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Association analysis of the chromosome 4p15–p16
candidate region for bipolar disorder and schizophrenia
A Christoforou1,4, S Le Hellard1,4,5, PA Thomson1, SW Morris1, A Tenesa2, BS Pickard1, NR Wray1,6,

WJ Muir1,3, DH Blackwood1,3, DJ Porteous1 and KL Evans1

1Medical Genetics Section, Molecular Medicine Centre, Western General Hospital, University of Edinburgh, Edinburgh, UK;
2MRC Human Genetics Unit, Western General Hospital, Edinburgh, UK and 3Division of Psychiatry, University of Edinburgh,
Royal Edinburgh Hospital, Edinburgh, UK

Several independent linkage studies have identified chromosome 4p15–p16 as a putative
region of susceptibility for bipolar disorder (BP), schizophrenia (SCZ) and related phenotypes.
Previously, we identified two subregions (B and D) of the 4p15–p16 region that are shared by
three of four 4p-linked families examined. Here, we describe a large-scale association analysis
of regions B and D (3.8 and 4.5 Mb, respectively). We selected 408 haplotype-tagging single
nucleotide polymorphisms (SNPs) on a block-by-block basis from the International HapMap
project and tested them in 368 BP, 386 SCZ and 458 control individuals. Nominal significance
thresholds were determined using principal component analysis as implemented in the
program SNPSpD. In region B, overlapping SNPs and haplotypes met the region-wide
threshold (Pp0.0005) at the global and individual haplotype test level and clustered in two
regions. In region D, no individual SNPs were nominally significant, but multiple global and
individual haplotypes were associated with BP and/or SCZ (region-wide threshold, Pp0.0003).
These overlapping haplotypes fell into two regions. Within each of these four clusters, at least
one globally significant haplotype withstood permutation testing (Pgpp0.05). Five predicted
genes were found within these associated regions, while Known/RefSeq genes, including
KIAA0746 and PPARGC1A, mapped nearby. There were also nine other clusters within regions
B and D with nominally significant haplotypes, but only at the individual haplotype level.
KIAA0746, PPARGC1A, GPR125, CCKAR and DKFZp761B107 overlapped with these regions.
This study has identified significant associations between BP and SCZ within the chromosome
4p linkage region, resulting in candidate regions worthy of further investigation.
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Introduction

Bipolar disorder (BP) (MIM 125480) and schizophre-
nia (SCZ) (MIM 181500) are major psychiatric
disorders, each of which affects 1% of the world
population. In recent surveys, the World Health
Organization has identified BP and SCZ as the sixth
and ninth leading causes of disability worldwide,
respectively.1 BP and SCZ are major burdens for
patients, their families and society and incur large

economic costs. Family, twin and adoption studies
have shown that susceptibility to both illnesses is
likely to involve interaction between a substantial
genetic component and environmental factors. Pro-
gress towards identifying these genetic elements is
now being made, including, for example, the neur-
egulin (NRG1)2,3 and disrupted in schizophrenia 1
(DISC1)4 genes in susceptibility to SCZ and BP.

Previously, we described a large Scottish family
that showed significant linkage of BP and recurrent
major depression (MIM 125480) to chromosome
4p15–p16 (log of odds (LOD) = 4.1).5 Further support
for this result came from variance component analy-
sis, which found significant evidence for a quantita-
tive trait locus in the region (LOD = 3.7).6 Recently, we
reported a follow-up, which strengthened the original
linkage result (LOD = 4.4).7 A number of independent
groups have also provided support for the involve-
ment of this candidate region in susceptibility to
major mental illness (as previously reviewed in Le
Hellard et al.7). These findings include linkage to
major mental illness in a large family from the USA
(one of 22 studied) (F48, LOD = 3.24)8 and excess
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haplotype sharing in families from the Faroe Islands
with BP and SCZ (best P-value, P = 0.00007).9 This
region of chromosome 4p has also been highlighted
by a balanced translocation t(4;13) (p16.1;q21.31)
discovered in a patient with SCZ.10

Recently, we refined the 20-Mb candidate region on
4p15–p16 by defining the linked haplotypes in family
F22 and in three other families (F48,8 F5011 and F595)
that also show linkage to this region.7 This delineated
two subregions (B and D) of 3.8 and 4.5 Mb,
respectively, that both showed linkage in three of
the four 4p-linked families studied (Figure 1, adapted
with kind permission from Le Hellard et al.7). In
addition, we have recently described preliminary
evidence for association in GPR78, a functional
candidate gene that maps to region B.12

As the regions identified by linkage analysis are still
relatively large, we chose to combine studies of
extended pedigrees with a population-based approach.
Our strategy is based on the hypothesis that genes that
are implicated by mutations with large effects and
strong genotype–phenotype correlations in pedigrees
with multiple affected cases may also harbor variants

that predispose to the disease in the general popula-
tion. Genome-wide linkage analyses of families with
multiple affected cases have already identified candi-
date regions where association studies have subse-
quently led to the identification of genes involved in
susceptibility to a number of complex disorders. These
include the complement factor H gene13–15 and
LOC38771516 in age-related macular degeneration as
well as the NRG12 and DISC117,18 genes in SCZ.
Therefore, in line with the strategy of first linkage
and then association, we screened our candidate
regions, B and D, for association with BP and SCZ in
a Scottish case–control sample. To carry out a compre-
hensive survey, we selected single nucleotide poly-
morphisms (SNPs) from the International HapMap
Project19 (http://www.hapmap.org/). A linkage disequi-
libium (LD) map of the two regions was constructed,
using the data from the CEPH trios, and haplotype-
tagging SNPs (htSNPs) were selected on the basis of
their ability to differentiate common haplotypes (fre-
quency X10%). Here, we report significant associa-
tions with BP and/or SCZ in the chromosome 4p15–
p16 candidate region.

Figure 1 The overlap between the linked regions that segregate with illness in the four families. The sizes (in Mb) refer to
the genomic distances between the points marked by the horizontal lines. Regions A–D indicate subregions of the F22
linkage region that show linkage in at least one other family. The illnesses observed in the families are indicated on the figure
as follows: ‘AFD’, BP and recurrent major depressive disorder; ‘SCZAFF’, schizoaffective disorder and SCZ and ‘SCZAFD’,
BP, recurrent major depressive disorder, SCZ and others. (Adapted with kind permission from Le Hellard et al.7).
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Materials and methods

This study was approved by the Multicentre Research
Ethics Committee for Scotland and written informed
consent was obtained from all participants.

