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Gene Expression and Genetic Variation Data Implicate
PCLO in Bipolar Disorder
Kwang H. Choi, Brandon W. Higgs, Jens R. Wendland, Jonathan Song, Francis J. McMahon, and
Maree J. Webster

Background: Genetic variation may contribute to differential gene expression in the brain of individuals with psychiatric disorders. To test
this hypothesis, we identified genes that were differentially expressed in individuals with bipolar disorder, along with nearby single
nucleotide polymorphisms (SNPs) that were associated with expression of the same genes. We then tested these SNPs for association with
bipolar disorder in large case-control samples.

Methods: We used the Stanley Genomics Database to extract gene expression and SNP microarray data from individuals with bipolar
disorder (n � 40) and unaffected controls (n � 43). We identified 367 genes that were differentially expressed in the prefrontal cortex of cases
vs. controls (fold change � 1.3 and FDR q-value � .05) and 45 nearby SNPs that were associated with expression of those same genes (FDR
q-value � .05). We tested these SNPs for association with bipolar disorder in a meta-analysis of genome-wide association studies (GWAS)
including 4,936 cases and 6,654 healthy controls.

Results: We identified 45 SNPs that were associated with expression of differentially expressed genes, including HBS1L (15 SNPs), HLA-DPB1
(15 SNPs), AMFR (8 SNPs), PCLO (2 SNPs) and WDR41 (2 SNPs). Of these, one SNP (rs13438494), in an intron of the piccolo (PCLO) gene, was
ignificantly associated with bipolar disorder (FDR adjusted p � .05) in the meta-analysis of GWAS.

Conclusions: These results support the previous findings implicating PCLO in mood disorders and demonstrate the utility of combining

gene expression and genetic variation data to improve our understanding of the genetic contribution to bipolar disorder.
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Key Words: Allelic expression, expression quantitative trait loci
eQTL), genetic variants, functional genomics, risk factors

B ipolar disorder (BD) is a severe mental illness that affects
approximately 1% of the population, with increasing mor-
bidity and mortality. BD has a high heritability of at least

0% (1,2) which indicates a strong genetic contribution to this
isorder. However, identification of specific genetic markers as-
ociated with BD has so far not been an easy task. Previous
andidate gene studies implicated SLC6A4, TPH2, DRD4, SLC6A3,
AOA, DTNBP1, NRG1, DISC1, and BDNF (3) in BD, whereas ge-
ome-wide association studies (GWAS) with large case-control
amples identified novel susceptibility loci (4 – 6) and genes such
s CACNA1C (7), ANK3 (8) DFNBP31 (9), SORCS2 (10), and CDH7
11) in BD. GWAS with large and phenotypically well-character-
zed samples may enhance our understanding of the genetic
ontribution to BD (12–14).

Genetic variation contributing to differential gene expression
as provided insight into the genetic susceptibility of complex
iseases (15). Studies have demonstrated the advantages of sys-

ematic mapping of single nucleotide polymorphisms (SNPs) that
re associated with variations in gene expression in different tissue
ypes and populations (16,17). These studies have analyzed gene
xpression values as expression quantitative trait loci (eQTL), and
he eQTL were mapped to particular genomic loci by combining
ariations in their gene expression with genome-wide SNPs (15,18 –
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1). Emilsson et al. (22) found a marked association between gene
xpression and genetic variation in blood and adipose tissue sam-
les. Using lymphoblastoid cell lines derived from individuals of
uropean and African ancestry, others also reported that many

ocal and distant SNPs are associated with the genes differentially
xpressed between these populations (23,24). These studies dem-
nstrate the utility of combining genomic and transcriptomic data

o identify potential genetic variants that contribute to differential
ene expression in various phenotypes.

