC BD
effects were less likely to replicate than SNPs at powers between
80-90%. In addition to noise due to smaller numbers of SNPs at
the higher level, there may be artifactual associations in the
strongest associations of the WI'CCC: many of the top associated
SNPs in the original study required filtering, but cluster plots were
not inspected for those associations that were not at P<1077 [8].
We switched the sample used to calculate power, using GAIN+T-
GEN as the basis for the OR and MAF, and calculated association
in the WT'CCC sample, and did not see this effect (Figure S8). The
overall association is significant, albeit weaker (Ppower=0.002,
Piocation spowser interaction = 2:0X1077).

Discussion

We report a complementary approach to standard meta-analysis
when there is an existing, unrelated study that can be leveraged to
assess the consistency of effects across studies. This analysis does not
specify which SNPs are associated, but investigates trends among
the SNPs and their association strengths. By analyzing results in the
context of what one study suggests is the power to detect effects in
another study, association signals likely to be of functional
significance can be better partitioned.

Using an analysis of height GWAS data as a proof-of-principle,
we showed that with enough samples in the discovery data set
there was an almost linear relationship between replication P-
values and power based on variant and effect size information
obtained in a separate sample with a slope of 1. However, we did
not see as strong of an effect with BD. This could be due to the
small sample size in WI'CCC-BD, relative to the height data we
had at our disposal; the association may increase with sample size.
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Table 1. P-values for association between power based on WTCCC GWAS and replication in the GAIN+TGEN study is significant for
BD and dependent on the location of the SNPs relative to exons.

Model Predictor SNP subset BD cD CAD HT RA T1D T2D
| power All 1.5%x1077 0.051 0.621 0.605 0.009 0.101 0.003
Il power All 0.003 0.059 0.048 0.743 0.026 0.192 0.096
Il near exon All 0.008 0.534 0.017 0.867 0.876 0.894 0.140
It powerXnear exon All 1.7x107° 0.785 1.1x107* 0.722 0.710 0.681 0.009
] power Same Direction 7.0x107 "3 0.080 0.347 0.195 0.692 0.896 0.306
\" power Same Direction 9.2x107° 0.187 0.048 0.076 0.265 0.469 0.366
\% near exon Same Direction 7.0x10°* 0.799 0.261 0.607 0.578 0.526 0.270
\% powerXnear exon Same Direction 8.7x10—7 0.523 0.005 0.159 0.068 0.159 0.957

2 diabetes.
doi:10.1371/journal.pgen.1002134.t001

In this analysis, we assume that the same variation that is likely
to be causal in one study is likely to be causal in the other, and
that both studies have similar linkage disequilibrium structure.
Population-specific variation or variation that has population-
dependent effects would not be expected to replicate to the same
extent. Phenotypic heterogeneity across populations, which may
be more of a challenge for psychiatric diseases than it is for height,
will also contribute to low levels of replication. In the case of
heterogeneity, one would expect that the relationship between
replication and power would not approach a slope of 1 as sample
size increases.

Although we use common variation to tag these associations,
the underlying functional variation may be rare or common, as
collections of rare variants of stronger effect can produce an
association signal consistent with observed effect sizes [21].
Further studies that include deep sequencing would be required
to identify these variants. As applied to BD, this analysis supports
the presence of replicable and potential functional variation
associated with BD that is enriched in regions near genes.
However, the enrichment signal was not present within exons
but rather was observed only when regions up to 10 kb around
exons were included in the analysis. This suggests that
sequencing of individuals with BD should include noncoding
regions near genes.

The model of polygenic inheritance suggests that there are
many loci throughout the genome, each with small effect, that
influence phenotypic expression. Our result for BD does not rule
out the model of many loci, but suggests that for this disease, truly
associated variation may be enriched near genes. Thus, the genetic
architecture of BD that is tagged by common variation does not
appear to be evenly distributed throughout the genome, but may
reside in circumscribed regions.

