
Follow-up of a major psychosis linkage site in 13q13-q14 reveals 
significant association in both case-control and family samples

Alexandre Bureaua,b,*, Yvon C. Chagnona,c, Jordie Croteaua, Alain Fourniera, Marc-André 
Roya,c, Thomas Paccaleta, Chantal Mérettea,c, and Michel Maziadea,c

aCentre de recherche de l’Institut universitaire en santé mentale de Québec, Québec, Canada

bDépartement de médecine sociale et préventive, Université Laval, Québec, Canada

cDépartement de psychiatrie et neurosciences, Université Laval, Québec, Canada

Abstract

Background—We previously reported a genomewide significant linkage for major psychosis in 

chromosome 13q13-q14.

Methods—An association analysis in 247 unrelated DSM-IV schizophrenia (SZ) patients and 

250 unrelated controls from the Eastern Quebec population genotyped with 2150 single nucleotide 

polymorphism (SNPs) in 13q13-q14. We also used the kindred sample where linkage was detected 

(125 SZ, 120 bipolar (BP) and 36 schizoaffective disorder (SAD) patients vs. 467 unaffected adult 

relatives) for replication.

Results—An association of the T allele of rs1156026 found in the case-control sample (odds 

ratio (OR) = 1.81, p = 4×10−6, false discovery rate = 0.01) was replicated in the kindred sample 

(OR=1.54, p=0.01), strengthening the overall association evidence (p=8×10−7). The effect size 

increased in the subset of unrelated patients with a family history (OR = 2.28) and in the 15 

families where SZ was predominant (OR=2.03). In the kindred sample, onset of either SZ or BP 

was on average 5 years earlier for T/T compared to C/C homozygotes leading to stronger 

association in patients with onset before 26 years of age (SZ: OR=2.40, p = 1.3×10−4, SZ, BP and 

SAD combined: OR=1.87 p=8×10−5).

Conclusions—Case-control and family-based association provided evidence of a locus at 

13q13-q14 related to SZ. The proximity of the associated SNP with the linkage signal and the 

extension of the associated phenotype to major psychosis with younger age of onset indicate 

congruence between the linkage and association signals. The rs1156026 association is novel and 

factors explaining its non-detection in previous studies are discussed.
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Introduction

Our investigation of the chromosome 13q13-q14 region evolved in three steps. In a first step 

we reported in 2005 a genomewide suggestive linkage signal (maximum LOD score of 2.96) 

in the chromosome 13q13-q14 region that is common to schizophrenia (SZ) and bipolar 

disorder (BP) in a large kindred sample from Eastern Quebec [1]. Remarkably, in a second 

step we reproduced and enhanced this linkage signal in a second sample of kindred from the 

same population with the same microsatellite markers and the same SZ and BP combined 

phenotype, yielding a −log10 (p-value) of 5.21 in the combined sample [2]. This genomic 

region has been previously implicated in multiple linkage studies of SZ and BP (reviewed in 

[2]). Previous association studies in other populations suggested two candidate genes in the 

region. Diacylglycerol kinase eta (DGKH), located 500 kb from D13S1297 where the 

linkage signal peaked, was initially detected in a genomewide association study (GWAS) of 

BP [3] and was later found associated in both BP and SZ samples of Han Chinese origin [4]. 

The serotonin receptor 2A (HTR2A), located at 4 Mb from the peak linkage, has been a long 

standing candidate for both SZ and BP, and a current meta-analysis indicated a modest but 

significant association between the single nucleotide polymorphism (SNP) rs6311, located 

in the 5′ region of HTR2A, and SZ in Caucasians (http://www.schizophreniaforum.org/res/

sczgene/meta.asp?geneID=293). Intriguingly the largest mega-analyses of SZ and BP 

GWAS did not report any association signal to this region [5, 6].

In a third step, in search of the origin of the linkage signal, we now report a SNP association 

and copy number variant (CNV) detection study in the 13q13-q14 region in unrelated SZ 

patients and normal controls using data from a medium-scale genomewide SNP array. An 

association detected in the case-control sample was then replicated in the kindred sample 

with SNPs close to marker D13S1297 where our previously reported linkage signal peaked 

[2].