Although most eQTL studies have used peripheral tissue and
lood cells (22,25), a few studies performed an eQTL analysis
ith postmortem brain tissue (26,27). Myers et al. (26) reported

hat, among the transcripts expressed in cortex (58%), 21% had
xpression profiles that are associated with SNP genotypes in
ormal human cortex. Here, we used a relatively narrow window
ize (100 kb up- and downstream of each gene) to map local
NPs adjacent to each gene, similar to the recent studies
15,28,29). The aim of the present study was to identify associa-
ion between the genes differentially expressed in the prefrontal
ortex (PFC) of individuals with BD and the local SNPs, and to test
ssociation between the local SNPs and BD using the results
erived from a large scale meta-analysis of GWAS.

aterials and Methods

ostmortem Brains
Postmortem brain tissue from the two cohorts including the

europathology Consortium (n � 60) and the Array Collection (n �
05) of the Stanley Medical Research Institute were used in the
tudy. The details of the sample collection have been described
reviously (30). Only BD subjects and unaffected controls from

hese cohorts were included in the current study. A summary of
ubject characteristics is shown in Table 1. The brain collection
rotocol was reviewed by the Uniformed Services University of the
ealth Sciences. Details on postmortem brain collection are avail-
ble from the Stanley Medical Research Institute website (http://

ww.stanleyresearch.org).

BIOL PSYCHIATRY 2011;69:353–359
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RNA/DNA Preparation and Microarray Experiment
Total RNA was extracted from gray matter of the middle frontal

gyrus (Brodmann area 46) with the Trizol method (Invitrogen, Carls-
bad, California) and purified through a Qiagen RNA miniKit column
(Qiagen, Valencia, California). Purified RNA was carried through the
protocol of the manufacturer (http://www.affymetrix.com), and

ach sample was hybridized to the Affymetrix U133A GeneChip
latform (22,283 transcripts) to determine genome-wide expres-
ion profiles. For DNA extraction, a Norgen DNA purification kit
Norgen Biotek, Thorold, Canada) was used to extract high molecu-
ar weight genomic DNA from the frozen cerebellum tissue as de-
cribed previously (27). Only high-quality DNA samples were used
or genotyping study using the Affymetrix Genome-Wide Human
NP array 5.0 (500,568 SNPs). All microarray datasets are publicly
vailable from the Stanley Online Genomics database (http://www.
tanleygenomics.org). The gene expression microarray data were
enerated by Dr. Sabine Bahn at the University of Cambridge, Cam-
ridge, UK (https://www.stanleygenomics.org/stanley/standard/
tudyDetail.jsp?study_id�3) and Dr. Anthony Altar at the Psychiatric
enomics, Gaithersburg, Maryland (https://www.stanleygenomics.
rg/stanley/standard/studyDetail.jsp?study_id�2). The SNP mi-
roarray data were generated by Dr. Chunyu Liu at the University
f Chicago, Chicago, Illinois (https://www.stanleygenomics.org/
tanley/standard/studyDetail.jsp?study_id�20).

Quality Control of Microarrays
Raw microarray data were processed and analyzed with the R

statistical language (http://www.r-project.org) and the Bioconduc-
tor packages (31). The Affymetrix microarray Suite (MAS 5.0) was
used for image processing, data acquisition, and normalization of
expression values (log base 2) for each probeset (32). Normalized
data were subjected to rigorous quality control procedures as de-
scribed previously (33). Two analyses including principal compo-
nents analysis and correlation coefficient heat map with hierarchi-
cal clustering of samples are shown in Figure S1 in Supplement 1.
For gene filtering, probesets with absent/present call rate � 33%
across all subjects were filtered out with the R package affy (http://
www.bioconductor.org/packages/release/bioc/html/affy.html).
The Affymetrix HGU133A array contains 22,283 probesets, of which
11,109 (approximately 50%) were retained after filtering.

For the SNP microarrays, raw data were normalized with the
Bayesian Robust Linear Modeling with Mahalanobis Distance Geno-
typing Algorithm for genotype calling of 500,568 SNPs. SNPs were
filtered based on the criteria of genotype missing rate � 10%, minor
allele frequency � 5%, and Hardy–Weinberg Equilibrium p � .01
(34). After the frequency and genotype filtering, 335,074 SNPs were

Table 1. A Summary of Subject Characteristics

Unaffected Control Bipolar Disorder

ubjects, n 43 40
ge 43.7 � 1.2 43.7 � 1.8
ender (male) 70% 50%
rain pH 6.5 � .1 6.4 � .1

BMI 30.1 � .5 28.2 � .5
Heavy Drug Use 0% 28%
Heavy Alcohol Use 5% 35%
Psychosis 0% 58%
Medication at TOD 0% 74%
Suicide 0% 50%

