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Abstract
Issues of multiple-testing and statistical significance in genome-wide association studies (GWAS)
have prompted statistical methods utilizing prior data to increase the power of association results.
Using prior findings from genome-wide linkage studies on bipolar disorder (BPD), we employed a
weighted false discovery approach (wFDR; (Roeder et al. 2006)) to previously reported GWAS
data drawn from the Systematic Treatment Enhancement Program for Bipolar Disorder (STEP-
BD). Using this method, association signals are up or down-weighted given the linkage score in
that genomic region. Although no SNPs in our sample reached genome-wide significance through
the wFDR approach, the strongest single SNP result from the original GWAS results (rs4939921
in myosin VB) is strongly up-weighted as it occurs on a linkage peak of chromosome 18. We also
identify regions on chromosome 9, 17, and 18 where modestly associated SNP clusters coincide
with strong linkage scores, implicating them as possible candidate regions for further analysis.
Moving forward, we believe the application of prior linkage information will be increasingly
useful to future GWAS studies that incorporate rarer variants into their analysis.

Introduction
Bipolar disorder (BPD) is a debilitating mental disorder that is common in the population
(1-4% depending on the specific BPD classification (Merikangas et al. 2007)), yet has a
complex etiology and life course across individuals. Family, twin, and adoption studies on
BPD have convincingly shown that there is a substantial heritable component (Smoller and
Finn 2003; Edvardsen et al. 2008), leading researchers to search for susceptibility genes,
both in candidate regions and across the genome, that predispose individuals to BPD. To
date, despite the high heritability of BPD, the discovery of susceptibility genes has been a
challenging endeavor. Hypothesis-driven candidate gene approaches, most of which target
genes involved in neurotransmitter systems, have largely been inconclusive with many
initial findings failing to replicate. Some genes that have shown replication or significance
in meta-analyses are the serotonin transporter (Cho et al. 2005; Lasky-Su et al. 2005), brain-
derived neurotrophic factor (Kremeyer et al. 2006; Neves-Pereira et al. 2002; Sklar et al.
2002), d-amino acid oxidase activator (Detera-Wadleigh and McMahon 2006), monoamine
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oxidase A (Muller et al. 2007), and a gene that codes for 5,10-methylenetetrahydrofolate
reductase (Gilbody et al. 2007). Unfortunately, none of these replicated findings have shown
a large genetic effect, leaving much of the genetic variance in BPD to be explained.

In contrast, genome-wide linkage and association approaches have taken an agnostic
approach to finding susceptibility genes for BPD. Family-based linkage approaches on the
whole have not consistently implicated a single region (McGough et al. 2008), but the most
comprehensive meta-analysis on BPD has implicated regions of chromosome 6q for Bipolar
I, and 8q for Bipolar I and II (McQueen et al. 2005). More recently, population-based
genome-wide association studies (GWAS) on BPD, which are able to detect smaller genetic
effects, have identified associated SNPs in chromosome 16p12 (WTCCC 2007), the
diacylglycerol kinase eta (DGKH) gene on chromosome 13 (Baum et al. 2008), and the
myosin 5B (MYO5B) gene on chromosome 18 (Sklar et al. 2008). These three large-scale
GWAS studies were then pooled together, finding a significant association in the ankyrin G
(ANK3) gene on chromosome 10 and a replicated suggestive association signal in the alpha
1C subunit of the L-type voltage-gated calcium channel (CACNA1C) gene on chromosome
12, although none of the prior top signals were identified in the pooled analysis (Ferreira et
al. 2008). Finally, a SNP in the zinc-finger protein 804A (ZNF804A) on chromosome 2 has
shown association in both schizophrenia and BPD datasets, while a common polygenic
approach compromising large clusters of SNPs has shown concordance in effects on
schizophrenia and BPD (Williams et al. 2010), implicating shared genetic liability. Despite
these large-scale efforts, the findings still represent a small proportion of the genetic
variance in BPD (no top signals with an odds ratio greater than 1.6), suggesting a complex
genetic etiology compromised of multiple genes with no single genetic risk factor being a
sufficient cause of BPD.