Many recent studies have been pursued to better understand if
non-genome-wide significant variation can still be considered to
harbor phenotypically-relevant information. For example, Yang
et al. [4] quantified variation explained by all SNPs by fitting a
single regression model that included thousands of variants in
order to assess the collective effect of these variants on height and
estimated the variation in height explained by these variants. Park
et al. [3] took a different approach and used the distribution of
effect sizes at genome-wide significant loci in conjunction with the
power to detect those effects to extrapolate the distribution of
undetected genetic loci. Our approach differs from these methods
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in a number of ways. First, we do not require individual level data
and only require summary level results, which can obviate the
need for individual data use restrictions. Second, we do not require
genome-wide significant results to estimate a true effect size
distribution, which is helpful when there are few to no significant
associations. Third, because the replication vs. power relationship
approaches a slope of 1 when the effect sizes are real and
reproducible, this approach provides and alternative framework
for understanding the extent of the reliability of signals even when
they are not genome-wide significant.

Given the number of inconclusive GWAS with marginal results
in need of interpretation, we feel that the approach described in
this paper provides an important tool for assessing whether there is
an underlying genetic basis for a phenotype and/or whether
additional samples might be needed to detect genetic associations.
Studies that are too underpowered to detect any replication signal,
however, may require additional samples before applying this
approach. Additionally, in the context of sequence data, specific
groups of variants can be tested for stronger associations between
power and replication. The method is easy to apply in the context
of a meta-analysis where association results are present for large
numbers of SNPs.

Materials and Methods

Ethics Statement

All eleven collection sites in the BiGS Consortium received IRB
approval for subject ascertainment, assessment, and collection of
DNA for genetic studies. All participating subjects signed a
statement of informed consent.

Study Subjects

The subjects used in the GAIN [12] and WTCCC [8] samples
have been previously described. The TGEN cases consisted of
unrelated individuals from the “Wave 5 collection of the Bipolar
Consortium, which included 1,310 unrelated DNA samples from
families ascertained through probands with DSM IV-defined BPI
disorder [12], 1,190 of which ultimately passed QC measures.
While GAIN samples were primarily from larger families with
multiple BD cases or sib-pairs, TGEN samples were primarily
population-based and were not required to have a family history.
Controls were collected by NorthShore University HealthSystem,
Evanston, IL, ROl MH59571, Pablo V. Gejman, M.D. (Collab-
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oration Coordinator; PI) as part of a collaborative RO1 application
comprised of ten sites (see Acknowledgements).

Genome-Wide SNP Genotyping

Genomic DNA samples were analyzed on the Genome-Wide
Human SNP 6.0 Array (Affymetrix, Inc. Santa Clara, CA)
according to the manufacturer’s protocols (Affymetrix Genome-
Wide Human SNP Nsp/Sty 6.0 User Guide;Rev. 1 2007).
Before the initiation of the assay, 50 ng of genomic DNA from
each sample was examined qualitatively on a 1% Tris-acetate-
EDTA agarose gel for visual signs of degradation. Any degraded
DNA samples were excluded from further analysis (~3%).
Samples were quantitated by Spectrometry and diluted to
50 ng/pl in reduced EDTA TE buffer (10 mM Tris HCL,
0.1 mM EDTA, pH 8.0). 250 ng of DNA was then aliquotted
into two 96-well reaction plates and digested with either Sty or
Nsp restriction enzymes (New England Biolabs, Inc. Ipswich,
MA) for 2 hours at 37°C followed by 65°C for 20 min. Sty and
Nsp digested samples were then ligated to either the Sty 1 or the
Nsp 1 adaptor (Affymetrix), respectively, with T4 DNA Ligase
(New England Biolabs) for 3 hours at 16°C then 20 min at 70°C.
The ligated samples were then diluted in molecular-grade water
and subaliquotted into 3 (Sty) or 4 (Nsp) 96 well PCR plates.
PCR was performed using PCR Primer 002 (Affymetrix) and
Titanium Taq DNA Polymerase (Clontech, Mountain View,
CA) with the following thermal cycling parameters: 1. 94°C for
3 min., 2. 30 cycles of 94°C for 30 sec., 60°C for 30 sec., and
68°C for 15 sec., and 3. 68°C for 7 min. Like samples for all Sty
and Nsp reactions were pooled into a single deep well plate, the
DNA was bound to Agencourt AMPure beads (Beckman
Coulter, Inc. Berea, CA), placed into MultiScreen filter plates
(Millipore, Billerica, MA), washed with 75% ethanol and eluted
with Buffer EB (QIAGEN, Valencia, CA). Purified samples were
then fragmented using Fragmentation Reagent (Affymetrix) and
incubated at 37°C for 35 min. then at 95°C for 15 min.
Fragmented samples were labeled with DNA Labeling Reagent
(Affymetrix) and TdT Enzyme (New England Biolabs) at 37°C
for 4 hours followed by 95°C for 15 min. The samples were
denatured at 95°C for 10 min. and held at 49°C until they were
loaded on to the arrays. The arrays were placed into the
hybridization oven at 50°C and 60 rpm for 16 to 18 hours.
Arrays were then washed, stained and immediately imaged on
the GeneChip Scanner 3000 (Affymetrix). Birdsuite was used to
call SNP genotypes from CEL files. Initial quality control
measures consisted of gender-checks and a custom SNP
fingerprinting approach to identify potentially duplicated or
related individuals.