For each variable, mean � SEM or percentage value is reported. BMI,
body mass index; TOD, time of death.
retained. For the subject filtering, we removed 1 subject based on i

ww.sobp.org/journal
issing genotype rate � 30%. We also computed multidimen-
ional scaling with 335,074 SNPs and removed four subjects (non-
aucasian samples) that have aberrant genotype calls as compared

o the rest of the subjects (Figure S2 in Supplement 1). For the gene
nd SNP association analysis, only subjects common to the gene
xpression and SNP microarray data were used (40 BD cases and 43
naffected controls).

ene Expression Analysis
Pre- and postmortem variables affecting the expression of a

ignificant number of transcripts were identified as described pre-
iously (35,36). These variables include age, sex, body mass index,
moking at time of death (TOD), heavy alcohol use, heavy drug use,
isease severity, suicide status, psychosis, lifetime antidepressant
edication and medication at TOD, postmortem interval, brain pH,

nd refrigerator interval. We also analyzed the effects of microarray
can date because a recent study reported the confounding effects
f this variable (e.g., batch effects) on gene expression (27). We

dentified four potential confounding variables, including brain pH,
icroarray scan date, psychotic features, and medication at TOD,

hat affect expression of more than 5% of the transcripts (p � .001),
s shown in Figure S3 in Supplement 1. We then performed BD
nalysis using a multiple regression model to obtain an adjusted
old change (FC), standard error, and p value for each gene, includ-
ng the four confounding variables as covariates. Based on the raw

values obtained from this analysis, the false discovery rate (FDR)-
djusted q-values (FDR 5%) were calculated using the q-value pack-
ge (http://bioconductor.org/packages/release/bioc/html/qvalue.
tml). The FDR approach has been well-documented in the litera-
ure as a means to control type I error while maximizing power
37–39).

ene Expression and SNP Association
For mapping local SNPs adjacent to the genes differentially ex-

ressed in the PFC of BD, we used a window size of 100 kb up- and
ownstream of each gene (cis SNPs). This cis SNP mapping retained
0,838 gene and SNP pairs. Probesets in the expression microarray

HGU-133A) that had any SNP within their sequence were identified
sing the UCSC Genome Browser (http://genome.ucsc.edu/) and
ffyMAPSDetector software (40). These probesets were removed

rom the dataset, since those SNPs within the sequence may inter-
ere with hybridization of the probesets (41). We implemented a
enotypic model of the form AA, Aa, aa and regressed gene expres-
ion on the genotype calls, with the appropriate covariates. In this

ultiple regression analyses, we included sex and age as covariates,
onsistent with a previous study (28). To adjust for multiple testing
f SNPs and genes, we implemented two steps of p value correc-

ion. First, we used a permutation test (10,000 iterations) to adjust
he p values calculated from the association between gene expres-
ion and cis SNPs, similar to the method implemented in the eQTL
tudy (22). Briefly, for each iteration, the disease classifications were
andomly shuffled in the gene vector to remove class member-
hips, SNP genotypes predicting the gene expression were calcu-
ated, and the p value for the SNP coefficient was retained. Follow-
ng the permutation tests for all gene and SNP pairs, permuted p
alues from all cis regions tested were further adjusted with the
-value method to control for multiple testing of the genes using a
% FDR threshold.

ipolar Disorder and SNP Association
To test disease association with the cis SNPs, we used the results