Methods

Study subjects and phenotype definition

The case-control sample consisted of 247 unrelated SZ patients and 250 unrelated normal 

controls from the Eastern Quebec population. All subjects were Caucasian of French-

Canadian ancestry. The proportion of males was 79 percent among the cases and 78 percent 

among the controls. Controls were adults, with a median age of 45 at the time of psychiatric 

evaluation.

The kindred sample consisted of 845 members of 48 multigenerational families of which 21 

were mainly affected by BP (<15% of the affected family members had SZ), 15 mainly 

affected by a SZ spectrum disorder (< 15% had BP) and 12 were mixed pedigrees, i.e. 

affected almost equally by SZ and BP. In the kindred sample, narrow and broad definitions 
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of the SZ and BP phenotypes were used in the analyses. We also defined a narrow and broad 

“common locus” (CL) phenotype including SZ, BP and schizoaffective disorder (SAD). 

More details on the phenotype definitions are given elsewhere [1, 2] and in the online 

supplement. The numbers of affected subjects for each phenotype definition are in Table 1. 

For the association analyses in the kindred sample we formed a comparison group with the 

467 genotyped non affected subjects from our family sample satisfying the following 

criteria: A) no diagnosis in the broad definition of CL, B) age greater or equal to 25 years 

and C) not the parent of a CL patient. We refer to these subjects as non-affected adult 

relatives (NAARs).

Age of onset in the kindred sample was defined as the age of the first definitive episode or 

of the first probable episode of a disorder from the spectrum of SZ and BP. The former 

definition was used for the genetic analyses. In the unrelated SZ patients sample, age at 

which could be made a definitive lifetime diagnosis of DSM SZ was the only available 

definition of age of onset.

Ethics

The study was explained to each family member, unrelated cases and controls, and a signed 

consent was obtained, as reviewed by our University Ethics Committee.

Candidate region definition

We opted to cover a wide region given the uncertainty in the boundaries of linkage signals 

for complex traits. We took as anchor points the two markers delimiting the linkage region 

with a −log10 (p-value) above 3.0 in our kindred sample, D13S1491 and D13S1272, [2] and 

defined the candidate region as extending 5 Mb proximal from D13S1491 to 5 Mb distal 

from D13S1272. The interval corresponds to coordinates 33.564 to 50.086 Mb in human 

genome assembly build GRCH37.3.

Genotyping and CNV detection

The case-control sample was genotyped using a customized Illumina genomewide SNP 

array. CNVs were inferred from the genotyping probe signals using the hidden Markov 

model implemented in PennCNV [7]. Our region of interest derived from the linkage 

evidence in our kindred sample contained 2,150 SNPs. For replication in the kindred sample, 

SNPs were analyzed using an in house minisequencing approach [8]. Application of 

standard quality control procedures left 2,081 SNPs to be included in the analysis. Details 

can be found in the online supplement.

Association analysis in the case-control sample

Population structure was investigated using principal component (PC) analysis. Association 

analysis between phenotype and genotype was performed using standard allelic, trend and 

genotypic tests under a dominant and an additive model. Allelic and genotypic odds ratios 

were estimated on the genotyped SNPs and on untyped SNPs imputed using genotype data 

from the 1000 Genomes Project (www.1000genomes.org). Association to both genotyped 

and imputed SNPs was also tested conditionally on genotypes and on allele counts of the 

genotyped SNPs showing the strongest association. Haplotype association tests were 
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performed on sliding windows of three and five consecutive SNPs. The analysis is described 

in greater details in the online supplement.

Association analysis in the family sample

Allelic log-odds ratios (ORs) were estimated and Wald tests of association were performed 

under a logistic model estimated using generalized estimating equations (GEEs) with an 

independence working correlation structure between the subjects in the same family and an 

empirical variance estimate robust to intra-familial correlation [9]. The same approach was 

then applied to the combined case-control and family samples. The generalized 

disequilibrium test (GDT) [10], a score test robust to population stratification, was also 

applied to confirm the GEE Wald test results. The haplotype analysis is described in the 

online supplement.

