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Abstract

Background—Bipolar disorder (BD) is a highly heritable disease. While genome-wide 

association (GWA) studies have identified several genetic risk factors for BD, few of these studies 

have investigated the genetic etiology of specific disease subtypes. In particular, BD is positively 

associated with eating dysregulation traits such as binge eating behavior (BE), yet the genetic risk 

factors underlying BD with comorbid BE have not been investigated.
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Methods—Utilizing data from the Genetic Association Information Network study of BD, which 

included 729,454 single nucleotide polymorphisms (SNPs) genotyped in 1001 European American 

bipolar cases and 1034 controls, we performed GWA analyses of bipolar subtypes defined by the 

presence or absence of BE history, and performed a case-only analysis comparing BD subjects 

with and without BE history. Association signals were refined using imputation, and network 

analysis was performed with Ingenuity Pathway Analysis software. Based on these results, 

candidate SNPs were selected for replication in an independent sample of 855 cases and 857 

controls.

Results—Top ranking SNPs in the discovery set included rs6006893 in PRR5, rs17045162 in 

ANK2, rs13233490 near PER4, rs4665788 and rs10198175 downstream of APOB, rs2367911 in 

CACNA2D1, and rs7249968 near ZNF536. Rs10198175 in APOB also demonstrated evidence of 

association in the replication sample and a meta-analysis of the two samples.

Limitations—Without information of BE history in controls, it is not possible to determine 

whether the observed association with APOB reflects a risk factor for BE behavior in general or a 

risk factor for a subtype of BD with BE. Further longitudinal and functional studies are needed to 

determine the causal pathways underlying the observed associations.

Conclusions—This study identified new potential BD-susceptibility genes, highlighting the 

advantages of phenotypic sub-classification in genetic research and clinical practice.
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1. Introduction

Bipolar disorder (BD) is known to have a strong genetic component with estimated 

heritability between 60% and 85% (Lichtenstein et al., 2009; McGuffin et al., 2003). 

Multiple genome-wide association (GWA) studies of BD have been performed (Burton et 

al., 2007; Smith et al., 2009), identifying several BD susceptibility variants in genes such as 

ANK3, CACNA1C, and ODZ4 (Sklar et al., 2011; Ferreira et al., 2008). However, these 

genetic variants account for a small proportion of the heritability of BD, and the complex 

genetic etiology of BD remains largely unknown (Kendler, 2013). Detecting additional risk 

variants is hampered by low statistical power. While the primary strategy to improve power 

of genetic studies has relied on increasing the sample size, other avenues for improving 

statistical power (even with small sample sizes) need to be considered. Notably, 

incorporating important covariates or a more refined phenotype has the potential to 

substantially improve power by reducing phenotypic (and thus genetic) heterogeneity.

The BD phenotype is highly heterogeneous, with a number of important clinical 

comorbidities that constitute a wide range of disease subtypes. Because samples of BD cases 

are likely to be comprised of multiple subtypes controlled by different genetic mechanisms, 

the phenotypic heterogeneity of BD impedes the identification of genetic effects 

contributing to the disease (Alda et al., 2009; Alda, 2004). Definition of sub-phenotypes 

based on clinical factors known to be associated with BD may establish more refined 
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subgroups of cases with distinct underlying genetic risk factors (Saunders et al., 2008). A 

similar strategy was successfully employed in a genetic study of BD that incorporated the 

effects of body mass index (Winham et al., 2013). However, with the exception of studies 

incorporating migraine and BD comorbidities defined by DSM diagnoses (Oedegaard et al., 

2010; Kerner et al., 2011), few previous GWA studies have examined BD subtypes based on 

symptoms or diagnoses known to be associated with BD.

BD is associated with eating dysregulation phenotypes including binge eating behavior (BE) 

(McElroy et al., 2013; Wildes et al., 2007). Moreover, co-occurrence with BE is associated 

with greater bipolar illness burden (McElroy et al., 2013; Brietzke et al., 2011). However, 

despite the known associations between BD and BE, along with the heritability of BE, 

including broadly-defined BE (Hudson et al., 2006; Javaras et al., 2008; Klump et al., 2009; 

Thornton et al., 2011; Bulik et al., 1998; Sullivan et al., 1998), the genetic architectures of 

these traits have not been investigated simultaneously.