erived from the BD subset of a meta-analysis of GWAS results (4),

ncluding 4,936 BD cases and 6,654 healthy controls as previously

http://www.affymetrix.com
http://www.stanleygenomics.org/stanley/standard/studyDetail.jsp?study_id=3
http://www.stanleygenomics.org/stanley/standard/studyDetail.jsp?study_id=3
http://www.stanleygenomics.org/stanley/standard/studyDetail.jsp?study_id=20
http://www.stanleygenomics.org/stanley/standard/studyDetail.jsp?study_id=20
http://www.r-project.org
http://www.bioconductor.org/packages/release/bioc/html/affy.html
http://www.bioconductor.org/packages/release/bioc/html/affy.html
http://bioconductor.org/packages/release/bioc/html/qvalue.html
http://bioconductor.org/packages/release/bioc/html/qvalue.html
http://www.stanleygenomics.org
http://www.stanleygenomics.org
https://www.stanleygenomics.org/stanley/standard/studyDetail.jsp?study_id=2
https://www.stanleygenomics.org/stanley/standard/studyDetail.jsp?study_id=2
http://genome.ucsc.edu/
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described (7,10,42,43). Genotype data were obtained from the db-
GaP, the Wellcome Trust Case Control Consortium, the STEP-BD (7),
and through collaborators at the National Institute of Mental Health
(10). The data from all samples except the STEP-BD were used to
impute genotypes for 2 million HapMap Phase two markers (http://
hapmap.ncbi.nlm.nih.gov/) with the program Markov Chain Haplo-
typing, version 1.0 (44). Allele-wise association results were meta-
analyzed with a method that weights results by sample size (http://
www.sph.umich.edu/csg/abecasis/Metal). The p values were
corrected for population stratification by Genomic Control (45). In
the disease association test, multiple testing of the cis SNPs was

djusted using a Bonferroni method adjusted for linkage disequi-
ibrium (LD) among the SNPs. Each SNP that showed minimal LD

ith other SNPs in the set (at an r2 value � .3) was counted in the
djustment (9 independent SNPs).

uantitative Polymerase Chain Reaction
Total RNA was re-extracted from the PFC of the same subjects that

ere used in the microarray experiments, and the quality of RNA was
ssessed with the Bioanalyzer 2100 (Agilent, Foster City, California).
NA was purified using the PureLink Total RNA Purification System

Invitrogen, Carlsbad, California), and complementary DNA was syn-
hesized using reverse-transcriptase polymerase chain reaction (PCR)
ith oligo dT primers as previously described (46). Predesigned and

alidated QuantiTect SYBR primers (Qiagen) were used for the quanti-
ative polymerase chain reaction (qPCR): HBS1L (QT00052626,
M_006620), HLA-DPB1 (QT00079338, NM_002121), PCLO

QT01843730, NM_014510), and POLR1D (QT01339856, NM_152705).
hree reference genes, B2M (QT00088935, NM_004048), PP1A

QT00046046, NM_021130), and ACTB (QT00095431, NM_001101),
ere selected for the experiment. Using the Prism7900HT real-time
etector (Applied Biosystems, Foster City, California), 1 �L aliquots of
uantiTect primer, 10 �L qPCR Master mix (Applied Biosystems), and
0 �L complementary DNA were mixed together and pipetted into
ach well of the 384-well qPCR plate. Thermocycle conditions were: 1)
cycle for 2 min at 50°C, 2) 1 cycle for 15 min at 95°C, and 3) 40 cycles for
5 sec at 95°C and 1 min at 60°C. Fluorescence was measured during
he 60°C step for each cycle. Reactions were quantified by the cycle
hreshold method using the SDS2.2 software (Applied Biosystems). An
verage quantity value (Qty mean) for each sample from the triplicates
f that sample was calculated for each gene. The data for each gene
ere expressed as Qty mean for the gene of interest/geometric mean
f Qty mean for the three reference genes. Normalized values were
xpressed as a FC between BD subjects and unaffected controls.

Table 2. A Summary of Significant Association Between Gene Expression a

Probeset Gene Symbol Gene Title

202203-s-at AMFR autocrine motility factor rece
209316-s-at HBS1L HBS1-like (S. cerevisiae)
211990-at HLA-DPA1 MHC, class II, DP�1
201137-s-at HLA-DPB1 MHC, class II, DP�1
210650-s-at PCLO piccolo (presynaptic

cytomatrix protein)
218258-at POLR1 Polymerase (RNA) I

polypeptide D, 16
kDa

218055-s-at WDR41 WD repeat domain 41
FC, gene expression fold change between bipolar disorder and unaffected
otility factor receptor; MHC, major histocompatibility complex.
esults

emographic and Clinical Information
A summary of subject characteristics is shown in Table 1. Aver-

ge age (p � .99), body mass index (p � .38), and brain pH (p � .05)
ere not significantly different between BD and control groups.
ther clinical variables such as heavy drug use, psychosis, medica-

ion at TOD, and suicide were specific to BD subjects.