Association with age of onset

First, we compared the mean age of onset between genotypes in patients. Second, we tested 

genetic association in the kindred sample by comparing the patients with onset before age 26 

to the NAARs. We chose age 26 based on the median age of first definitive episode of SZ in 

our kindred sample. In the case-control sample we compared the SZ patients with onset 

before age 26 to the controls.

Results

Matching of cases to controls on ancestry

Comparison of the unrelated case and control groups along the first ten PCs revealed no 

important difference (p-values between 0.033 and 0.72). Supplementary figure 1 shows the 

near perfect overlap between the two groups on the first two PCs. The inflation factor 

estimated by the genomic control method applied to the genotype data was only 1.006. The 

good fit of the observed distribution of p-values to the expected one in the candidate region 

can be seen on a quantile-quantile plot (Supplementary figure 2). In consideration of this 

absence of evidence of population structure differences between cases and controls, we 

decided to not apply any correction.

Association with genotyped SNPs in the case-control sample

The SNP rs1156026 was the only SNP associated to SZ with a FDR < 0.05 in our primary 

analysis of the SNPs individually using Fisher’s exact test, with an OR of 1.81 for the T 

allele (Figure 1 and Table 2) and 2.63 (95% confidence interval (CI) [1.74, 4.00]) for the T/T 

genotype against the others. Results with the Cochran-Armitage trend test were nearly 

identical to the Fisher exact allelic test (not shown). When the subset of 60 patients with 

positive family history of SZ, psychosis or paranoia in first, second or third degree relatives 

was compared to the control group, rs1156026 remained the SNP with the lowest p-value in 

the region. The SNP effect size was larger in this familial subset (T allele OR = 2.28, T/T 

genotype OR = 3.10, 95% CI [1.64, 5.86]) but the greatly reduced number of cases resulted 

in a less significant association (Table 2). There was no significant difference in mean age of 

onset between the three rs1156026 genotypes (results not shown). When the case sample 

was restricted to the 133 patients with onset before age 26 in the genetic comparison with 
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the control group, rs1156026 was again the SNP with the lowest p-value in the region. The 

ORs remained about the same as in the analysis of the full sample and the p-value was less 

significant due to the lower power in a smaller sample. SNP rs1156026 is located about 500 

kb from D13S1297, the marker where the linkage signal peaked in the kindred sample [2].

Association with untyped variants

Imputation of SNPs located within 200 kb of rs1156026 using the 1000 Genome Project 

data revealed no other SNP with stronger association. The lowest p-value obtained was 2.9 × 

10−5, with rs2657116. Over the same interval, the two windows of three consecutive SNPs 

showing the strongest association to SZ in global haplotype association tests included 

rs1156026 (Supplementary figure 3). Windows of five consecutive SNPs yielded no p-value 

below 10−4 (results not shown). However, the examination of the association of individual 

haplotypes in the top two three-SNP windows revealed that the rs2120753 - rs2657100 - 

rs1156026 AAT and AGT haplotypes were associated to SZ (p = 2 × 10−5 for AAT after 

correction for testing eight haplotypes), indicating that the association was driven by the 

rs2120753 - rs1156026 AT haplotype. We therefore tested association with haplotypes 

formed by these two correlated SNPs and obtained an odds ratio of 1.94 for the AT 

haplotype compared to the reference GC haplotype (Table 2). When the subset of 60 cases 

with positive family history was compared to the control group, the odds ratio for the AT 

haplotype raised to 2.84. In both instances, the uncorrected p-value of the score test of the 

AT haplotype versus all others is close to 10−7.

Conditional analysis

We tested association of the genotyped and imputed SNPs conditional on the T/T genotype 

and the allele count of rs1156026 to determine whether other SNPs were associated to SZ 

independently of rs1156026. All p-values were non significant considering multiple testing 

(p > 0.0005). We obtained the same conclusion when conditioning on the allele count at 

rs2120753 (p > 0.001), but we note that rs1156026 ranked in first place.