One of the primary issues surrounding genome-wide analysis is the amount of multiple
testing that arises from analyzing hundreds of thousands of SNPs. Although the use of
Bonferroni correction for multiple testing limits the possibility of making type-I errors, by
definition it also raises the probability of committing type-II errors, possibly diminishing the
chances of detecting true signals of association. This has prompted statistical methods that
utilize prior information to guide association scans or assist in prioritizing genetic regions in
follow-up studies (e.g. Fan et al. 2010). In the current study, we apply a weighted false
discovery rate procedure (wFDR; Roeder et al. 2006), taking prior linkage information
derived from a genome-wide linkage meta-analysis (McQueen et al. 2005) to variably
weight association signals from a GWAS drawn from the Systematic Treatment
Enhancement Program for Bipolar Disorder (STEP-BD; Sklar et al. 2008). By incorporating
meta-analytical prior information, the current technique lends an increase in detection power
through an integrated empirical approach to genome-wide analysis.

Methods
GWAS Methods

Case-Control GWAS Sample—Our case sample consisted of 955 Caucasian bipolar I
subjects drawn from the genetic repository of the Systematic Treatment Enhancement
Program for Bipolar Disorder (STEP-BD). The STEP-BD sample is a longitudinal cohort
drawn from the United States examining the effect of treatments in the course of BPD
(Sachs et al. 2003). All subjects were diagnosed for bipolar I on the Affective Disorders
Evaluation and the Mini-International Neuropsychiatric Interview. Our control sample
consisted of 1,498 US Caucasian subjects drawn from the NIMH genetics initiative through
the NIMH Center for Collaborative Studies (http://zork.wustl.edu/nimh). Of the controls,
454 came from anonymous blood cord donors and were phenotypically unscreened
(Mansour et al. 2005). The remaining 1,044 controls completed an online self-administered
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psychiatric screen, and qualified as controls if they reported no history of schizophrenia,
schizoaffective disorder, auditory hallucinations, delusions, and bipolar disorder (see Sklar
et al. 2008 for further information).

SNP Selection—Genotyping for the STEP-BD cases and NIMH controls were all
performed on the Affymetrix GeneChip Human mapping 500K chipset. Quality control
procedures and subsequent association analysis on the genotyped SNPs were all performed
using PLINK (Purcell et al. 2007). Our quality control procedures, which involve individual
exclusion, SNP exclusion, and population stratification, follow that described in Sklar et al.
(2008). We include the additional step of removing all SNPs with minor allele frequency
(MAF) < .05 and all SNPs on the X chromosome, as the linkage data only covers the 22
autosomes. After exclusion, 342,191 SNPs were retained for further analysis.

GWAS Analysis—We initially performed a genome-wide association analysis on the
342,191 SNPs. We chose the Cochrane-Armitage trend test to generate the primary nominal,
unweighted association statistics. Figure 1 shows the unweighted, unadjusted p-values
across the 22 autosomes. These results are consistent with the original publication of these
data (Sklar et al. 2008). The p-values from this analysis were then weighted according to
linkage evidence in that particular region (see below).

Linkage Analysis Methods
For a detailed description of the combined linkage analysis samples, methods, results and
conclusions, please see McQueen et al. (2005). Briefly, a genome-wide linkage trace was
conducted on a combined sample consisting of eleven BPD linkage studies amounting to a
total of 5,179 individuals from 1,067 families (McQueen et al. 2005). The combined sample
was relatively homogenous with the majority of individuals being of Caucasian descent.
Linkage statistics were generated using the affected relative pair methodology implemented
in MERLIN (Abecasis et al. 2002) at 1 centimorgan (cM) intervals across the 22 autosomes.
In the original combined analyses, two different affection status models were used - bipolar I
and bipolar I and II. To maintain consistency with the case-control STEP-BD samples, only
the linkage statistics from the bipolar I analysis (“narrow” definition) were used. Using
MERLIN's implementation of the Whittemore and Halpern (1994) algorithm to test for
allele sharing across all affected individuals, we generated nonparametric LOD scores via
the Kong and Cox (1997) linear model. For the purposes of this study, we used the
corresponding Z score (“Zmean”) from the MERLIN output at each 1 cM position as the
linkage “priors” for the weighted association analysis.