Association sample
Individuals with BP or SCZ were recruited from
inpatient and outpatient services at the Royal Edin-
burgh Hospital and other Scottish psychiatric hospi-
tals. Patients were screened by experienced
psychiatrists using the semistructured interview: the
Schedule for Affective Disorder and Schizophrenia –
Lifetime version (SADS-L).20 Based on the information
gathered from the interview and on case-note review,
diagnoses were reached by consensus between the two
experienced psychiatrists (DHB and WJM) and made
according to the Diagnostic and Statistical Manual of
Mental Disorders (4th edn) (DSM–IV).21

Control subjects were drawn from the same popula-
tion in South East and South Central Scotland. The
majority (B80%) was recruited through the Scottish
national blood transfusion service, which only ac-
cepts donors that are not currently on medication and
have no chronic illness. The remaining controls were
recruited from the local population or from hospital
staff. Each of the additional controls was briefly
screened by interview to exclude anyone currently
on medication or with a history of treatment for
psychiatric illness. Both the cases and the controls
were sampled from the general Scottish population,
98% of which is of (self-reported) white background
(89.9% ‘white Scottish’, 7.5% ‘other white British’,
1% ‘white Irish’ and 1.6% ‘any other white back-
ground’)22 (http://www.scotland.gov.uk/Publications/
2004/02/18876/32917).

Selection of markers
SNP genotype data for the 30 CEPH trios (Utah
residents with ancestry from northern and western
Europe) (CEU) were downloaded in overlapping
segments of approximately 1 Mb from HapMap Release
7 (May 2004) (http://www.hapmap.org). The data were
subsequently uploaded into Haploview v 2.5 (http://
www.broad.mit.edu/mpg/haploview/index.php)23 to
construct LD maps for the regions. Pair-wise compar-
isons of markers more than 500 kb apart were ignored
(Haploview default). Only markers with a minor
allele frequency (MAF) greater than or equal to 0.10,
a Hardy–Weinberg (HW) P-value greater than 0.001
(Haploview default) and a genotyping success rate of
0.75 or better (Haploview default) were included in
the LD analysis. The haplotype blocks were defined
using the solid spine of LD approach, which creates
blocks only when the first and last SNPs are in strong
LD (|D0| > 0.80) with all of the intermediate SNPs.23

Then, for haplotypes with a frequency of at least 0.01,
adjacent haplotype blocks with a Hedrick’s multi-
allelic D0 (MAD0)24 greater than or equal to 0.95 were
merged manually. This process was repeated until the
MAD0 between any two adjacent blocks was less than

0.95. Finally, using Haploview’s internal tagging
program, htSNPs were selected on a block-by-block
basis to represent haplotypes of frequencies greater
than or equal to 0.10. Individual SNPs (singletons)
that fell between blocks were also included in the set
of htSNPs. However, the LD between them and
adjacent blocks was not determined.

In a previous study,18 we compared the LD map and
haplotype frequencies between our samples and the
HapMap CEPH trios for a region on chromosome 1.
Those results indicated that the two populations have
similar LD structure and haplotype frequencies. Also,
in a study of the consistency of the tagging SNP
approach in multiple samples, Ke et al.25 observed a
high level of consistency between the tagging SNPs
selected in their UK sample and the US CEPH samples.
The results of these two studies validate our use of
HapMap data to select htSNPs for our population.

Genotyping

Genotyping was performed by Illumina Inc. (San
Diego, CA, USA), using the high-throughput Bead-
Array platform technology. A total of 421 SNPs were
submitted for genotyping. Four hundred and eight of
these SNPs were successfully genotyped at an average
locus success rate of 99% (range: 94.3–99.9%) in a
total of 1212 individuals (93% sample success rate).

Statistical analysis

Regions B and D were analyzed separately as they are
independent linkage regions, possibly representing
two different susceptibility loci, with three families of
Celtic origin showing linkage to B and three with
broader ancestry showing linkage to D.7

The standard w2 test of independence was used to
examine all markers for deviations from HW equili-
brium in the control sample. The Haploview23 default
HW significance threshold of P = 0.001 was selected
as a cutoff to balance the possibility of multiple
testing artifacts against the occurrence of methodolo-
gical problems or structural abnormalities.

Single-marker analysis

Differences in single-marker allele and genotype
frequencies between cases and controls were evalu-
ated with the w2 test of independence (with 1 and 2
degrees of freedom, respectively). The level at which
individual markers were declared nominally signifi-
cant was determined using SNPSpD26 (http://genepi.
qimr.edu.au/general/daleN/SNPSpD/) on the full
sample of cases and controls. SNPSpD performs a
simple multiple testing correction procedure for SNPs
in LD with each other, determining the effective
number of independent markers (Meff)

26,27 in the
entire set. Then, using the estimate of the Meff

(MeffLi
28), the program provides the Sidak-corrected29

significance threshold required to keep the Type I
error rate at 5%. We determined thresholds both for
each region separately (region-wide thresholds) and
for regions B and D together (experiment-wide thresh-
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old). The adjusted significance thresholds are referred
to as ‘Nyholt-corrected’ thresholds.

Nyholt’s multiple testing correction has been
shown to provide a good approximation to permuta-
tion-based corrections, which are the ‘gold standard’
for multiple, correlated tests.26 To help assess whether
this was the case in our study, the markers that met
the Nyholt-corrected threshold at either the relevant
region- or experiment-wide significance level were
subsequently corrected by permutation analysis
(10 000 shuffles), using the statistical analysis pro-
gram Cocaphase 2.4330 (unphased suite of programs:
http://www.mrc-bsu.cam.ac.uk/personal/frank/software/
unphased/). The permutation analysis provides a
P-value that is adjusted at the ‘region-wise’ or
‘experiment-wise’ significance level31 for the most
significant single-marker P-value observed for a set of
markers. This corrects for the multiple markers tested
in the particular region of interest. Individual markers
that met the Nyholt-corrected threshold, but were not
the most significant, were subjected to the permuta-
tion analysis once the SNP(s) with better nominal
P-values were removed from the data set (as carried
out, for example, in the Holm ‘step-down’ proce-
dure32). Although the Cocaphase permutation option
does not provide the threshold at which the Type I
error rate would be maintained at 0.05, a significant
permutation-corrected P-value (Ppp0.05) supports
using the Nyholt-corrected thresholds for our data set.