Given the relationship between BD and BE, pleiotropic effects and other commonalities in 

the genetic mechanisms underlying both diseases are plausible. In this study, we examined 

the genetic architecture of BD and BE in conjunction rather than isolation, enabling us to 

characterize an important subtype of BD and to advance our understanding of the genetic 

epidemiology of BD with comorbid BE. We utilized publically available data from a prior 

GWA study of BD conducted by the Genetic Association Information Network (GAIN) 

(Smith et al., 2009) to re-evaluate BD genetic associations with consideration of a subtype 

based on lifetime history of BE, and attempted replication of top findings in an independent 

cohort of BD cases and controls from Mayo Clinic. Although information on BE was 

collected in the GAIN study, this data was not incorporated in any prior GWA analyses. Our 

study utilizes this data to examine the genetic risk factors of BD with BE-related 

comorbidities, with validation in an independent sample.

2. Materials and methods

2.1. Study description

The data collected by the Bipolar Disorder Genome Study Consortium, part of the Genetic 

Association Information Network (GAIN), were accessed through dbGaP (Mailman et al., 

2007). The data have been previously described, including descriptions of study subjects and 

genotyping and quality control procedures (Smith et al., 2009). After applying previously 

implemented quality control procedures (Smith et al., 2009), we performed GWA analyses 

of 729,454 single nucleotide polymorphism (SNP) markers using 1001 European American 

bipolar cases and 1034 mentally healthy European American controls, genotyped on the 

Affymetrix Genome-Wide Human SNP Array 6.0.

Bipolar subjects were enrolled at multiple institutions over a period of 18 years. Subjects 

recruited at different times received different psychiatric interviews based on the Diagnostic 

Interview for Genetic Studies 2, 3, or 4. All BD cases met the DSM IV criteria for bipolar I 

disorder. Control subjects completed a psychiatric questionnaire (separate from the 

Diagnostic Interview for Genetic Studies), and those meeting diagnostic criteria for 
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depression or with a history of BD or psychosis were excluded. Controls were matched to 

cases for both gender and ethnicity (Smith et al., 2009).

All Diagnostic Interviews for Genetic Studies for BD subjects included the question “Has 

there ever been a time in your life when you went on food binges (i.e., rapid consumption of 

a large amount of food in a discrete period of time, usually less than two hours)?”, which 

was used to define history of BE (yes/no) in the cases (N=929). This is comparable to 

methods of assessing BE in twin studies. Binge eating information was not collected for 

control subjects.

2.2. Population stratification

The GAIN study of BD included data from both European American (N=2035) and African 

American (N=1015) subjects. To avoid potential population stratification, the current study 

used only data from the European American subjects. We also performed principle 

components (PC) analysis to correct for population stratification (Price et al., 2006). We 

evaluated the top 4 PCs to determine whether they were associated with potential 

phenotypes, including BD and the presence of BE history. The top 4 PCs were not 

associated with BD; however, the first PC was significantly associated with history of BE 

(p=0.03). Quantile–quantile (QQ) plots were closely examined in each analysis to monitor 

the degree of inflation, and the top association results were corrected for the first PC to 

evaluate the effect of population stratification.

2.3. Statistical analysis

A series of GWA analyses were conducted to characterize the genetic associations with BD 

and BE. Because questions regarding BE were absent from the control questionnaire, data 

for BE history were available only in case subjects, precluding a case-control analysis of 

gene–BE interaction to investigate the differential effect of SNPs on BD risk in the presence 

of BE history. Instead, we performed GWA analyses stratified by bipolar subtype: mentally 

healthy controls were separately compared to BD cases with the presence (N=206) or 

absence (N=723) of BE. Single SNP association tests were conducted using logistic 

regression for all 729,454 available SNP markers, assuming a log-additive genetic model. 

This stratified analysis allows the identification of genetic variants that may be associated 

with the subtype of BD in the absence of BE as well as the more severe subtype of BD with 

comorbid BE (BD+BE) (Brietzke et al., 2011).