Genotyping Quality Control

1,858 samples [1,310 Bipolar cases, 408 controls,140 technical
controls (42 case replicates, 43 control replicates, 19 HapMap
individuals, and 36 parents from 19 case families)|] passed a call
rate threshold of 97%, QC contrast of 0.40, and gender
consistency. We further removed samples that did not have a
diagnosis of Bipolar Disorder I or Schizoaffective Bipolar Disorder
(78 cases filtered), that were outliers on the first 2 coordinates of an
MDS plot including HapMap 3 individuals (N =6 controls and 35
cases), that showed poor concordance between duplicates (3
individuals out of 85 pairs), that appeared to be more similar to
another individual in the GAIN study than expected (PI_-
HAT>0.15) (6 cases that were related to someone in GAIN or
appeared to be the same person that had entered the study twice),
or that had high heterozygosity (>0.285 averaged across all
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markers, N=1 case). A total of 1,190 cases and 401 controls
remained and are included in the analysis.

SNPs were filtered for a lack of positional information from
Affymetrix (N=1,233), low minor allele frequency (<1%,
N =145,345), significant deviation from Hardy-Weinberg equi-
librium in controls (P<107° 592), low call rate (<95%,
N =34,930), poor duplicate concordance (>2 heterozygote or
homozygote errors, 16,541), or >1 Mendelian error within
families (N =1,348). A total of 178,413 SNPs were removed,
leaving a final count of 728,187 SNPs. Of these, 703,019 also
passed QC in GAIN and were included in the merged analysis.
Genotypes are reported in genome forward orientation based on
NCBI build 36 v the Affymetrix annotation file GenomeWi-
deSNP_6.na27.annot.csv.

Imputation

Genotype data was further filtered (MAF>=5% and Hardy-
Weinberg P<10~° using all samples) and imputed to the CEU
HapMap 2 (CEU_r22_b36_fwd) genotypes using MACH [23]
(http://www.sph.umich.edu/csg/abecasis/ MACH/index.html).
Imputation results were filtered such that r*> = 0.30.

Association

Association analysis was performed on the genotype data in
PLINK [24] using logistic regression, adjusting for study in the
GAIN+TGEN sample, and using the —dosage command with the
predictor being the maximum likelihood estimate of the number of
alleles at the locus (format=1). Adjusting for up to 10 MDS
components did not alter the genomic inflation factor, so they
were not included as covariates.

WTCCC Data

WTCCC genotype data was downloaded in TPED format and
filtered as described in the accompanying documentation.
Genotype calls were filtered based on CHIAMO quality scores
(>0.90); SNPs were filtered according to SNP lists provided by the
WTCCC, including SNPs that were excluded based on poor
genotype clustering; and individuals were filtered according to
individual lists provided by the WT'CCC for a total of 459,075
SNPs, 1,868 bipolar disorder (BD) cases, 1,926 coronary artery
disease (CAD) cases, 1,748 Crohn’s disease (CD) cases, 1,952
hypertension (HT) cases, 1,860 rheumatoid arthritis (RA) cases,
1,963 type 1 diabetes (T'1D) cases, 1,924 type 2 diabetes (T2D)
cases, 1,458 United Kingdom Blood Services (NBS) controls, and
1,480 1958 British Birth Cohort (58C) controls.

Meta-Analysis

Association for WTCCC samples was performed in PLINK
using logistic regression without any covariates. For each
phenotype, cases were analyzed against both (NBS and 58C)
control sets. Meta-analysis was performed in PLINK using the —
meta-analysis command. Fixed effects P-values are reported.