ifferential Gene Expression in the PFC of BD Subjects
Using the gene expression microarray data from the Stanley

enomics Database, we analyzed various antemortem and post-
ortem variables. We found that brain pH (19.1%), microarray scan

ate (10.2%), psychosis (6.2%), and medication at TOD (5.3%) af-
ected expression of more than 5% of the transcripts (p � .001), as
hown in Figure S3 in Supplement 1. Other variables affected a
elatively small number of transcripts (� 5%). Thus, we adjusted for
he four confounding variables in BD analysis, and identified 400
ranscripts (367 genes) as being differentially expressed in the PFC
f BD subjects (FC � 1.3 and q-value � .05). Among those tran-
cripts, 175 transcripts were upregulated and 225 transcripts were
ownregulated in BD (Table S1 in Supplement 1).

ene Expression and SNP Association
Using those 400 transcripts, we mapped 10,838 cis SNPs (win-

ow size of 100 kb upstream and downstream of each gene) that
re adjacent to each gene. After adjusting for multiple testing of
NPs and genes, we identified 45 gene and SNP pairs showing
ssociation between gene expression and SNP genotypes (FDR
-value � .05), as shown in Table 2.

Expression levels of the major histocompatibility complex, class
I, DP � 1 (HLA-DPB1) gene were associated with 15 cis SNPs, and 9
NPs were in LD (Figure S4 in Supplement 1). Expression levels of
he autocrine motility factor receptor gene were also associated
ith eight cis SNPs. Among those SNPs, four SNPs (rs2440467,

s2432540, rs6499837, and rs9937444) had the same association
ith autocrine motility factor receptor expression in the CEU adult
opulation (HapMap Project). Details on the 45 gene and SNP pairs
re shown in Table S2 in Supplement 1.

Figure 1 shows a significant association between HBS1L expres-
ion and an SNP (rs2150681) in the brain (FDR q-value � .05).
xpression levels of HBS1L were decreased (FC �1.7, and q-value

02) in BD (red) as compared to the controls (green). Levels of the
ene expression in the minor allele (A) were decreased in BD
ubjects as compared to the controls, indicating an allelic expres-
ion pattern. Other cis SNPs (rs1547247, rs4896128, rs6923765,

SNPs

Cytoband FC q-Value SNPs

16q21 �.866 .016 8
6q23-q24 �.766 .015 15
6p21.3 �.892 .014 1
6p21.3 �.423 .039 15
7q11.23-q21.3 .774 .013 2

13q12.2 �.397 .017 2

5q14.1 �.419 .013 2
nd cis

ptor
controls (log2); q-value, FDR-adjusted q-value (5% FDR); AMFR, autocrine

www.sobp.org/journal

http://hapmap.ncbi.nlm.nih.gov/
http://hapmap.ncbi.nlm.nih.gov/
http://www.sph.umich.edu/csg/abecasis/Metal
http://www.sph.umich.edu/csg/abecasis/Metal
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rs7741515, rs1590975) that are in LD with the SNP rs2150681 also
showed a similar pattern of association with HBS1L expression.

BD and SNP Association
Using the 45 cis SNPs that are associated with differentially ex-

pressed in BD, we tested disease association using the results de-
rived from a meta-analysis of GWAS. The LD (r2) was estimated from
the HapMap Phase 2 genotypes and association p values were
corrected by the number of independent SNPs using a Bonferroni
method. We identified an SNP (rs13438494) that is significantly
associated with BD (adjusted p � .05). Figure 2 shows that expres-
sion levels of PCLO are increased in the PFC of BD subjects (red) as
compared to the controls (FC 1.71; q-value � .05). This also illus-
trates that the SNP rs13438494 is associated with expression levels
of PCLO in the PFC of BD subjects (q-value � .05).

Quantitative PCR
Following the microarray analysis, we performed a qPCR to val-

idate gene expression changes that we observed in BD subjects. We
confirmed that 4 genes (HBS1L, HLA-DPB1, PCLO and POLR1D) show
the same directional changes in the PFC of BD subjects as compared
to the controls. Figure 3 illustrates FCs and 95% confidence intervals
of individual genes (p � .05). This suggests that the microarray and
the qPCR data are consistent and the qPCR results further support
the effectiveness of our significance criteria (FC � 1.3 and q-value �
.05) in minimizing false positive discovery in the microarray data.