We also performed a BD case-only GWA analysis, where we investigated SNP association 

with BE history only in subjects with BD. Under the assumption of independence between 

SNPs and BE, the case-only analysis is a powerful method for detecting gene-environment 

(i.e., SNP–BE) interaction effects (Kraft et al., 2007). Thus, the case-only analysis 

comparing BD subjects with BE history vs. BD subjects with no BE history may identify 

SNPs associated differentially with BD depending on the presence of BE. However, 

associations observed in this analysis can also reflect association of a SNP with BE (rather 

than SNP–BE interaction effects).
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All analyses were performed in PLINK version 1.07 (Purcell et al., 2007). Reported p-values 

are not corrected for multiple testing; statistical significance was determined based on a 

Bonferroni-corrected significance threshold of p<6.85E–8.

2.4. Network analysis

After performing genome-wide analyses, we used Ingenuity Pathway Analysis (IPA) 

software to perform network analysis to facilitate interpretation of our results 

(www.ingenuity.com). IPA software was applied to the combined results of the analyses 

comparing BD cases with BE to controls and the BD case-only analysis, where SNP p-

values within a gene were combined using the minimum p-value approach. SNPs were 

assigned to genes within 10 kb (or the nearest gene), and were pre-filtered to p≤0.05, 

resulting in ~41,000 top SNPs mapped to genes that were subjected to network and pathway 

analysis.

IPA used peer-reviewed, published scientific literature within the curated Ingenuity 

Knowledge Base to establish new networks of direct and indirect interactions between genes 

and molecules identified in our data based on a functional analysis algorithm. Furthermore, 

using a gene p-value threshold of p<0.001, IPA identified genes from our dataset that were 

associated with predefined processes such as biological functions, disease states, and 

canonical pathways of signaling/metabolic activation. Potential associations between our 

data and such predefined processes were evaluated using a 2 × 2 contingency right-tailed 

Fisher's Exact Test to compare the proportion of genes meeting the significance threshold 

(i.e., focus genes) in a particular process with the proportion of genes meeting the threshold 

among the remaining genes not associated with the process.

2.5. Genome-wide imputation

To determine whether stronger associations may exist with SNPs that were not genotyped, 

we imputed non-genotyped SNPs and repeated the analyses in the imputed data. Following 

phasing using SHAPEIT (Delaneau et al., 2013), imputation was performed on the phased 

data with Impute2.2.2 (Howie et al., 2012), using the 1000 Genomes Project Phase 1 Data 

(all populations) as the reference dataset. SNPs with poor imputation quality (dosage 

R2<0.3) or low minor allele frequency (MAF<0.01) were removed, resulting in 8,466,825 

SNPs for analysis.

2.6. Replication sample

We used an independent sample from Mayo Clinic Biobanks to investigate possible 

replication of the top ranking SNPs. Cases consisted of 855 subjects from the Mayo Clinic 

Individualized Medicine Bipolar Biobank with a confirmed diagnosis of BD based on DSM-

IV-TR criteria. The Mayo Clinic Bipolar Biobank is a collaborative effort across four sites 

(Mayo Clinic, Rochester, MN; Mayo Clinic Health System, Austin Medical Center, MN; 

Lindner Center of HOPE, Mason, OH; and University of Minnesota, Minneapolis, MN). BE 

was defined as having a lifetime history of binge eating disorder as determined by structured 

clinical interview (McElroy et al., 2013). Controls consisted of 857 mentally healthy 

subjects from the Mayo Clinic Community Biobank (Olson et al., 2013). Subjects who had a 

prior diagnosis of BD, schizophrenia, major depression, Down syndrome, autism, attention 
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deficit hyperactivity disorder or other psychiatric condition, and those that reported having a 

first degree relative with BD, were excluded. Potential controls were also excluded if their 

answers to questions related to psychological well-being suggested the possibility of 

depression or mania. Eligible control subjects were matched to cases on age, sex, and race/

ethnicity. All subjects were at least 18 years of age, and gave written informed consent. This 

genetic association study was approved by the Mayo Clinic Institutional Review Board.