Weighted Association Analysis Methods
Linkage Weights—The theoretical basis for using linkage weights in the context of
genome-wide association analysis comes from the general literature of weighted hypothesis
testing (Roeder et al. 2007). Roeder et al. (2006) proposed using weights from a linkage
scan to attenuate the vast multiple testing pitfalls encountered with GWAS data.
Investigators typically favor one chromosome region or another based on prior evidence –
one primary consideration is linkage data (Roeder et al. 2006). Weighting association
statistics using linkage data is a quantitative method of incorporating prior information into
large-scale association scans. While there are numerous approaches to devising weights,
there are only two criteria that must be satisfied: (1) each weight must be greater than or
equal to 0 and (2) the mean of the weights must equal 1. As noted by Roeder et al. (2006), a
reasonable weighting choice is to use nonparametric linkage scores generated from linkage
scans. Because what constitutes a linkage region in binary terms is often not well defined, it
follows that the quantitative linkage signals be used to generate continuous weights. In
addition, it is recommended that the GWAS and prior linkage information come from a
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similar ethnic background, as genetic heterogeneity between ethnic backgrounds will reduce
the power gained from using prior information. In the original description of using linkage
statistics to weight association p-values, two continuous weighting schemes were introduced
- exponential and cumulative. Exponential weights can be highly sensitive to large linkage
signals while cumulative weights tend to be less so (Roeder et al. 2006). Given the large
linkage signal in the original combined analysis for the narrow phenotype definition (bipolar
I) found on chromosome 6q (LOD=4.2) we chose to use the cumulative weighting scheme in
an attempt to weight the association signals in a more evenly distributed manner. We also
used a scaling factor (B) of 2 (Roeder et al. 2006). The scaling factor in the context of
cumulative weights (as used here) will constrain the influence of any individual linkage peak
such that the weights will increase linearly for linkage scores (Z) near B, but reach an
asymptote for large linkage scores (|Z – B|) (Roeder et al. 2006). We chose a scaling factor
(B) of 2 based upon recommendations found in Roeder et al. (2006). This results in linkage
scores greater than or equal to 2 units above B (2) to be approximately equally up-weighted.
The same is true for linkage scores less than or equal to 2 units below B (2) in that they are
equally down-weighted.

Weighted Association—The weighted association approach incorporates the weighting
scheme directly into the association p-values. In order to match an association p-value with
its respective linkage signal, we assigned a genetic distance to each SNP location. As a
result, p-values for each SNP may be up-weighted or down-weighted depending upon the
relative linkage signal in that region. The nominal p-values from the association test are
divided by the respective weights given to the genomic region (determined by the linkage
signal) to generate the weighted p-values. The weighted p-values are then used in the false-
discovery rate (FDR) procedure to assess overall significance. The weighting procedure (and
implementation of the FDR adjustment) was conducted in an R (http://www.r-project.org)
script entitled, “weighted_FDR.R” (http://www.wpic.pitt.edu/wpiccompgen/fdr). For the
FDR method, we used the method described in Storey (2002) with a significance level of
0.10.

