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OPEN

ORIGINAL ARTICLE

Genome-wide association study identi� esSESTD1 as a novel
risk gene for lithium-responsive bipolar disorder
J Song1,11, SE Bergen1,2,11, A Di Florio3, R Karlsson1, A Charney4, DM Ruderfer4, EA Stahl4, The International Cohort Collection for Bipolar
Disorder (ICCBD)12, KD Chambert2, JL Moran2, K Gordon-Smith5, L Forty3, EK Green6, I Jones3, L Jones5, EM Scolnick2, P Sklar4,7,8,
JW Smoller9, P Lichtenstein1, C Hultman1, N Craddock3 and M Landén1,10

Lithium is the mainstay prophylactic treatment for bipolar disorder (BD), but treatment response varies considerably across
individuals. Patients who respond well to lithium treatment might represent a relatively homogeneous subtype of this genetically
and phenotypically diverse disorder. Here, we performed genome-wide association studies (GWAS) to identify (i) speci� c genetic
variations in� uencing lithium response and (ii) genetic variants associated with risk for lithium-responsive BD. Patients with BD and
controls were recruited from Sweden and the United Kingdom. GWAS were performed on 2698 patients with subjectively de� ned
(self-reported) lithium response and 1176 patients with objectively de� ned (clinically documented) lithium response. We next
conducted GWAS comparing lithium responders with healthy controls (1639 subjective responders and 8899 controls; 323
objective responders and 6684 controls). Meta-analyses of Swedish and UK results revealed no signi� cant associations with lithium
response within the bipolar subjects. However, when comparing lithium-responsive patients with controls, two imputed markers
attained genome-wide signi� cant associations, among which one was validated in con� rmatory genotyping (rs116323614,
P= 2.74 × 10� 8). It is an intronic single-nucleotide polymorphism (SNP) on chromosome 2q31.2 in the geneSEC14and spectrin
domains 1 (SESTD1), which encodes a protein involved in regulation of phospholipids. Phospholipids have been strongly implicated
as lithium treatment targets. Furthermore, we estimated the proportion of variance for lithium-responsive BD explained by
common variants (‘SNP heritability’) as 0.25 and 0.29 using two de� nitions of lithium response. Our results revealed a genetic
variant in SESTD1associated with risk for lithium-responsive BD, suggesting that the understanding of BD etiology could be
furthered by focusing on this subtype of BD.
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INTRODUCTION
Bipolar disorder (BD) is a serious psychiatric illness characterized
by recurrent episodes of depression and mania.1 The mood
stabilizer lithium effectively reduces episode recurrences and
remains a � rst-line option for maintenance treatment of BD.2

However, treatment responses vary considerably across
individuals and a number of persons with BD show only partial
or no response.3,4 An understanding of which patients with BD are
most likely to respond to lithium would enable tailored treatment.

Genetic factors may mediate variation in response to lithium,
and several genetic association studies have been performed to
assess this possibility. Most have been candidate gene studies
based on putative pharmacological mechanisms of lithium or the
pathophysiology of BD.5 Although a minority of these � ndings
have been observed in more than one study (for example, the
CREBfamily of genes6,7and synapse-related genes8,9), the majority
of reported associations have not been reproduced. For example,

studies of single-nucleotide polymorphisms (SNPs) in the brain-
derived neurotrophic factor (BDNF) gene have reported different
� ndings between ethnicities.10–13 Also, two Japanese groups have
examined the X-box binding protein 1 gene and found that -116C
allele carriers seem to have better lithium response, but each was
in a small number of patients (No 70).14,15 Small sample sizes in
conjunction with the limited understanding of not only the
pathophysiology of BD but also lithium’s pharmacodynamics to
guide candidate gene selection are likely reasons for these
equivocal � ndings.