Haplotype analysis
Haplotype frequency estimation and comparison was
carried out using the program Cocaphase 2.43.30 Using
a sliding-window approach, haplotypes of lengths 2–5
were tested. P-values for both global and individual
tests of haplotype frequencies were calculated. The
global test P-value (Pg) determines the significance of
the overall difference in the distribution of haplotype
frequencies between cases and controls. To avoid
misleading results caused by multiple rare haplotypes
in the global test of the null hypothesis,33 haplotypes
with a frequency less than or equal to 5% in both the
cases and the controls were designated rare and
clumped together into one haplotype. The P-value
from the individual test (Pi) represents the signifi-
cance of the difference in case versus control
frequency of an individual haplotype when compared
with all the other possible haplotypes in that window.

Haplotypes were declared nominally significant if
they met the region-wide Nyholt-corrected thresholds
determined in the single-marker analysis for regions B
or D (as carried out in Fallin et al.34 and Greenwood
et al.35). Since the Nyholt-corrected thresholds were
determined by accounting for the correlation between
single markers, it is unclear how accurately these
apply to sliding-window haplotype analysis, which
also involves many highly correlated tests. Therefore,
a subset of haplotype P-values were also corrected by
permutation analysis (1000 shuffles) at the region-
wide level using Cocaphase 2.43.30 The haplotypes
that were corrected were those with nominally

significant global P-values and their corresponding
haplotypes (only for lengths p three SNPs) with
nominally significant individual P-values. P-values
(Pgp or Pip) that met the 0.05 threshold after permuta-
tion correction were declared significant. Not all
haplotypes could be corrected because of the intensive
computational requirements of the permutation-based
analysis. Also, only the most significant haplotype of a
particular sliding-window length tested in a sample of
cases and controls could be corrected.

All tests were performed on the BP and SCZ
samples separately and combined (All), and on these
samples separated on the basis of gender (male (M)
and female (F)). P-values were not further adjusted for
these additional hypothesis-based tests (see Discus-
sion). Odds ratios (ORs) and 95% confidence inter-
vals (CIs) were estimated for the single markers and
haplotypes that met the relevant region-wide Nyholt-
corrected thresholds.

Delineating the associated regions
Each of the individual haplotypes that met the region-
wide Nyholt-significant threshold was followed along
the sliding windows in both the 50 and 30 directions,
using the output from the single-marker and haplo-
type analyses, to determine how far each haplotype
extended while Pip0.01. The htSNPs that covered the
extended haplotypes were then matched up with
their corresponding block. Finally, in order to keep
the blocks intact, the original LD maps were con-
sulted to determine how far each block extended on
the basis of the SNPs available in HapMap Release 7
(May 2004). The regions spanned by the blocks
containing the clusters of extended haplotypes were
defined as the associated regions.

Gene identification
The genomic region spanning the associated region
was queried in UCSC (browser version May 2004) for
(i) Known genes (June 2005) based on protein data
from UniProt (SWISS-PROT and TrEMBL) and mRNA
data from RefSeq and GenBank; (ii) NCBI RefSeq
genes from the NCBI mRNA reference sequence
collection and (iii) main prediction class AceView
genes that do not correspond to Known or RefSeq
genes. AceView genes are constructed from mRNA,
expressed sequence tag (EST) and genomic evidence
using the Acembly program (http://www.ncbi.nlm.
nih.gov/IEB/Research/Acembly)36 and are categorized
into a prediction class of either main or putative
genes. Main prediction class genes must encode a
putative protein with a coding sequence of at least
100 amino acids or they must be supported by at
least one identical EST or mRNA clone and match
at least eight bases on either side exactly to the
genome. For sequences that do not meet either of
the above criteria to be included as main class
predictions, they must either be identified with an
NCBI RefSeq or OMIM number or they must encode a
protein with significant BlastP homology (E < 10�3) to
a cDNA-supported nematode AceView protein.
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If no Known or RefSeq genes were mapped to the
associated region, the closest Known/RefSeq gene,
telomeric or centromeric of the region and the
intervening distance, was noted.

Results

Selection of htSNPs
SNP genotype data was downloaded from a version of
HapMap Data Release 7 (May 2004) for the regions B
and D on chromosome 4p15–p16, covering 3.8 and
4.5 Mb, respectively. Details of the SNP coverage are
presented in Table 1. A total of 1370 SNPs with a
MAFX0.10 were available for the two regions and,
using Haploview v2.5, a total of 235 LD blocks were
defined in the two regions (region B: 85 and region D:
150). htSNPs were selected on a block-by-block basis to
represent the genetic variation present in the common
haplotypes (X10%). In total, 421 htSNPs were selected,
resulting in an average density of 1 SNP per 20 kb and
approximately 2 (range: 1–5) SNPs per block.

Association analysis
A total of 408 of the 421 htSNPs (149 in 83 blocks in
region B, 259 in 146 blocks in region D) were
successfully genotyped in 368 BP individuals (160
males, 208 females), 386 SCZ individuals (276 males,
110 females) and 458 controls (237 males, 218
females, three unknown). Thirteen SNPs were ex-
cluded because of assay design or genotyping failure.
All of the remaining 408 markers met HW equilibrium
in the controls at the default Haploview HW P-value
threshold of 0.001 (HW P-value X0.0016) and had an
average genotyping success rate of 99%. The SNPs
used in the association study, including their project
number, rs number, position on chromosome 4 (NCBI
Bld 34), the block that they represent, their alleles and
control HW P-values are shown in the supporting
online material (SOM) Supplementary Table 1 (region
B) and Supplementary Table 2 (region D).