Discussion

Previous eQTL studies suggested substantial heritable variation
in gene expression in different cell types and populations. Genetic
variants that influence gene expression levels can be mapped to
local (cis) or distant (trans) SNPs (19). However, it is more difficult to
interpret the biological mechanisms behind the trans SNPs as com-
pared to the cis SNPs (18,20), due to a large number of comparisons
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Figure 1. A significant association between expression levels of HBS1L and a
single nucleotide polymorphism, rs2150681, in brain (false discovery rate
q-value� .05). Overall expression levels of HBS1L are decreased in the prefrontal
cortex of bipolar disorder subjects (red) as compared to the unaffected controls
(green). Levels of expression in the minor allele (A) were decreased in bipolar
disorder subjects (red) as compared to the controls (green), indicating an allelic
expression of HBS1L. X axis: genotype; Y axis: gene expression (log 2 scale).
presented between the gene and the trans SNPs. The cis SNPs are
c
(

ww.sobp.org/journal
ore proximal to their neighboring gene, and other studies dem-
nstrated increased strength in association in the cis SNPs as com-
ared to the trans SNPs (22,26). Another study, using postmortem
rain tissue from psychiatric disorder subjects, also demonstrated a

arge number of cis associations with gene expression, while no
rans associations were found to be significant after correcting for
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igure 2. A significant association between expression levels of PCLO and a
ingle nucleotide polymorphism, rs13438494, in brain (false discovery rate
-value � .05). Overall expression levels of PCLO are increased in the prefrontal
ortex of bipolar disorder subjects (red) as compared to the unaffected controls
green). X axis: genotype; Y axis: gene expression (log 2 scale).

Fold Change with 95% CI
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HBS1L

HLA−DPB1
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POLR1D

igure 3. A quantitative polymerase chain reaction validation of the genes
HBS1L, HLA-DPB1, PCLO, and POLR1D) that are differentially expressed in the
refrontal cortex of bipolar disorder subjects as compared to the unaffected

ontrols. Each gene is shown with fold change and 95% confidence interval
CI) (p � .05).
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multiple comparisons (27). Thus, we used a relatively narrow win-
dow size (100 kb upstream and downstream of each gene) for
mapping cis SNPs, similar to the studies that used the same window
size for cis SNPs (15,28,29). Using the stringent criteria of signifi-
cance, we identified 45 gene and SNP pairs that are associated with
each other. Among those gene and SNP pairs, the same associa-
tions have been reported in 11 gene and SNP pairs in the CEU adult
population (HapMap Project) and in the human frontal cortex
(26,27). The remaining 34 gene and SNP pairs have not been re-
ported elsewhere, and it is likely that novel associations may exist in
the PFC of BD subjects.

We found that expression levels of HBS1L were associated with
15 cis SNPs, and those SNPs were in LD (Figure S4 in Supplement 1).
Previous studies showed similar association between HBS1L expres-
sion and the SNPs. For example, five SNPs (rs1590975, rs2150681,
rs4896128, rs6923765, and rs7741515) were associated with HBS1L
expression in the human cortex (26). An SNP (rs1547247) was asso-
ciated with HBS1L expression in the CEU adult population (HapMap
Project). The HBS1L is located in chromosome 6q23-q24, a locus
that appears to be associated with BD (47,48). By combining the
genetic data from 11 different BD linkage studies (5,179 individuals
from 1,067 families), the authors found a significant linkage to BD
on chromosome 6q21-q25 (48). Another study using a linkage data-
set (52 families of European descendent; 448 participants and 259
affected individuals) reported an interaction between BD genes on
chromosomes 2q22-q24 and 6q23-q24, suggesting an epistasis in
BD (47). Although more studies are needed, previous studies sug-
gest that chromosome 6q23-q24 may be a risk locus associated
with BD.

The major histocompatibility complex (MHC) region is lo-
cated in chromosome 6p21.3-p22.1 and has been implicated in
immune system function. A large-scale GWAS of European-an-
cestry subjects (3,322 cases and 3,587 controls) reported that the
MHC region is associated with schizophrenia and BD (5). We
found that 15 cis SNPs are associated with decreased expression
of HLA-DPB1 (6p21.3) in the PFC of BD subjects. This strengthens
the evidence that the MHC region (6p21.3-p22.1) may be associ-
ated with BD.