Polygenic Scoring

SINPs that were genotyped in both WT'CCC-BD and GAIN+T-
GEN were used to generate scores for each individual in
GAIN+TGEN. Odds ratios from WTCCC-BD were natural log
transformed and used as a score in the SNP scoring routine of
PLINK. Subsets of SNPs achieving different P-value cutoffs were
used such that weakly associated SNPs were progressively added to
strongly associated SNPs. SNPs were pruned to linkage equilib-
rium (r?<<0.5) using the “—indep-pairwise” command in PLINK
with a sliding window of 50 SNPs and a 5 SNP step. SNPs were
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clumped to independent associations using the ‘““—clump”
command in PLINK. Index SNPs were selected at P<<0.1, with
a secondary threshold of P<<0.1, r?<0.5, and a 250 kb window.
Logistic regression was used to test for association between score
and case-control status in R [25] (glm command). The Irm
command was used to calculate a pseudo-R? statistic.

Height Meta-Analysis and Power Calculations

Summary-level data was obtained from a meta-analysis of height
using a genotyping chip targeting genes related to cardiovascular
disease, covering 49,320 SNPs and about 2,000 genes. We used the
natural division of the Phase I cohort consisting of 53,394 indivi-
duals of European Ancestry as our discovery set and the collection of
Phase II cohorts consisting of 37,052 individuals of European
Ancestry as our test dataset. We performed meta-analysis on the
Phase I and Phase II samples using METAL as described [19].

Power was calculated using the pwr.f2.test function from the
pwr package in R with 1 degree of freedom in the numerator;
N—2 degrees of freedom in the denominator, where N is the
number of individuals with genotype data for the SNP in the test
dataset; alpha of 0.05; and effect size . The effect size £ was
calculated as:

RZ

I T 1-R?

R? was calculated as:

S 2
R*= <beta SNP)

height

where beta is the effect size from the meta-analysis and s is
standard deviation. In the study, height was expressed in cm and
was not standardized to a z-score. The standard deviation of
height was calculated as the sample size-weighted standard
deviation across all discovery data sets (9.2 cm), and the standard
deviation of the SNP was calculated from the allele frequencies
assuming Hardy-Weinberg equilibrium. Because a proportion of
SNPs were only tested in a small number of samples, we filtered
the 20% of SNPs with the lowest sample sizes. To test the role of
sample size on initial effect estimates, studies were progressively
added to the discovery data and the meta-analysis was repeated on
each subset of the data.

BD Power Calculation

Power was calculated based on association results from
WTCCC Bipolar cases and controls (NBS+58C) [26]. SNPs were
additionally filtered for MAF (>1%). In order to calculate power,
the non-centrality parameter was calculated given the odds ratio
(OR) from WTCCC, minor allele frequency in WI'CCC controls,
and the number of case and control samples in the TGEN+GAIN
combined sample [27]. OR and MAF were rounded to 2 decimals.
Power was calculated using G*Power 3 [28] given the non-
centrality parameter and an alpha of 0.05.

Associations between power and replication at P<<0.05 or
consistency of effect size were performed using logistic regression
in R using the glm command (family = binomial(*logit”)). For plots,
smoothing was performed using the smooth.spline function in R.

Power Simulations

For both height and BD samples, we performed simulations in
R to show that given the observed effect size, we would expect to
see replication rates associated with power linearly with a slope of
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1. We sampled 361 SNPs from each study across power levels,
with 19 SNPs from each 5% power bracket. We simulated a
population of 1,000,000 individuals with genotypes based on the
allele frequency given Hardy-Weinberg expectations. For the BD
case-control study, an individual’s risk of disease was 1%
multiplied by the odds ratio raised to the power of the number
of risk alleles they carried. If this risk was greater than a random
number between 0 and 1, then they were considered affected. For
each SNP, we performed 100 permutations, sampling cases and
controls in numbers to match the GAIN-TGEN sample and
performed logistic regression. The observed replication rate is the
proportion of tests that reached P<<0.05. For the quantitative
height example, a individual’s baseline height in standard
deviations was modeled using a random number as a quantile of
the normal distribution using the command gnorm in R. The
observed effect of the SNP was then multiplied by the number of
risk alleles and added to the baseline height. For 100 permutations
per SNP, a random sample of individuals corresponding to the
number of individuals tested for that SNP in the Phase II study was
taken and association was tested using linear regression.