Nyholt-corrected threshold
Correction for multiple testing is not straightforward
in this study, as we have tested multiple, highly
correlated SNPs and overlapping or nested haplo-
types. Therefore, we applied Nyholt’s spectral decom-
position method, as implemented in SNPSpD, to
determine an appropriate nominal significance level

based on the overall correlation between the SNPs in
the full sample of cases and controls. Of the 149
htSNPs spanning region B, 108 were estimated to be
independent, resulting in a region-wide Nyholt-cor-
rected threshold of Pp0.0005. For region D, of the 259
htSNPs successfully genotyped, 191 were estimated to
be independent, resulting in a region-wide threshold
of Pp0.0003. Of the 408 SNPs in both regions, 295
were estimated to be independent, resulting in an
experiment-wide threshold of Pp0.0002.

Region B
The distribution of single-marker allele (w1

2) P-values
along region B is shown in Figure 2: 5.7% of the
P-values are less than or equal to 0.05 and 1.6% are less
than or equal to 0.01, suggesting that there is no overall
inflation of type I error in the data set. Three SNPs (56,
126 and 131) met the region-wide Nyholt-corrected
threshold of Pp0.0005 in the analysis of allele
frequencies (Table 2). They point to two separate,
apparently sex-specific regions. However, none of the
three SNPs are predicted to be functionally significant
(see SOM Bioinformatics). The sliding-window haplo-
type analysis identified a total of 36 haplotypes that met
either the region-wide (15 haplotypes; Pp0.0005) or
experiment-wide (21 haplotypes; Pp0.0002) Nyholt-
corrected threshold at the global and/or individual
haplotype test level (SOM Supplementary Table 3).
These haplotypes cluster in four distinct regions (B-1–
B-4), two of which (B-1 and B-4) encompass the two
regions identified in the single-marker analysis. B-1 and
B-4 also contain haplotypes with nominally significant
global P-values as well as nominally significant in-
dividual P-values (Figure 3, Table 3). They are described
in more detail below. B-2 and B-3 each consist of a
single haplotype with a significant individual P-value
(Pi = 0.00046 and 0.00020, respectively) and are further
described in the SOM (SOM Results and Discussion
and SOM Supplementary Tables 3 and 4, top). In
addition, we identified haplotypes that overlap with B-
1 and B-4 in other subgroups of the study cohort,
including the full sample of BP cases and the full
sample of affected individuals (SOM Supplementary
Table 3). They had nominally significant individual, but
not global, P-values (range Pi = 0.000065–0.00049).

Association to cluster B-1 was seen in BP males. B-1
spans from SNP 48 to 57 and contains the significant
SNP 56 (rs6820330) (P = 0.00023), which remained

Table 1 Details of block-based SNP coverage for regions B and D on chromosome 4p15–p16

Chromosome 4 Coordinates covered Available
SNPs

Blocksa Average block
size (kb)

htSNPsa htSNP
density

Region (NCBI Bld34) (size, Mb) (HapMap
May 2004)

(Singletons) (Excluding singletons
(range))

(Singletons) (kb/SNP)

B 8769508–12567891 (3.8) 544 85 (18) 27 (34 (1–137)) 154 (18) 25
D 22034705–26549096 (4.5) 826 150 (40) 22 (29 (1–191)) 267 (40) 17
Total (8.3) 1370 235 (58) 24 (31 (1–191)) 421 (58) 20

Abbreviations: Mb, megabase; SNP, single nucleotide polymorphism; ht, haplotype tagging.
aIncludes singletons, which are SNPs that fell between blocks in Release 7 (May 2004) of the HapMap project.
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significant after permutation analysis (Pp = 0.036)
(Table 3, top). The G allele at SNP 56 conferred an
increase in OR of 1.8 (95% CI: 1.3–2.6), and the
genotypic analysis revealed that either one or two
copies of allele G at SNP 56 significantly increase the
OR for BP in males to the same extent (OR = 1.7, 95%
CI: 1.1–2.7; OR = 3.9, 95% CI: 1.6–9.6, respectively),
suggesting a dominant pattern of inheritance.
However, the significance under the dominant model
did not improve (Pdom = 0.0013 versus genotype,
P = 0.0011, Table 2).

Three haplotypes within B-1 had global P-values
that met the region-wide Nyholt-corrected threshold
(Pp0.0005) in the BP males, the most significant of
which was the 3-SNP haplotype from SNP 51 to 53
(Pg = 0.000073) (Table 3, top). It remained significant
after permutation correction (Pgp = 0.012). The 3-SNP
individual haplotype, G-C-T (SNP 51–53) had the
most significant individual P-value (Pi = 0.000066)
and it showed a trend towards significance after
permutation correction (Pip = 0.060). Aligning the
local overlapping individual haplotypes that met the
region-wide threshold and that also conferred an
increase in susceptibility to BP in the males (max-
imum OR = 2.8, 95% CI: 1.7–4.4; overall 95% CI:
1.2–4.4) identified an underlying 7-SNP extended
haplotype (G-C-T-G-T-G-C, SNP 51–57, not tested).

The region of association for B-1 – delineated by
following each of the significant individual haplotypes
in both directions along the sliding windows (while

Pip0.01) – was 202 kb. No Known/RefSeq genes or
AceView-predicted genes overlapped with cluster B-1
(UCSC May 2004 Browser). The nearest gene, mast cell
immunoreceptor signal transducer (MIST), is located
239kb telomeric of B-1 (Table 4, top).

Association to cluster B-4 was identified in BP
females. B-4 spans from SNP 126 to 134 and
contains SNPs 126 (rs1982655) and 131 (rs1454883),
which met the region-wide Nyholt-corrected
threshold (P = 0.00027 and 0.000039, respectively)
(Table 3, bottom). Both SNPs remained significant
after permutation analysis at the region-wide level
(Pp = 0.038 and 0.0066, respectively). For SNP 126, the
C allele conferred an increase in risk (OR = 3.0; 95% CI:
1.7–5.5) and the genotype analysis revealed that risk for
BP in females only increases with two copies of allele C
(OR = 3.0, 95% CI: 1.7–5.5), suggesting a recessive
pattern of inheritance, which is further supported by
a stronger association (Prec = 0.00010 versus P = 0.00027,
Table 2). For SNP 131, which was the only individual
marker that met the experiment-wide Nyholt-corrected
threshold (Pp0.0002) and which also remained sig-
nificant after permutation analysis at that experiment-
wide level (Pp = 0.016), the T allele conferred an
increase in risk (OR = 3.2; 95% CI: 1.8–5.7). Genotype
analysis supported a codominant mode of inheritance
for SNP 131 (genotype P = 0.00019, Table 2).