Candidate genes and SNPs were selected for replication based on high rankings in the 

discovery sample combined with biological plausibility, and included SNPs in the following 

genes: PRR5, RNASE4, ANK2, APOB, PER4, CACNA2D1, and ZNF536. In addition to 9 

candidate SNPs selected from the top ranking results, a set of tag SNPs was selected for 

each gene. Cases and controls were genotyped using the Illumina GoldenGate Platform. A 

CEPH trio was included on each plate and 20 study subjects were genotyped in duplicate, 

with genotype concordance rate >99.9%. Subjects that failed genotyping, had call rates 

<95%, or were not of European ancestry were excluded from analysis, resulting in 828 cases 

(including 70 with BE) and 832 controls that passed quality control. Five SNPs failed 

genotyping, and 2 SNPs that were out of Hardy–Weinberg Equilibrium (p<10−7) were 

removed from analysis; this resulted in 209 SNP in 7 genes after quality control (17 in 

PRR5, 14 in APOB, 63 in ANK2, 7 in the PER4 region, 73 in CACNA2D1, 8 in RNASE4, 

and 27 in ZNF536).

Analyses of the replication sample were performed as described above for the discovery 

sample. In particular, for each SNP, genetic associations with BE were examined within 

only the BD cases, and BD cases with BE history were compared to healthy controls. A 

fixed effects meta-analysis was conducted to combine results from the discovery and 

replication samples for each SNP. The meta-analyses were conducted using R statistical 

software (version 2.14.0) and the package ‘rmeta’ (http://cran.us.r-project.org/).

3. Results

3.1. Discovery sample

Of the BD cases, 206 subjects (22.2%) reported a history of BE, whereas 723 (77.8%) had 

no BE history. None of the SNP associations were significant at a genome-wide significance 

level after correction for multiple testing. The top ranking SNP in the case-only GWA 

analysis of BE history was rs6006893 in an intron of the PRR5 gene (Fig. 1A and Table 1, 

p=6.5E–7). Rs17045162 in an intron of ANK2 was also ranked highly in the case-only 

analysis of BE (p=1.4E–5).

In the stratified analysis, when comparing BD cases with BE to controls (Fig. 1B and Table 

2), the strongest signal was rs13233490–603 kb upstream of the pseudogene PER4 (p=3.9E–

7). SNP rs17158578, which is 578 kb upstream of PER4 and in high linkage disequilibrium 

with rs13233490, was also highly ranked (p=8.9E–7). SNPs rs4665788 and rs10198175, 

both downstream of APOB, showed a trend of association with the BD+BE subtype 

(p=4.0E–7, and p=5.0E–6, respectively). SNP rs2367911 in an intron in CACNA2D1 also 

demonstrated some evidence of association with BE+BD as compared to controls (p=1.6E–
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6). Also, rs7249968 in an intergenic region near ZNF536 may be associated with an 

increased odds of BE+BD (p=1.8E–6).

Results for the stratified analysis comparing BD subjects without history of BE to controls 

were similar to the unadjusted results for European Americans reported by Smith et al. 

(2009) (Supplementary Table S3).

The genome-wide analyses did not exhibit effects of population stratification, even though 

the first PC was significantly associated with history of BE. The QQ plots (Supplementary 

Figs. S1–S3) demonstrated little inflation of the association test statistics (λ =1.02, 1.03, and 

1.02 for the tests evaluating BE history in BD cases only, BD+BE compared to controls, and 

BD cases without BE compared to controls, respectively), and for all three genome-wide 

analyses, the five top ranking SNPs for each unadjusted analysis remained in the top 10 PC-

adjusted rankings. Although the rankings were preserved, some SNPs demonstrated slightly 

attenuated effect sizes after PC-adjustment, particularly for the analysis comparing BD cases 

with BE to controls (Supplementary Tables S1–S3).

3.2. Network analysis

Two top networks/interactomes were estimated with IPA software based on our data: one 

involving APOB and the other CACNA2D1 (Fig. 2 and Supplementary Fig. S4). The APOB 

network also linked with AKT, MAPK, DICER1, ERK, BCL2, and STOM (highly ranked in 

our analysis). The CACNA2D1 network involved other voltage-dependent calcium channel 

genes such as CACNA1C and CACNB2, as well as metabolic and inflammatory genes. The 

pre-defined canonical pathways of calcium signaling and glucocorticoid receptor signaling 

were highly ranked, with 12 out of 189 (6.3%) and 16 out of 277 (5.8%) pathway molecules 

identified (p<0.001) in our analyses, respectively.