Results
Primary Association Results

A histogram of weights across the genome is shown in figure 2. Our weighted association
results for the set of 342,191 SNPs along with their respective weights, is shown in figure
3A and 3B. As mentioned in our methods section, we decided to use the cumulative
weighting procedure as our official results, but include a graph and weight distribution for
the exponential weighting procedure for the sake of comparison. None of the weighted
association signals reach genome-wide significance after implementing the FDR method
(multiple correction threshold 0.1/342,191 = 2.92 × 10-7). Our most significant association
signal was at rs4939921 on chromosome 18p21.1 (weighted p = 4 × 10-7, weight = 5.2),
residing in an intron of myosin VB (MYO5B), and is shown in figure 4A. While this was
also the top signal in the unweighted association, the signal strength increased by almost an
order of magnitude through the weighted approach (original p = 1.9 × 10-6). All but one of
the neighboring SNPs with weighted p < .001 were found to be in linkage disequilibrium
(LD) with rs4939921. Our second strongest signal came from rs4852259 on chromosome
2p13.3 (weighted p = 2.3 × 10-6, weight = 3.5), residing in an intron of the gene dysferlin
(DYSF), also shown in figure 4B. This SNP was the third ranked signal in the unweighted
association. Unlike the top signal, there were no neighboring SNPs with p < .001.
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Up-weighted Regions of Interest
Beyond our top SNP signals, we also looked for regions where strong linkage scores
coincided with clusters of top SNP signals. To avoid redundancy, we used the original trend
test p-values along with our linkage weights to set the basis for our criteria of identifying
regions of interest. Specifically, we examined the top one percent (or 99th percentile) of
unweighted p-values that resided within the top five percent (or 95th percentile) of weight
values across the genome, resulting in 235 remaining SNPs (figure 5). The majority of SNPs
that fit these criteria occur on Chromosomes 6, 8, 9, 17, 18, and 20. Previous work using the
STEP-BD data has been done on the up-weighted region seen on chromosome 6 (Fan et al.
2010), so our focus here is on the remaining chromosomes. In particular, we looked for
clusters of neighboring SNPs showing a consistent signal. We've highlighted three regions
of interest (figure 6) on chromosomes 9p21.2, 17q24.2, and 18q12.2. The strongest signal on
chromosome 9p21.2, rs17760820, resides in an intron of open reading frame C9orf82, with
four nearby SNPs at p < .001 residing in introns of the intraflagellar transport 74 homolog
(IFT74). The two genes are 54 kb apart, and the SNPs in IFT74 are in moderate LD with the
SNPs in C9orf82. On chromosome 17q24.2, the notable cluster of neighboring signals all
reside in an intergenic region. The top signal, rs16974356, is 220 kb telomeric of the
mitogen-activated protein kinase kinase 6 (MAP2K6) gene, and 312 kb centromeric of the
potassium inwardly-rectifying channel, subfamily J, member 16 (KCNJ16) gene. All the
SNPs in this region with weighted p < .001 are in relatively high LD in this intergenic
region. The SNP cluster on chromosome 18q12.2 also resides outside of a gene, with the
nearest transcript being hypothetical protein LOC647946 where the 5′ end is 199 kb away
from the top signal in the region, rs2862294. Although most of the nearby SNPs with
weighted p < .001 are in LD with rs2862294, a few SNPs show no LD despite their close
proximity.

Discussion
The primary goal of this study was to examine how prior linkage information could inform
association signals for BPD across the genome. Using a linkage-weighted FDR approach,
we've highlighted particular regions that would not have been addressed by association
alone. Although no signal reached the conservative criteria of genome-wide significance, we
report on a few areas where linkage evidence and strong association signals coincide.

Our strongest association signal, rs4939921 in MYO5B, was expected, as it was also the top
SNP prior to the weighted association. In addition, this was the top signal reported in Sklar
et al. (2008) where the STEP-BD sample was combined with another large BPD sample
from the University College of London. MYO5B is a brain-expressed gene that is involved
in protein transport and vesicle trafficking at the plasma membrane (Lise et al. 2006;
Lapierre and Goldenring 2005), RNA transcription (Lindsay and McCaffrey 2009), and has
recently been implicated in microvillus inclusion disease, a rare genetic disorder of the small
intestine (Erickson et al. 2008; Muller et al. 2008). Although our prior linkage information
up-weights this signal at MYO5B, a recent meta-analysis combining the STEP-BD sample
with a number of other case-control BPD samples finds no evidence of association in this
region (Ferreira et al. 2008). Our second strongest signal, rs4852259 in DYSF, resides in a
gene that codes for skeletal muscle protein, and non-synonymous mutations in DYSF have
resulted in limb girdle muscular dystrophy and Miyoshi myopathy (Bashir et al. 1998; Liu et
al. 1998). In our literature review of DYSF, we did not find any evidence of brain expression
or psychiatric effects of this gene.