A GWAS reported that multiple SNPs located in PCLO are associ-
ated with major depression (49). Among the SNPs associated with
major depression, a nonsynonymous SNP rs2522833 in PCLO
yielded the lowest p value (6.4 	 10�8). Another study with reanal-
ysis of 29 correlated SNPs supported the finding that the SNP
rs2522833 is associated with major depression (50) and provided
compelling evidence that PCLO may be a susceptibility gene for

ajor depression. Here, we identified two cis SNPs associated with
ncreased expression of PCLO in the PFC of BD subjects. Interest-
ngly, PCLO encodes a protein that is localized to the presynaptic
ctive zone and plays a significant role in monoaminergic neuro-
ransmission in the brain (51,52). Previous and current results sug-
est that PCLO is associated with both major depression and BD,
nd this gene may play a significant role in the development of
ajor mood disorders (53–56).

Genetic variation that has been reported to contribute to gene
xpression in previous eQTL studies may not always reflect true
hanges in messenger RNA (mRNA) levels caused by SNPs. Hybrid-

zation differences caused by sequence polymorphisms in the 3’
nd of the mRNA region that is targeted by the Affymetrix expres-
ion microarray probes may lead to false-positive eQTL findings
41,57). Previous eQTL studies did not always identify those SNPs
nterfering with gene expression and such putative cis SNPs should
e considered with extra caution because differential gene expres-

ion could be due to sequence diversity in the microarray probe
egions. Thus, we used the UCSC Genome Browser (http://
ww.genome.ucsc.edu) and the AffyMAPSDetector software (40)

o exclude those SNPs located in the 3= end of the mRNA region that
re targeted by the Affymetrix microarray probes.

Recent studies demonstrated the confounding effects of mi-
roarray scan date (batch effects) on gene expression profiles
27,58). Liu et al. (27) reported that brain pH and batch effects were
he two most influential factors affecting gene expression profiles
n postmortem brain tissue. We confirmed that brain pH (19%) and

icroarray scan date (10%) affected expression of a significant
umber of transcripts as compared to other variables. In order to
djust for the confounding variables, we included them as covari-
tes in the multiple regression analysis. Thus, we were able to
btain a set of genes as being differentially expressed in the PFC of
D subjects after correcting for the confounding factors including
rain pH, microarray scan date, psychosis and medication at TOD.

We obtained a relatively small number of genes (7 of 367) that
how a significant association with cis SNPs as compared to the
revious studies that reported a larger portion of gene expression
nd SNP associated pairs (22,23). There are several possibilities for
his discrepancy. First, we mapped local SNPs with a narrow win-
ow size (100 kb upstream and downstream) so that the total
umber of local SNPs mapped to the genes was smaller than previ-
us studies that used a larger window size. Second, we used a
ermutation test (10,000 iterations) followed by FDR-adjusted q-
alue method to ensure that we have a strict threshold to obtain
ssociation between gene expression and SNP genotypes. Third,
e used postmortem brain tissue from individuals with psychiatric
isorder with a relatively small sample size (n � 83) for eQTL analy-
is. It has been shown that gene expression changes are subtle in
he PFC of individuals with psychiatric disorders (35) as compared
o other studies that investigated expression profiles in different
opulations (25). Finally, there are many unknown factors such as
isease comorbidity, complex substance abuse and medication
istory that may affect gene expression profiles in postmortem
rain tissue. Thus, it is possible that those factors may confound
ome of the significant associations and may result in a relatively
mall number of genes associated with cis SNPs in the current study.

In conclusion, we identified a set of SNPs that show cis association
ith expression of the genes that are themselves differentially ex-
ressed in the PFC of individuals with BD. We showed that these cis
ssociations were not attributable to common biases present in post-
ortem gene expression data, and that they met stringent thresholds

f significance and multiple testing corrections. One of the identified
NPs, rs13438494 in an intron of PCLO, showed association with BD in
large meta-analysis of GWAS, consistent with prior evidence that

CLO is involved in mood disorders. We have demonstrated the utility
f combining genomic and transcriptomic data to identify potential
enetic markers that are associated with both gene expression and
isease status in a complex genetic disorder.
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