Linkage disequilibrium

We examined LD between rs1156026 and other neighboring frequent SNPs in subjects of 

European ancestry in the 1000 Genomes Project to interpret the association results in our 

dataset and other studies. Only 8 SNPs and one insertion/deletion (indel) are correlated at a 

r2 > 0.1 with rs1156026 and all are within 25 kb (Supplementary Figure 5). Among them, 

we have genotyped only rs2120753, and the r2 with rs1156026 in our control sample was 

similar to the 1000 Genomes estimate.

CNVs

We detected CNVs in 245 cases and 137 controls genotyped in the same batch, to insure that 

genotyping signal intensities were comparable. The region from rs1998697 to rs9574453 

spanning 6 kb is deleted in one case and duplicated in another. A deletion spanning 10 kb 

from rs1407608 to rs9646096 has been detected in a control. Overlapping duplications and 

deletions have been reported in the Database of Genomic Variants (DGV) ([11] 
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projects.tcag.ca/variation). A duplication spanning 9 kb from rs11619167 to rs2234211 

detected in a case has not been reported in the DGV.

Replication of the SNP association in the kindred sample

The SNPs rs1156026 and rs2120753 were selected for genotyping in the kindred sample. A 

significant association of the T allele of SNP rs1156026 to SZ was detected. Table 2 shows 

the results of the GEE analysis for the narrow SZ phenotype (results for the broad SZ 

phenotype were similar and are not shown). The estimated OR of 1.54 increased to 2.03 

when the analysis was restricted to the sample of families where SZ was the predominant 

disorder, and the statistical significance of the GEE Wald test also improved from 0.012 to 

8.8 × 10−4. The GDT with the narrow SZ phenotype gave a result similar to the GEE Wald 

test in the full kindred sample (p=0.027) but a less significant one in the sub-sample of SZ 

families (p=0.072). The combination of the case-control sample with the sub-sample of SZ 

families gave the strongest overall evidence of association (p = 6.4 × 10−8). Contrary to the 

case-control sample, little association was observed with the rs2120753 A allele, and the 

rs2120753 - rs1156026 AT haplotype was no more strongly associated to SZ than the T 

allele of SNP rs1156026 by itself. Also, there was less evidence of association under the 

recessive model in the kindred sample than in the case-control sample (results not shown). 

We also examined association to the narrow BP and CL phenotype, which previously gave 

linkage signals in our kindred sample [2]. Neither rs2120753 nor rs1156026 were 

significantly associated (Table 3).

In the kindred sample the mean age at the first probable episode was 26.2 years (standard 

deviation (SD) = 7.8) for narrow SZ, which is close to reports in general samples of SZ [12–

14]. For narrow BP the mean onset age was 30.8 years (SD = 11.8). Mean age of onset 

depended on rs1156026 genotype for the narrow BP (p = 0.017) and CL (p = 1.1 × 10−4) 

phenotypes in 2 df F tests comparing the three genotypes, driven mainly by an earlier onset 

in T/T carriers (Supplementary figure 4A and C). For SZ, we rather observed a linear 

decreasing trend in the mean age of onset with the number of T alleles (−2 years per copy of 

the T allele, p = 0.034, Supplementary figure 4B). The age of onset in carriers of the T/T 

genotype was on average approximately 5 years earlier than in carriers of the C/C genotype 

for SZ, BP and CL (comprising also SAD). We then restricted the case sample to the patients 

with onset of their disorder before age 26 and repeated the comparison of allele frequency 

with the NAARs. For SZ, the OR for the T allele of rs1156026 increased to 2.40 (Table 3). 

The enrichment in T alleles in BP with onset before age 26 was insufficient to obtain a 

significant association. Grouping together SZ, BP and SAD cases with onset before age 26 

however revealed a significant association with the T allele (p = 8.1 × 10−5), with an OR = 

1.87.