Six haplotypes within B-4 had global P-values that
met the region-wide Nyholt-corrected threshold
(Table 3, bottom). The most significant of these

Figure 2 Region B: distribution of single-marker allele P-values. The P-values are plotted against the position of the SNP
tested along chromosome 4 (NCBI Bld. 34) and represents the results of the entire sample and the sample separated by
diagnosis: BP (black circles), SCZ (gray squares) and all cases (All, white diamonds). Four thresholds are indicated with
dashed horizontal lines, starting from the top down: P = 0.0002 (experiment-wide Nyholt-corrected threshold), P = 0.0005
(region-wide Nyholt-corrected threshold), P = 0.01 and P = 0.05.

Chromosome 4p locus and psychiatric illness
A Christoforou et al

1016

Molecular Psychiatry



was the 2-SNP haplotype from SNP 130 to 131
(Pg = 0.00013) in the BP females, which remained
significant after permutation analysis at the region-
wide level (Pgp = 0.016). The 4-SNP individual haplo-
type, T-T-T-G (SNP 131–134) had the most significant
individual P-value (Pi = 0.000014, not corrected;
OR = 3.4, 95%CI: 2.1–5.6). Aligning the local over-
lapping individual haplotypes that met the region-
wide threshold revealed two underlying haplotypes:
T-T-A-G-T-C (SNP 126–131, not tested) and T-T-T-G
(SNP 131–134). The individual overlapping haplo-
types that make up the first of these, which have a ‘C’
allele at SNP 131, all confer a decrease in suscept-
ibility to, or a protective effect against, BP in females
(minimum OR = 0.6, 95%CI: 0.4–0.7; overall 95%CI:
0.4–0.8). Whereas, the haplotypes making up the
latter, which carry a ‘T’ allele at SNP 131, all confer an
increase in susceptibility to BP in females (maximum
OR = 3.4, 95%CI: 2.1–5.6; overall 95% CI: 1.5–5.6).

The individual haplotype T-T-T-G (SNP 131–134)
met the region- and experiment-wide Nyholt thresh-
olds in the full sample of affected females
(Pi = 0.00019), but was less significant than in the BP
females (Pi = 0.000014) (SOM Supplementary Table 3).
The region of nominal significance (Pip0.01) for the
individual haplotypes in the BP females stretched
over 603 kb. Again, current annotation of this region
fails to identify Known or RefSeq genes, but there are
two main class Aceview gene predictions, one of
which falls between the two significant individual
SNPs, 126 and 131. Heparan sulfate (glucosamine)
3-O-sulfotransferase 1 (HS3ST1) is the nearest known
gene, located 577 kb telomeric of B-4 (Table 4, top).

Region D
The distribution of single-marker allele (w1

2) P-values
for region D is shown in Figure 4: 5.5% of the P-values
are less than or equal to 0.05 and 1.0% are less than or
equal to 0.01, suggesting that there is no overall
inflation of Type I error in the data set. No individual
markers were nominally significant at Pp0.0003.
However, the sliding-window haplotype analysis
identified 35 haplotypes that met either the region-
(10 haplotypes; Pp0.0003) or experiment-wide (25
haplotypes; Pp0.0002) Nyholt-corrected threshold at
the global and/or individual haplotype test level
(SOM Supplementary Table 5). These haplotypes fall
into nine nonoverlapping regions (D-1–D-9), only two
of which (D-2 and D-7) contained haplotypes with
nominally significant global P-values (Figure 5, Table
5). They are described in more detail below. The other
regions, five of which overlap with known genes
(SOM Supplementary Table 4, bottom), consist of one
or two haplotypes with only significant individual
P-values (range Pi = 0.00011–0.00030). They are de-
scribed further in the SOM (SOM Results and
Discussion and SOM Supplementary Tables 4 and 5).

Cluster D-2 spans from SNP 48 to 58, with the
strongest associations emerging in the full sample of all
affected females at both the global (SNP 50–52,
Pg = 0.000019) and individual (T-A-G, SNP 50–52,T
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Pi = 0.0000033, OR= 3.2, 95% CI: 2.0–5.1) levels (Table
5, top). Both the 3-SNP global and 3-SNP individual
haplotypes remained significant after permutation-
based correction (Pgp = 0.0080 and Pip = 0.0040, respec-
tively). Aligning all the local overlapping individual
haplotypes that met the region-wide Nyholt-corrected
threshold, and which confer an increase to suscept-
ibility to BP or SCZ in women (maximum OR = 3.2,
95% CI: 2.0–5.1; overall 95% CI range: 1.4–5.1),
revealed an underlying 11-SNP haplotype (A-A-T-A-
G-T-A-C-A-G-T, SNP 48–58, not tested).

The two 3-SNP global and individual haplotypes
described above were also the most significant in the
sample of BP females (Pg = 0.00011 and Pi = 0.0000047,
respectively) and in the full sample of BP individuals
(Pg = 0.00030 and Pi = 0.00012, respectively). Signifi-
cance was maintained after permutation-based correc-
tion in the sample of BP females (Pgp = 0.033 and
Pip = 0.0080, respectively), but not in the full sample of
BP individuals (Pgp = 0.075 and Pip = 0.16, respectively).
However, three haplotypes, spanning SNPs 53–57 along
the 11-SNP underlying haplotype described above, had
nominally significant individual, but not global, P-
values in the SCZ females and in the full sample of
affected females (Pp0.0003). One of these haplotypes
(T-A-C-A, SNP 53–56) showed a stronger association in
the SCZ females (Pi = 0.000032) than in the full sample
of affected females (Pi = 0.000045) (SOM Supplementary
Table 5). The 201 kb region of association contains one
main AceView-predicted gene. The nearest known gene

to D-2 is the peroxisome proliferator-activated receptor
gamma coactivator 1 alpha (PPARGC1A) gene, located
just 25 kb telomeric of D-2 (Table 4, bottom).