Hypothesis-free genome-wide association studies (GWAS) of
larger samples therefore offer a promising approach. One GWAS
of lithium response performed in a Han Chinese population
showed a strong association with variants in the geneGADL1
(glutamate decarboxylase-like protein 1),16 but not only are the
susceptibility alleles rare in European populations, the� ndings
were not replicated in other Asian samples.17 Other GWAS of
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lithium response found no SNPs that reached genome-wide
signi� cance, but reported suggestive� ndings for the geneDGKH
(diacylglycerol kinase eta),18 the GRIA2gene coding for the
glutamate receptor,19 the gene ACCN1(amiloride-sensitive cation
channel 1 neuronal)20 and clock genes.21

Another impetus to explore the genetic variability underlying
lithium response is the possibility for new insights into the genetic
basis of BD. The pathophysiology of BD is likely to be
heterogeneous with multiple genetic mechanisms related to
distinct biochemical pathway abnormalities giving rise to illnesses
with similar clinical manifestations.5 The group of patients
responding to lithium could suffer from a more etiologically
homogeneous illness subtype caused by abnormal pathways that
are direct or indirect targets of lithium.22 Indeed, based on
longitudinal stability and familial clustering,23,24 lithium response
has been suggested to de� ne a distinct genetically based subtype
of BD. Since genetic heterogeneity reduces the power to identify
signi� cantly associated variants, GWAS focusing on a homoge-
neous subgroup such as lithium responders may be more fruitful.

Here, we utilized samples from Sweden and the United
Kingdom to identify common genetic variants associated with
lithium response in BD patients. Furthermore, we conducted
analyses comparing lithium responders with controls to identify
common genetic variants that increase susceptibility for the
lithium-responsive subtype of BD. Finally, we estimated the extent
of genetic contribution to lithium-responsive BD (that is, SNP
heritability).

MATERIALS AND METHODS
Subjects
Cases from Sweden were collected through two recruitment streams: the
Stanley study and the St Göran Bipolar Project. Most cases were recruited
from the Stanley study that identi� ed cases through the Swedish Quality
Register for BD (BipoläR), which has been described in detail
previously.25,26 In brief, BipoläR contains individualized data on diagnoses
(that is, BD type 1, type 2, not otherwise speci� ed, or schizoaffective
disorder bipolar type according to the DSM-IV-TR), medical intervention
and outcomes. It also captures basic clinical epidemiological data as well as
longitudinal data on the natural history and clinical course of the disease.
Genotyping has been completed for 1591 BD patients (passing quality
control (QC)) enrolled in the Stanley study. The other recruitment stream
for cases was from the St Göran Bipolar Project (N= 231), which provides
assessment, treatment and follow-up of BD patients within the Northern
Stockholm Mental Health Service and the Affective Unit in Mölndal. The
work-up procedures have been previously described in detail.27–29 Both

projects were approved by the Regional Ethical Review Board in
Stockholm, Sweden, and all participants provided written informed
consent.

Control subjects (N= 3486) were randomly selected from Swedish
population registers, ascertained on a national basis. The exclusion
criterion was any hospitalization with schizophrenia or BD. DNA collection
procedures have been previously described.30 A small number of controls
(N= 56) were from St Göran Bipolar Project as described previously.27

Cases from the United Kingdom were drawn from the Bipolar
Disorder Research Network (BDRN) study, a large ongoing program of
genetic and clinical research into the causes of BD and related mood
disorders. Subjects were recruited via both systematic and non-systematic
methods. Information was gathered retrospectively by semi-structured
interview and case-notes review. More detailed description can be
found in prior publications.31,32 Controls were from the Wellcome Trust
Case Control Consortium 2 (WTCCC2) common control set, which
comprised 2675 healthy blood donors recruited from the UK Blood
Service and 2742 samples from the 1958 British Birth Cohort.33 This study
received approval from the Multi-Region and Local Research Ethics
Committee in the United Kingdom, and all participants provided written
informed consent.

Phenotype de� nition and assessment
A summary of phenotype assessments and the corresponding numbers of
Swedish and UK samples is shown in Table 1 and Figure 1. The detailed
phenotype de� nitions and assessments of lithium response were
described in Supplementary Methods.

In brief, lithium response in Swedish participants was assessed through
both interviews (subjective assessment) and register data (objective
assessment). The extent to which subjective assessment and objective
assessment were in line with each other is shown in Supplementary Table
S2. For participants from United Kingdom, lithium response information
was collected by interviews and reviews of clinical notes. The inter-rater
reliability is not applicable in Swedish samples but has been assessed in UK
samples, with a kappa score of 0.76 calculated from a random selection of
cases. We treat lithium response as a dichotomous trait based on the
subjective and objective measurements, to maximize the sample size and
to arrive at a narrower phenotype de� nition, respectively.