Analysis of the haplotypes formed by rs2120753 and rs1156026 did not improve the signal 

in any of the above analyses, the association being driven by the rs1156026 T allele (results 

not shown).
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Discussion

The consistent genomewide significant linkage signal previously observed in our kindred 

sample in 13q13-q14 [2] made us target a precise region to be tested in association analysis 

in a case-control sample. This analysis congruently yielded a strong association signal with 

the rs1156026 T allele (OR = 1.81) and the rs2120753 - rs1156026 AT haplotype (OR = 

1.94). The detected effect size for that haplotype had an observed p-value of 1.4 × 10−7 very 

close to the commonly used threshold of 5 × 10−8 for genomewide significance. These two 

SNPs were then tested in the kindred sample and a replication was obtained for the 

rs1156026 T allele (OR = 1.54), which better captured the association in that sample than 

the rs2120753 - rs1156026 AT haplotype. Furthermore, the analysis comparing cases with 

positive family history to controls and the analysis of the sub-sample of predominantly SZ 

families both led to an increase in effect size for the rs1156026 T allele (OR = 2.28 in the 

case-control sample, OR = 2.03 in the SZ families).

The Schizophrenia Psychiatric GWAS consortium recently published a mega-analysis of 

GWAS of SZ [5] with sufficient power to detect at genomewide significance levels odds 

ratios around 1.15 with frequent SNPs. Most SZ cases and controls included in the mega-

analysis were genotyped using Affymetrix SNP chips, which do not include rs1156026. 

Among all SNPs and indels found in the 1000 Genomes Project data, only two moderately 

correlated with rs1156026 (rs1156027 and rs2589312, Supplementary Figure 5) are on the 

6.0 version of the Affymetrix SNP chip, and none on earlier versions. There is therefore 

little information to impute rs1156026 genotypes in the vast majority of subjects included in 

the mega-analysis. In order to evaluate the effect of poor coverage of rs1156026 on the 

association of that SNP with SZ, we deleted the rs1156026 genotypes from our sample and 

repeated the imputation process using the other SNPs on our Illumina chip, among which 

only rs2120753 is correlated with rs1156026. The allelic OR dropped from 1.81 to 1.44, for 

a p = 9.5 × 10−4. The association to rs1156026 would therefore have gone undetected had 

that SNP not been genotyped.

The T allele of rs1156026 was associated to an earlier age of onset in SZ, BP and in the SZ, 

BP and SAD combined phenotype CL in the kindred sample. An onset of illness occurring 5 

years earlier on average in rs1156026 T/T carriers compared to C/C carriers may have 

considerable implications for the life course and outcome. This earlier age of onset resulted 

in detectable association of the T allele to the narrow CL phenotype with onset before age 

26, while no association was detected when ignoring age of onset. Our finding an 

association in the younger age of onset subgroup may be congruent with previous repetitive 

observations that linkage sites on 13q would be shared by SZ and BP in our kindred sample 

and in other samples [2, 15, 16]. An interpretation could be that the commonality of the 

underlying genetic effect might be partly expressed through a younger age of onset in major 

psychosis. The difference in age of onset assessment in the two samples may explain that the 

association to earlier onset was found only in the kindred sample, not in the unrelated SZ 

patient sample. We had available in the former sample the onset of first episode whereas in 

the latter sample we could analyze only the age at which the first definite lifetime DSM 

diagnosis could be made. It is probable that the occurrence of first episode represents a more 

valid or sensitive measure to detect genetic effects than age of first definite diagnosis.
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The minimal age of 25 for inclusion of adult relatives in the non-affected comparison group 

within the kindred sample allowed us to maximize the size of that group, at the expense of 

including a few subjects who could develop major psychosis at a later age. We re-estimated 

SNP allele frequencies in a comparison sample restricted to the 378 NAARs older than 39 

years, corresponding to the 90th percentile of the age of first definitive episode of SZ in that 

sample. The frequency of the T allele of rs1156026 increased slightly compared to the larger 

comparison group, a change compatible with random sampling variation (Supplementary 

tables 1 and 2). This is evidence that contamination by the potential appearance of future 

major psychosis cases among NAARs below 39 years of age had no significant impact on 

the T allele frequency, which supports inclusion of these younger NAARs in the comparison 

sample.