We also identified genes in regions where prior linkage information and association signals
coincide. At chromosome 9p21.1, signals reside in both C9orf82 and IFT74. While there is
currently no known information on C9orf82, IFT74 (also known as capillary morphogenesis
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protein 1: CMG1) is a brain-expressed gene, whereby it codes a protein that transports
material from the cell body along the dendritic and axonal processes of neurons (Momeni et
al. 2006). IFT74 has been implicated in familial cases of amyotrophic lateral sclerosis (ALS)
- frontotemporal dementia (FTD), although common SNPs do not seem to be implicated as
causal variants of ALS-FTD (Xiao et al. 2008). On chromosome 17q24.2, none of the
association signals occur within or adjacent to genes (all signals with weighted p < .001 are
greater than 100 kb away from the nearest gene). The nearest genes that flank the signal are
MAP2K6, part of the kinase mediated signal transduction pathway involved in cell cycle
arrest, transcription activation, and apoptosis; and KCNJ16, coding a membrane protein that
regulates potassium channel activity. Of note, MAP2K6 has been associated in mediating
the onset of Huntington's disease (Arning et al. 2008), and KCNJ16 reflects ion channel
activity, which has recently been implicated as a possible source of BPD pathogenesis
(Ferreira et al. 2008). We can only speculate that the association signal may be involved in
some sort of regulatory function relative to these genes. For the signal on chromosome
18q12.2, the current UCSC genome browser contains only a hypothetical gene, location
647946, in the region. Further annotation is necessary to determine whether location 647946
is indeed a coding region, and no functional information is currently known about it.

By incorporating genome-wide linkage and association data on BPD, we hope to identify
susceptibility alleles and genes that would have otherwise been overlooked by any single
method of genome-wide interrogation. Due to the conservative nature of genome-wide
significance in association designs, true signals of small effect are inevitably overlooked.
Prior linkage data serves to aid in their detection as it provides independent marker
information on BPD across the genome. We should note that while our prior linkage
information came from a substantial pool of linkage studies, this method could certainly be
applied with data from a single linkage study. Although weighted designs with informative
prior information maximize any potential power gains, the loss in power is small when using
uninformative prior information (Roeder et al., 2006). Given that linkage signals are better
suited to detect rarer alleles of high penetrance, we believe this method will be even more
helpful as future GWAS increase the coverage of rarer SNP and CNV variants (MAF < .05)
to their analyses. Furthermore, recent work using simulation and known genetic associations
postulates that signals found in GWAS could actually be “synthetic associations” driven by
rare genetic variants (Dickson et al. 2010). In this respect, combining linkage and
association data can be useful in highlighting areas that are most promising for future
sequencing studies; studies that would be able to putatively identify the effects of rare
variants on BPD.
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Figure 1.
Cochran-Armitage association results of the STEP-BD cohort (342,191 SNPs). The red
dashed line represents the genome-wide significant p-value threshold after Bonferroni
correction.
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Figure 2.
Distribution of weights across the genome. Cumulative weighting is shown on top and
exponential weighting is shown on bottom. For both weighting schemes, the majority of
SNPs (∼71%) have a weight less than one, leading them to have a higher (or less significant)
p-value.
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Figure 3A and B.
Weighted Cochran-Armitage association results of the STEP-BD cohort (342,191 SNPs).
Figure 3A represents cumulative weighted p-values, which are used in subsequent analyses.
Figure 3B represents exponential weighted p-values, which are not used in subsequent
analyses. Prior weighting is shown at the bottom of each plot. The red dashed line represents
significance after Bonferroni correction, whereas the blue dashed line represents
significance after FDR correction at the 0.1 threshold.
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Figure 4A and B.
Plots of the top two regions of association. Figure 4A represents the MYO5B signal on
chromosome 18q21.1-18q21.2. Figure 4B represents the DYSF signal on chromosome
2p13.3. The most associated SNP is marked in red. The color of the remaining SNPs reflects
linkage disequilibrium (r2) with the most associated SNP (increasing red hue marks stronger
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r2). Gene regions are shown in green, and were taken from the March 2006 UCSC genome
browser assembly.
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Figure 5.
Up-weighted regions of interest. Cumulative weighted association plot of all SNPs with an
unweighted p-value above the 99th percentile and above the 95th percentile of linkage
weights. Prior weighting is shown at the bottom of the plot. Significance after Bonferroni
correction is shown in red, and significance after FDR correction at 0.1 is shown in blue.
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Figure 6A, B, and C.
Plots of the three regions of interest. Figure 6A represents the C9orf82 signal on
chromosome 9p21.1. Figure 6B represents the signal on chromosome 17q24.2. Figure 6C
represents the signal on chromosome 18q12.2. The most associated SNP is marked in red.
The color of the remaining SNPs reflects linkage disequilibrium (r2) with the most
associated SNP (increasing red hue marks stronger r2). Gene regions are shown in green,
and were taken from the March 2006 UCSC genome browser assembly.
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