3.3. Imputation

Results that include imputed SNPs are similar to the results for the observed genotypes, with 

denser peaks in the top-ranking regions (Supplementary Figs. S5 and S6). In the BE case-

only analysis of imputed SNPs, a clear peak is evident in the PRR5 region, and a new high 

ranking variant in an intergenic region on chromosome 1 is now apparent (Supplementary 

Table S4). The BD+BE vs. controls analysis of imputed data resulted in dense peaks near 

the observed top-ranking SNPs in APOB, PER4, and ZNF536, and additional high-ranking 

imputed variants on chromosomes 4 and 10 (Supplementary Table S5). However, these new 

peaks represent single SNPs with low imputation quality scores, so should be interpreted 

with caution.

3.4. Replication sample

In the analysis comparing BD cases with and without BE, the top ranking SNP from the 

discovery set, rs6006893 in PRR5, showed a consistent effect direction, although the effect 

size was attenuated and not statistically significant in the replication analysis (OR=1.41, 

p=0.21). Most interestingly, the effect estimates for rs10198175 in APOB were nearly 

identical between the discovery and replication sets (OR=1.84 vs. 1.80), with nominally 

significant evidence of replication (p=0.017). Little evidence of replication was obtained for 
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the remaining candidate SNPs, with many of the effect size estimates being in opposite 

directions in the discovery and replication samples (Table 3). Similarly, in the analysis 

comparing the subtype of BD cases with BE to healthy controls, little evidence of replication 

was observed besides rs10198175 in APOB (Table 4), which again displayed a similar effect 

size between the discovery and replication sets (OR=2.09 vs. 1.57) with marginally 

significant evidence of replication (p=0.06).

Most SNP associations for top-ranking SNPs in the discovery sample were not strengthened 

when the replication sample was combined with the discovery sample via meta-analysis, 

with the exception of rs10198175 in APOB, for which the BD+BE subtype association was 

strengthened over that observed in the discovery sample alone (p=2.98E–4 vs. p=1.48E–5, 

Table 3; p=5.00E–6 vs. p=1.92E–6, Table 4).

The tag SNPs for the seven candidate genes genotyped in the replication sample also did not 

yield significant findings after correction for multiple testing. The SNPs with smallest p-

values included rs10418356 in ZNF536 (p=0.0029 in the analysis comparing BD cases with 

and without BE and p=0.012 in the analysis comparing BD+BE cases with controls) and 

rs6533680 in ANK2 (p=0.0055 in the analysis comparing BD cases with and without BE 

and p=0.019 in the analysis comparing BD+BE cases with controls). These results are not 

statistically significant after correction for the number of tag SNPs analyzed in the 

replication study.

4. Discussion

In the current study, we examined genome-wide associations with BE as a comorbidity of 

BD, in order to uncover novel susceptibility variants of BD with this eating dysregulation 

sub-phenotype. Our top-ranking SNPs include previously unidentified variants in genes with 

functions that are biologically relevant to BD and BE. In particular, in the stratified analysis 

comparing the subtype of BD cases with BE to healthy controls, we identified biologically 

plausible genetic associations with SNPs in APOB. In the discovery set, we identified two 

SNPs within the APOB gene associated with the subtype of BD with BE. In our replication 

set, the minor allele of rs10198175 displayed trends towards increased risk of BE among BD 

cases only and increased risk of the BD subtype with BE compared to controls. Similarly, in 

the meta-analysis of the discovery and replication sets, evidence of the involvement of 

rs10198175 in risk for BD and BE was strengthened in both the case-only and subtype 

analyses. APOB is a protein-coding gene for apolipoprotein B, the main component of 

chylomicrons and low density lipoproteins (LDL), implicated in the pathogenesis of 

atherosclerosis (Park et al., 2011), cardiovascular disease (Willer et al., 2008), cerebral β-

amyloidosis, cognitive decline (Ramirez et al., 2011) and blood–brain barrier disruption 