Enrichment near Exons

Exon location in the RefSeq genes was determined from
refGene table (http://genome.ucsc.edu/cgi-bin/hgTables). For
each SNP,; the closest exon within 1 Mb was determined and
the distance to that exon calculated. If a SNP was within an exon,
a distance of 0 was used. An indicator variable of whether the SNP
was within 2 kb or 25 kb of an exon was used in logistic regression.

Supporting Information

Figure S1 Manhattan plots of GAIN+TGEN and Meta-analysis
—logP values. Manhattan plots for A) GAIN+TGEN and B)
GAIN+TGEN+WTCCC BP meta-analysis. Points are indicated
as circles for genotyped data and triangles for imputed data. Points
are larger and circled in pink if the P-value<<107°, also indicated
by a pink dotted line.

(PDF)

Figure 82 Regional plots for GAIN+TGEN GWAS. Associations
reaching P<107> in the GAIN+TGEN GWAS are shown with
nearby markers. The X-axis indicates the chromosomal position
based on NCBI build 36. Genes are shown based on their locations in
RefSeq. Arrows indicate the direction of transcription. Points are
color coded according to LD within the GAIN+TGEN study with
the most associated SNP. For imputed markers, LD was calculated as
correlation in PLINK using best estimates for genotypes. Recombi-
nation rate is indicated on the second y-axis and color-coded in light
blue. Cluster plots for singleton SNPs such as rs17498753 and
1rs293969 were inspected and found to be of good quality.

(PDF)

Figure 83 Variance in diagnosis explained in GAIN+TGEN by
score summed over using subsets of SNPs from the WT'CCC-BD
study. A score was calculated for each individual based on their
genotype and the odds ratio of each SNP from the WT'CCC-BD
study. The score was used to predict case-control status in
GAIN+TGEN and shown are the pseudo-R? values from logistic
regression for subsets of SNPs used to calculate a score. SNPs were
grouped by P-value, with each category adding progressively more
SNPs with weaker P-values until all SNPs are included. LD-
pruned SNPs were pruned to be in linkage equilibrium (r*<0.5).
Clumped SNPs were pruned to index SNPs to ensure independent
associations.

(PDF)
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Figure S84 Schematic of test for replication as a function of
power.

(PDF)

Figure 85 Simulation studies show a linear relationship between
power and replication. A sample of SNPs were selected from A)
BD or B) height and the effects were simulated in a population of
1,000,000 individuals assuming a baseline prevalence of 1% for
BD and a normal distribution for height. Random case-control
(BD) or population-based (height) samples were taken such that
they matched the observed sample sizes. For each SNP, 100 of
these samples were taken and the observed replication rate
corresponds to the proportion of samples where the P-value was
less than 0.05. A line is drawn at y =x.

(PDF)

Figure 86 Replication of WI'CCC associations in GAIN+T-
GEN as a function of power. Plot of the power to detect an effect
in GAIN+TGEN based on odds ratio and minor allele frequency
reported in WT'CCC. Each point represents a SNP and is plotted
according to OR (rounded to 2 digits) in WI'CCC and power to
detect an effect in the GAIN+TGEN sample at alpha =0.05. The
points are color coded to MAF in WTCCC (rounded to 2 digits).
Text on the left hand side indicates the number of SNPs within
each power decile that were associated at P<<0.05 in GAIN+T-
GEN. Thus, of the 1,979 SNPs with power between 0.8 and 0.9,
165 (8.3%) were associated at P<<0.05.

JPG)

Figure 87 Power*near exon interaction significance for varying
distance from exons. SNPs were categorized by distance from any
exon (RefSeq). For each distance cut-off, whether a SNP was near
an exon was used as a predictor of replication in the test dataset.
The —logl0OP value is shown for the power*near_exon term in the
logistic regression test.

(PDE)

Figure 88 Enrichment of replication at P<<0.05 in the WTCCC
based on power calculated from GAIN+TGEN study. For
different classes of SNPs, the smoothed spline is shown for the
proportion of SNPs showing association at P<<0.05 in the
WTCCC-BD dataset as a function of power based on the
GAIN+TGEN dataset.

(PDE)
Table S1 Bipolar Disorder Case Characteristics.
(XLS)
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