Cluster D-7 spans from SNP 214–218 (Table 5, bottom).
The most significant global P-value was seen in the full
sample of SCZ individuals with a 5-SNP haplotype
extending from SNP 214 to 218 (Pg =0.000070), which
remained significant after permutation analysis
(Pgp = 0.033). The same haplotype was also nominally
significant in the SCZ males (Pg =0.00018) and it showed
a trend towards significance after permutation correction
(Pgp = 0.088). The most significant individual haplotype
was the 5-SNP haplotype, A-G-T-C-C, in the SCZ males
(uncorrected Pi =0.000079, OR=0.1, 95% CI: 0.0–0.3).
The 121kb-associated region contains two main class
Aceview gene predictions. The nearest known gene to
this associated region is the hypothetical gene
KIAA0746, which is located just 17 kb telomeric of the
region (Table 4, bottom).

Discussion

We have performed an association study across the
two priority regions that together span 8.3 Mb of the
20 Mb chromosome 4p15–p16 linkage region for BP
and related phenotypes. This is the first report of an
association study across these two candidate regions
and we have identified a total of 13 subregions – four
in region B and nine in region D – that are associated
with BP and/or SCZ in our Scottish cohort. Four of

Figure 3 Region B: single markers and global and individual haplotypes making up clusters B-1 and B-4. The P-values of
the significant markers and haplotypes (Pp0.0005) in region B are plotted against the SNP project number.
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Table 3 Region B clusters supported by significant global haplotypes

SNP no. 48 49 50 51 52 53 54 55 56 57 Case frequency Control frequency Pi (Pip, s.e.) Pg (Pgp, s.e.) OR (95% CI)
Block no. 30 30 31 32 32 33 33 34 34 34

B-1
BP M C A A G C 0.13 0.05 0.00042 0.0018 3.2 (1.9–5.6)
BP M 50 51 52 53 54 NA – global NA – global NS 0.00016 (0.059, 0.007) NA – global
BP M G C 0.25 0.14 0.00034 0.0017 2.2 (1.5–3.2)
BP M G C T 0.19 0.08 0.000066 (0.060, 0.008) 0.000073 (0.012, 0.003) 2.6 (1.6–4.1)
BP M G C T G 0.18 0.08 0.000075 0.00026 (0.048, 0.007) 2.8 (1.7–4.4)
BP M G C T G T 0.18 0.08 0.00014 0.0006558 2.7 (1.7–4.4)
BP M C T 0.17 0.08 0.00043 0.0018 2.4 (1.5–3.8)
BP M C T G T G 0.17 0.08 0.00019 0.0010 2.5 (1.6–4.1)
BP M G 0.31 0.20 NA – SM 0.00023 (0.036, 0.002) 1.8 (1.3–2.6)
BP M G C 0.31 0.20 0.00041 0.0014 1.7 (1.2–2.4)

SNP no. 126 127 128 129 130 131 132 133 134 Case frequency Control frequency Pi (Pip, s.e.) Pg (Pgp, s.e.) OR (95% CI)
Block no. 71 71 72 72 72 72 73 74 75

B-4
BP F T 0.39 0.52 NA – SM 0.00027 (0.038, 0.002) 0.6 (0.5–0.8)
BP F T T 0.40 0.52 0.00025 0.0008407 0.6 (0.5–0.8)
BP F T T A 0.38 0.50 0.00018 0.0044 0.6 (0.4–0.8)
BP F T T A G 0.37 0.50 0.00015 0.0073 0.6 (0.4–0.8)
BP F T T A G T 0.38 0.50 0.00020 0.0059 0.6 (0.4–0.8)
BP F T A G T C 0.35 0.50 0.000033 0.0008618 0.6 (0.4–0.7)
BP F A G T C 0.44 0.57 0.000091 0.00047a 0.6 (0.4–0.8)
BP F G T C 0.44 0.58 0.000069 0.00056 0.6 (0.4–0.8)
BP F T C 0.44 0.59 0.000026 (0.012, 0.001) 0.00013 (0.016, 0.001) 0.6 (0.4–0.7)
BP F 130 131 132 133 NA – global NA – global NS 0.00014 (0.028, 0.002) NA – global
BP F 130 131 132 133 134 NA – global NA – global NS 0.00033 (0.069, 0.008) NA – global
BP F T 0.56 0.41 NA – SM 0.000039 (0.0066, 0.001) 1.8 (1.3–2.3)
BP F T T T 0.30 0.20 0.00010a 0.00020 (0.028, 0.002) 2.4 (1.5–3.6)
BP F T T T G 0.24 0.11 0.000014 0.00040a 3.4 (2.1–5.6)

Abbreviations: BP, bipolar disorder; CI, confidence interval; F, females; M, males; Pg, global haplotype test P-value; Pgp, permuted Pg; Pi, individual haplotype test P-
value; Pip, permuted Pi; NA–global, not applicable because case–control frequencies and ORs do not apply to global haplotypes; NA–SM, not applicable because the
allele P-value of a single marker is the same at the global and individual level; NS, no corresponding individual haplotypes were significant at the region-wide level; OR,
odds ratio; SNP, single nucleotide polymorphism.
Bold values indicate haplotypes that were significant at the global level and their Pg-value; bold and underlined values highlight the significant single markers and their
P-value.
aThis haplotype P-value was not corrected by Cocaphase because it was not the most significant in the particular sliding-window size and subgroup tested.
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these 13 regions are supported by significant SNPs
and/or at least one global haplotype that remained
significant after permutation-based correction for
multiple testing, as did a number of the correspond-
ing individual haplotypes (Ppp0.05).

Regions of association supported by significant
common individual haplotypes (frequency > 5%),
but not significant global haplotype P-values, were
also considered because such haplotypes have pre-
viously been shown to represent true associations.37

Similarly, regions defined by significant rare indivi-
dual haplotypes were considered because the associa-
tion of rare variants, including haplotypes, has
previously led to the identification of susceptibility
loci for complex diseases.38,39 These associated re-
gions and the genes that they contain are further
discussed in the SOM Results and Discussion.

To facilitate further studies, we delineated the
region of association identified by the four clusters
containing the globally significant haplotypes de-
scribed above. No Known or RefSeq genes were
identified in the 1.1 Mb of genomic DNA covered by
the four regions of association (B-1, B-4, D-2 and D-7).
However, there are five predicted genes in these
regions. Four of the five are weak candidates, while
the fifth predicted gene, LOC389203, (found in
associated region D-7) is an interesting candidate,
encoding a 105-amino-acid protein. It is defined by
153 cDNA clones and shows significant cross-species
homology (not shown).