(Pallebage-Gamarallage et al., 2012). Individual reports have implicated APOB mutations 

with suicide and violent behavior (Ramirez et al., 2011); on the other hand, mixed evidence 

has emerged, regarding a possible role in the interaction between depressive symptoms and 

atherogenic metabolic profiles (Hummel et al., 2011); yet its brain functional role is not 

completely understood (Elliott et al., 2010).
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The BD case-only analysis of BE suggested a possible association between a variant in 

PRR5 and BE history in subjects with BD; although this variant was not statistically 

significant in our replication sample, the effect size estimates in the replication were 

consistent with those seen in the discovery sample. The PRR5 gene encodes a subunit of the 

mammalian target of rapamycin (mTOR) complex 2 (mTORC2). mTOR is a serine/

threonine kinase expressed in many tissues, including the brain, where it participates in food 

intake regulation, acting as an energy sensor in the hypothalamus (Cota et al., 2006), 

neuronal development and synaptic plasticity (Weber and Gutmann, 2012). Deficits in 

mTOR expression appear to be related to depression pathophysiology (Jernigan et al., 2011) 

and mTOR inhibition has an anorexic and pro-depressant effect (Russo et al., 2012; Zhou et 

al., 2010). Consistently, its activation is one of the mechanisms of ketamine antidepressant 

action (Li et al., 2010). Thus the potential role of PRR5 in risk of BD with comorbid BE 

deserves further investigation.

In subjects with BD, we observed an association between a variant near ANK2 and history of 

BE. ANK2 codes for ankyrin 2, a gene related to known BD susceptibility gene ANK3. 

Although a plausible gene for susceptibility to BD, we did not observe evidence for ANK2 in 

our replication sample or meta-analysis. A variant within CACNA2D1 (in the same family of 

voltage-dependent calcium channels as CACNA1C) was also a top ranking SNP in our 

stratified analysis of BD cases with BE compared to controls. Notably, the same 

CACNA2D1 variant was previously reported in a meta-analysis including the GAIN data 

(Smith et al., 2011), but was not reported in the original analysis. In fact the association with 

CACNA2D1 was not identified until the sample size was increased to 2191 cases and 1434 

controls; in the present study, we elicited the same variant with a reduced sample size based 

on a refined subtype, emphasizing the potential increase in power to detect relevant genetic 

association as a result of phenotypic refinement and reduced trait variation.

IPA analysis revealed two main networks showing high gene/ molecule interaction. These 

networks involved two of our top ranked genes: APOB and CACNA2D1. Interestingly, in the 

same network as APOB, growth factor downstream signaling cascade molecules Akt, ERK, 

MAPK and Bcl-2 were linked; these molecules have been related to BD pathophysiology and 

are involved in mood stabilization mechanisms (Soeiro-de-Souza et al., 2012). Lithium acts 

by disinhibiting Akt (Beaulieu et al., 2008), while ketamine activates Akt and ERK (Li et al., 

2010). Lithium and valproate increase levels of ERK in the hippocampus, and its inhibition 

is correlated with manic-like effects in rodents (Einat et al., 2003). Lower Bcl-2 expression 

with subsequent alterations of calcium homeostasis (Schloesser et al., 2012) and glutamate 

dysregulation (Soeiro-de-Souza et al., 2013), have been identified as part of BD 

pathophysiology (Chong et al., 2012); its neuroprotective role therefore has been suggested 

as a potential target for future mood pharmacotherapy (Li et al., 2012).

The top ranking SNPs based on our analyses differ from those previously reported for 

European Americans in the GAIN data (Smith et al., 2009) based on analyses that did not 

incorporate BE history. However, rs7690204 in GYPA and rs10193871 in NCKAP5 

(a.k.aNAP5) reported by Smith et al. were also highly ranked in our analyses, with more 

extreme odds ratio estimates in our analyses (Supplementary Table S6). Furthermore, our 

analyses integrating additional information into the investigation of genome-wide 
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associations with BD (through restriction to a BE subtype) generally pointed to variants with 

greater biological relevance, as well as results of greater significance (including lower p-

values and higher odds ratios) than those reported in the original analyses. This is striking, 

considering that our analysis utilized a smaller sample size due to stratification and the 

restriction to those with available BE data. This highlights the potential advantage in 

increased power to detect genetic effects through the reduction of heterogeneity. By 

considering phenotypic subtypes, potentially important genetic factors became more readily 

apparent.