We found very few CNVs in the investigated region, none of them exceeding 10 kb in 

length. This is much shorter than the CNVs reported to cause genomic disorders with an SZ 

phenotype [17]. CNVs of the length that we detected are likely to be benign. Our SNP array 

had a low resolution for CNV detection: the CNVs that we did detect contained few SNPs, 

and for that reason false positives are likely, and shorter CNVs probably remained 

undetected. Given the short length and low frequency of CNVs in the region, very few SNP 

genotypes were likely to be miscalled due to the presence of CNVs and their impact on the 

SNP association results is probably negligible.

Our study design presented important advantages. First the focus on a linkage region 

reduced the penalty for multiple testing in the present case-control association analysis, 

allowing a FDR less than 0.05 for the T allele of SNP rs1156026. Second, population 

stratification confounding was minimized in our study. Indeed the recruitment from the same 

population permitted an excellent match on ancestry between our cases and controls as 

evidenced by the principal component analysis of their genotypes.

Our study did not however escape the upward bias in the effect size of the marker ranking 

first among a large number of tested markers [18]. The allelic ORs for the T allele of 

rs1156026 observed in our replication sample matched well those predicted by the bootstrap 

bias-reduction method implemented in BR-squared [19, 20], which were 1.43 (95% CI [1.12 

– 2.38]) for the analysis of all SZ cases and 1.51 (95% CI [1.10 – 2.16]) for the analysis of 

SZ cases with positive family history, indicating that these are the effect sizes to be expected 

in replication studies.

We observed weak linkage to rs1156026 and rs2120753 in parametric linkage analysis using 

the same model parameters as in previous reports [1, 2] (results not shown), implying that 

these two SNPs would not explain the previous linkage signal (unfortunately we could not 

formally test that hypothesis because the usual procedures now applied in nuclear families or 

small pedigrees [21] cannot be implemented in large kindreds such as ours). The weak 

linkage makes it unlikely that either of these SNPs is the single causal variant at the locus. A 

few common variants are moderately correlated to rs1156026 (Supplementary Figure 5) and 

could be causal variants, assuming that the imputation procedure failed to reveal their strong 

association with SZ. These correlated variants are in an intergenic region; there is no 

evidence that correlation with rs1156026 extends to SNPs in the neighboring genes DnaJ 
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(Hsp40) homolog, subfamily C, member 15 (DNAJC15) and ecto-NOX disulfide-thiol 

exchanger 1 (ENOX1), nor to the nearby DGKH and HTR2A genes previously found 

associated to SZ and/or BP (not shown). An alternative explanation to reconcile the 

association and linkage results is that multiple rare causal variants lie with the rs1156026 T 

allele on haplotypes extending beyond the LD region defined by correlation between 

frequent SNPs, in what has been called a synthetic association [22].

In summary, we reported a new significant association of the T allele of SNP rs1156026 

with SZ in a case-control sample, which we then replicated in the kindred sample where we 

initially detected linkage at the 13q13-q14 locus[1, 2]. In the kindred sample, the rs1156026 

T allele was also found to be associated with an earlier age of onset not only for SZ but also 

for BP, making this allele a marker of earlier onset of major psychosis. The location of the 

SNP rs1156026 close to the peak of the previously reported linkage signal and its 

association to the major psychosis CL phenotype with onset before age 26 in the kindred 

sample suggest an overlap between the genetic variants responsible for the linkage and the 

association signals in 13q13-q14 in that sample. The absence of linkage to rs1156026 makes 

it unlikely to be the single causal variant at that locus, and further investigations will be 

required to identify the variant or variants in the region involved in the aetiology of major 

psychosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Association to genotyped SNPs in the region defined around the linkage signal at 13q13-

q14. Results of the Fisher exact test are shown.
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Figure 2. 
Genes (in red) at 13q14.11-13q14.2 that showed association with schizophrenia or 

surrounding rs1156026 (black square). Positions are in Mb (Build 37.3). DGKH: 

diacylglycerol kinase, eta; DNAJC15: DnaJ (Hsp40) homolog, subfamily C, member 15; 

ENOX1: ecto-NOX disulfide-thiol exchanger 1; HTR2A: 5-hydroxytryptamine (serotonin) 

receptor 2A.
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