The known genes KIAA0746, PPARGC1A, MIST and
HS3ST1 map 17, 25, 239 and 577 kb, respectively, from
a region of association, suggesting the possibility that
the functional variant is disrupting a regulatory
element located in noncoding sequence, as has been
seen in Hirschsprung disease,40 cardiac repolarization41

and age-related macular degeneration,42 for example.
As regulatory regions are known to exist as far as 1 Mb
up- or downstream of the transcription unit,43 any of
the four associated regions may contain a putative
regulatory element. Indeed, there are numerous con-
served elements (not shown) and, therefore, putative
regulatory or otherwise functional regions within each
of these associated regions. The nature of psychiatric
illness, namely its onset in adulthood and relatively
subtle nature of the phenotypic abnormalities, and its
apparent polygenic nature may very well point to the
involvement of regulatory, rather than coding, poly-
morphisms. The candidacy of these nearby genes as
susceptibility genes for psychiatric illness is discussed
in the SOM Results and Discussion.

Previously, we reported a candidate gene associa-
tion study where we demonstrated preliminary
evidence for association with the (region B-located)
G protein-couple receptor 78 (GPR78) gene in this
sample.12 Only one SNP, rs1282 (region B SNP 1), was
in common between the two studies because of the
differences in the SNP selection methods and re-
sources between them. In this study, SNP1 and
haplotypes spanning the GPR78 genomic region met
the traditional nominal significance threshold ofT
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Figure 4 Region D: distribution of single-marker allele P-values. The P-values are plotted against the position of the SNP
tested along chromosome 4 (NCBI Bld. 34) and represents the results of the entire sample and the sample separated by
diagnosis: BP (black circles), SCZ (gray squares) and all cases (All, white diamonds). Four thresholds are indicated with
dashed horizontal lines, starting from the top down: P = 0.0002 (experiment-wide Nyholt-corrected threshold), P = 0.0003
(region-wide Nyholt-corrected threshold), P = 0.01 and P = 0.05.

Figure 5 Region D: global and individual haplotypes making up clusters D-2 and D-7. The P-values of the significant
haplotypes (Pp0.0003) in region D are plotted against the SNP project number.
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Table 5 Region D clusters supported by significant global haplotypes

SNP no. 48 49 50 51 52 53 54 55 56 57 58 Case frequency Control frequency Pi (Pip, s.e.) Pg (Pgp, s.e.) OR (95% CI)
Block no. 30 30 30 31 31 31 32 32 32 33 34

D-2
All F A A T A G 0.12 0.05 0.00016 0.00087 2.7 (1.6–4.6)
All F A T A G 0.14 0.05 0.0000085 0.000030 (0.017, 0.004) 3.1 (1.9–5.1)
All F A T A G T 0.13 0.05 0.000018 0.00054 3.0 (1.8–5.0)
All F T A G 0.15 0.06 0.0000033 (0.0040, 0.002) 0.000019 (0.0080, 0.003) 3.2 (2.0–5.1)
All F T A G T 0.15 0.06 0.0000045 0.000050a 3.0 (1.8–4.8)
All F T A G T A 0.14 0.06 0.000013 0.00034 2.9 (1.7–4.7)
All F G T A C A 0.11 0.04 0.00011 0.0023 2.8 (1.6–5.0)
All F T A C A 0.18 0.09 0.000045 0.0035 2.2 (1.5–3.4)
All F T A C A G 0.18 0.09 0.000063 0.0042 2.2 (1.4–3.5)
All F A C A 0.18 0.09 0.00014 0.0060 2.2 (1.4–3.3)
All F A C A G 0.17 0.09 0.00019 0.011 2.2 (1.4–3.4)
All F C A G 0.18 0.09 0.00029 0.0095 2.2 (1.5–3.4)
All F C A G T 0.16 0.08 0.00027 0.020 2.2 (1.4–3.4)
BP F A A T A G 0.12 0.05 0.00023 0.0033 2.9 (1.6–5.1)
BP F A T A G 0.14 0.05 0.000021 0.0003419 3.2 (1.9–5.5)
BP F A T A G T 0.14 0.05 0.000040 0.0017 2.9 (1.7–5.0)
BP F T A G 0.16 0.06 0.0000047 (0.0080, 0.003) 0.00011 (0.033, 0.006) 3.2 (2.0–5.3)
BP F T A G T 0.16 0.06 0.0000060 0.00025 (0.076, 0.008) 3.0 (1.8–5.0)
BP F T A G T A 0.15 0.06 0.000015 0.0011 2.9 (1.7–4.9)
BP MF A T A G 0.13 0.08 0.00023 0.0016 1.9 (1.3–2.7)
BP MF T A G 0.15 0.08 0.00012 (0.16, 0.012) 0.00030 (0.075, 0.008) 1.9 (1.4–2.6)
BP MF T A G T 0.15 0.08 0.00012 0.0016 1.9 (1.3–2.7)
BP MF T A G T A 0.14 0.08 0.00019 0.025 1.9 (1.3–2.6)

SNP no. 214 215 216 217 218 Case frequency Control frequency Pi (Pip, s.e.) Pg (Pgp, s.e.) OR (95% CI)
Block no. 118 119 120 120 121

D-7
SCZ M A G T C 0.06 0.14 0.00027 0.00046 0.4 (0.2–0.6)
SCZ M A G T C C 0.01 0.06 0.000079 0.00018 (0.088, 0.009) 0.1 (0.0–0.3)
SCZ MF A G T C C 0.01 0.06 0.00012 0.000070 (0.033, 0.006) 0.2 (0.1–0.5)

Abbreviations: BP, bipolar disorder; CI, confidence interval; F, females; M, males; Pg, global haplotype test P-value; Pgp, permuted Pg; Pi, individual haplotype test P-
value; Pip, permuted Pi; OR, odds ratio; SCZ, schizophrenia; SNP, single nucleotide polymorphism.
Bold values indicate haplotypes that were significant at the global level and their Pg-value.
aThis haplotype P-value was not corrected by Cocaphase because it was not the most significant in the particular sliding-window size and subgroup tested.
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Pp0.05, but not the region-wide Nyholt-corrected
threshold (region B, Pp0.0002) set to account for the
multiple markers tested in this study.