5. Limitations

While power may have improved by reducing heterogeneity through the use of more refined 

phenotypic subtypes, such refinement resulted in a reduction in sample size to only N=206 

BD cases with BE in the discovery sample – a distinct limitation of this study. To overcome 

such a small sample size, we performed replication analysis for candidate SNPs within an 

independent sample, and increased sample size via meta-analysis with the data from GAIN, 

providing stronger evidence for the involvement of the APOB gene in the risk of BD with 

BE.

Because rs10198175 in APOB demonstrated evidence of a relationship with BD and BE risk 

in both analyses, this SNP may be associated with BE behavior in general, a subtype of BD 

with BE, or may reflect a SNP–BE interaction effect on BD susceptibility; however these 

potential effects cannot be untangled without relevant information on history of BE in 

control subjects. Further genetic association studies in well-characterized human samples, as 

well as functional and longitudinal studies, may help to determine the causal pathways 

underlying the observed associations with this APOB sequence variant.

Additional study limitations should be noted. Because subjects were recruited over a long 

time period, subsets of BD cases were given different diagnostic interviews, which were also 

different from those given to controls. This restricted our analyses to subsets of the full 

sample, precluding a thorough assessment of the relationship between BD, BE, and SNP 

effects and limiting the interpretation of results. For example, the BD case-only analysis of 

BE behavior can be used to investigate potential SNP–BE interactions, under the assumption 

that BE is independent of a given genetic effect; however, for some SNPs in the genome, 

this assumption is likely to be false, since BE is thought to be under genetic influence and 

may in fact share genetic factors with BD (Hudson et al., 2008). The lack of data on BE for 

mentally healthy control subjects without BD impedes this investigation, because we cannot 

determine whether associated SNPs reflect an interaction effect on BD or whether the SNP 

is associated with BE independent of BD. Similarly, for variants associated with the BD+BE 

subtype, we are unable to determine whether the association is driven by BD, BE, or both. 

However, our analyses allow us to study an underlying construct that may be responsible for 

both mood disorders and eating behaviors; the details of the mechanism of action of 

identified risk factors on these phenotypes needs to be examined in subsequent studies. A 

final limitation is that the definition of BE used in the discovery sample was broader than 

that in the replication sample.
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6. Conclusion

In this study, we were able to identify a number of variants with biologically plausible roles 

in BD and BE, and through an independent replication sample and meta-analysis, provided 

additional evidence for variants within the APOB gene. However, it remains to be 

determined whether the variants identified in these analyses have functional relationships to 

BD, BE behavior, or both; further investigation is necessary to determine the specific role of 

APOB in BD susceptibility. Nevertheless, this study demonstrates the importance of 

phenotypic sub-classification in genetic studies of complex psychiatric traits. It lays the 

groundwork for further genome-wide investigation of eating dysregulation and obesity-

related measures in bipolar patients, and more broadly, further examination of potential 

genetic effects underlying other phenotypic subtypes.
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Fig 1. 
Manhattan plots for GWA analyses. For each SNP, −log10(p-value) (y-axis) is plotted 

against chromosomal position (x-axis) for (A) the BD case-only analysis comparing cases 

with and without a history of BE and (B) the analysis comparing the subtype of BD cases 

with BE to healthy controls.
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Fig 2. 
Gene network involving APOB generated with IPA. The color of genes/molecules indicates 

the degree of association in our analyses (by p-value): red=high rank, light blue=moderate 

rank, gray=low rank, white=did not pass filter of p<0.001. Shapes indicate the gene/

molecule type (cytokine, transporter, kinase, etc.). Solid lines indicate direct relationships 

and dashed lines/arrows indicate indirect relationships. Genes/molecules emphasized in 

underlined/bold text are discussed in the manuscript. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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