Genotyping, QC, imputation and validation
DNA from Swedish subjects was extracted from whole blood samples at
the Karolinska Institutet Biobank. Genotyping was conducted at the Broad
Institute of Harvard and MIT using Affymetrix 6.0 (wave 1) (Affymetrix,
Santa Clara, CA, USA) and Illumina OmniExpress (wave 2) chips (Illumina,
San Diego, CA, USA). Blood samples from UK BDRN cases underwent DNA
extraction at the neuropsychiatric genetics laboratory at Cardiff University
and were genotyped using Illumina OmniExpress and Illumina ComboChip.
UK control samples were genotyped using Illumina 1.2M Custom Chip
(Illumina), as described in the WTCCC GWAS.33 The detailed genotyping QC
for Swedish and UK samples is described in Supplementary Methods.
Following all QC steps, the� nal analysis data set consisted of 898 bipolar
cases, 2215 controls with 744 932 genotyped SNPs in Swedish wave 1,
1415 bipolar cases, 1271 controls with 598 894 genotyped SNPs in Swedish
wave 2, and 2577 bipolar cases, 5413 controls with 393 635 SNPs
genotyped in UK sample.

Data sets were then pre-phased using SHAPEIT34 and imputed with the
full 1000 Genomes Project integrated variant set (Phase 1 integrated data
version 3, released March 2012) as the reference panel35 using IMPUTE2.36

After imputation, the three waves shared more than 8 million SNPs.
To con� rm the accuracy of imputed SNPs with GWAS signi� cance, DNA

from Swedish subjects putatively carrying the minor alleles for
rs116323614 and rs146727601 and additional non-carriers were sent for
con� rmatory genotyping (N= 85). TaqMan assays (Applied Biosystems,
Foster City, CA, USA) were used for genotyping and were performed by
LGC Genomics (Teddington, Middlesex, UK).

Association analyses
Association analyses were conducted using imputed SNP dosages and
logistic regression in PLINK version 1.07.37 Multidimensional scaling (MDS)
was performed on each collection wave and MDS components were
included as covariates (� rst six MDS components for Swedish wave 2 and
� rst four MDS components for others) to control for population
substructure. We retained only SNP dosages imputed with high con� dence

Table 1. Sample sizes by group and study

Phenotype assessment Swedish sample UK BDRN Meta-analysis

Wave 1 Wave 2

Subjective measurement
Responders 149 588 902 1639
Non-responders 45 338 676 1059
Controls 2215 1271 5413 8899

Objective measurement
Responders — 159 164 323
Non-responders — 780 73 853
Controls — 1271 5413 6684

Abbreviation: BDRN, Bipolar Disorder Research Network. The numbers are
subjects with: (1) available assessments of lithium response according to
our de� nition (for details, see Supplementary Methods) and (2) passed
genotyping quality control. Too few subjects in Sweden wave 1 had
objective measures of lithium response. Therefore, a GWAS for that sample
and measure was not able to be performed.
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(Info 4 0.6) and with minor allele frequency4 1%. The genome-wide
signi� cance threshold was set atPo 5 × 10� 8.

We � rst compared lithium responders with non-responders. Both
subjective and objective assessments were used for association analysis
separately for each wave, except for Sweden wave 1 due to an
inadequate number of subjects with information regarding objective
lithium measures. Results were then combined by meta-analysis
using a � xed-effects model in PLINK for each measure of lithium
response, respectively. Second, we conducted a GWAS comparing lithium

responders, subjectively and objectively de� ned, respectively, with
controls without history of schizophrenia and BD. Multiple
testing correction was not attempted since the samples and phenotype
de� nition were not independent (Supplementary Table S2). To de� ne
regions of association, we conducted PLINK linkage disequilibrium (LD)
based‘clumping’ to group SNPs with associationPo 0.0001 and near-by
SNPs with nominal associations (Po 0.05) and LD (r24 0.1) within
500-kb windows. We also identi� ed genes in these and the 20-kb
� anking regions.