To perform this large-scale association study, we
carried out careful selection of the case sample and
included only definite cases of BP or SCZ, which
were recruited from the general Scottish population.
The control sample was taken from the same popula-
tion as the cases; however, stratification may still
exist.44 Thus, a preliminary analysis of stratification
using 66 SNPs45 and the population stratification
program Structure46 was performed. This analysis
showed no evidence of population stratification in
our sample (Thomson et al., unpublished). Also, the
distribution of the allele P-values for regions B and D
(Figures 2 and 3), which suggests that there is no
overall inflation of Type I error, supports the evidence
for no stratification in the sample.

We used a systematic approach to SNP selection that
aimed to cover the two linked subregions (B and D) as
thoroughly as possible. Our selection method relied on
the construction of LD blocks, which allowed us to
select htSNPs that efficiently captured a predetermined
percentage of the known variation within the block47

and some inestimable portion of the unidentified
variation. Given that the definition of a block is a
much debated area,48,49 it is important to point out that
our subsequent method of analysis was not dependent
on the block structure being wholly accurate or
complete. The primary purpose of the blocks was to
facilitate the selection of the htSNPs, whose power in
an association study is based on their overall ability to
represent the genetic variation in a predefined area.50

Selecting SNPs on a block-by-block basis also offers a
more thorough coverage of the region;51 is more likely
to provide positional information on an associated
region than a block-free approach48,50,52 and provides
coverage that is more robust to marker failure owing to
the inherent redundancy. The SNP selection was
carried out using Release 7 (May 2004) of the HapMap
Project and therefore improved coverage of the linked
candidate regions would now be possible.53

We carried out both single-marker and haplotype-
based analysis of the data because haplotype-based
analysis can be more powerful in some cases.54

Specifically, as the frequency of the causative variant
is unknown, it is more likely to be matched, and
possibly detected, when a range of haplotype frequen-
cies is tested.55,56 This, however, results in an increase
in the number of (highly-correlated) tests performed
and in an additional multiple-testing concern, for
which there is no straightforward solution. The ‘gold
standard’ for multiple-testing correction is permutation
analysis because it determines the empirical distribu-
tion and significance threshold of the data, while
accounting for its correlation structure. Permutation
analysis, however, is computationally intensive and
extremely time-consuming, particularly in its applica-
tion to multiple, large haplotypes. Thus, we employed
a two-step procedure that enabled us first to mine the
association data for the most significant markers and

haplotypes, based on a significance (Nyholt-corrected)
threshold preadjusted for the number of SNP tested.
Then, having validated this threshold at the single-
marker level with permutation analysis, we ranked the
significant haplotypes based on their level of support
(global versus individual) and performed permutation-
based corrections on the most promising haplotype
candidates – that is, those with support at the global
level. Each of the four high-ranking associated regions
(B-1, B-4, D-2 and D-7) was supported by global and, in
many cases, individual haplotypes that withstood
permutation testing (Ppp0.05), providing more reliable
support for these regions and suggesting that the
region-wide Nyholt-corrected thresholds were appro-
priate cutoffs for the haplotype tests as well.

We did not adjust our nominal significance thresh-
old to take into account the extra tests that were
performed as a result of pooling the cases and
splitting the sample by gender, because adjusting
the P-value, using a Bonferroni-type correction, is
overly conservative given the nonindependence and
the relevance and importance of these tests, as
discussed below. Furthermore, our findings should
be taken in the context of the prior probability
conferred on the chromosome 4p linkage region,
particularly in regions B and D, through the multiple,
positive linkage results.57,58

In this study, we have identified several significant
regions, some showing association to BP (B-1 and B-4),
others to SCZ (D-7) and still others to BP and SCZ
together (D-2). These findings reflect what has already
been observed in family-based studies for the 4p locus,
where linkage has been shown to BP and/or SCZ and
related illnesses.5,8,11 This phenomenon has also been
observed in a proportion of other susceptibility loci for
psychiatric illness,59–61 suggesting that these illnesses
may, in some cases, share genetic predisposition across
diagnostic boundaries. Family studies and the overlap
in the clinical presentation between BP and SCZ also
support this hypothesis.60,62–64 It is also possible that
regions B and D each harbor separate loci (one or more
in each) for BP and SCZ, respectively.

It is also noteworthy that some of the associations are
sex-specific, occurring only in males (e.g. B-1) or only in
females (e.g. B-4). Although there is no difference in the
lifetime risk for BP or SCZ between males and females,
there is substantial evidence of gender differences in the
onset, course and outcome of psychiatric illness.65 For
example, women with BP are more likely to experience
rapid cycling between the depressed and manic states,
mixed mania and antidepressant-induced mania.66

Women are more likely to have a depressive episode
before their first manic episode, while men tend to
present with mania followed by depression.67 Also,
women have been found to be more likely than men to
have a comorbid psychiatric or physical diagnosis, such
as substance abuse or migraines.66 Finally, there is also
evidence of later age of onset of BP for women.68 In SCZ,
men show the first signs of the illness significantly
earlier than women and have a poorer course.69,70 In
terms of treatment, differences between men and women
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in both clinical and pharmacokinetic responses to
psychotropic drugs have been reported.71 Both BP and
SCZ are heterogeneous phenotypes; thus, these illness-
specific gender differences suggest the possibility of a
genetically more homogenous subgroup in the male- or
female-specific BP and/or SCZ samples, potentially
increasing the power to detect association.72 Indeed,
experimental40 and empirical evidence has indicated
that modelling for sex-specific architecture may increase
the power to identify the underlying genetic variants,
particularly in the light of the recent findings that the
expression patterns of hundreds to thousands of genes
in mice are sexually dimorphic. Finally, sex-specific
associations have been identified in the analysis of other
candidate genes in psychiatric illness.17,60,73

Finally, Type I error is a concern in any association
study. Therefore, an important target for future
genetic studies should be replicating these findings
in independent samples, carrying out functional
studies on the genes identified and homing in on
the functional variant.

This large-scale association study covers two
priority regions totaling 8.3 Mb of the 20 Mb candi-
date linkage region on chromosome 4p. It has
identified four significant regions of association that
include predicted gene transcripts and potential
regulatory regions for further investigation.
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