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Abstract Systemic lupus erythematosus (SLE) is one of

the common autoimmune diseases with complex genetic

components. To identify a gene(s) susceptible to SLE, we

performed a case-control association study using genome-

wide gene-based single nucleotide polymorphisms (SNPs)

in Japanese population. Here we report that an SNP

(rs3748079) located in a promoter region of the inositol

1,4,5-triphosphate receptor type 3 (ITPR3) gene on chro-

mosome 6p21 was significantly associated with SLE in

two independent Japanese case-control samples [P =

0.0000000178 with odds ratio of 1.88, 95% confidence

interval (CI) of 1.51–2.35]. This particular SNP also

revealed associations with rheumatoid arthritis (RA)

(P = 0.0084 with odds ratio of 1.23, 95% CI of 1.05–1.43)

and with Graves’ disease (GD) (P = 0.00036 with odds

ratio of 1.57, 95% CI of 1.22–2.02). We found the binding

of NKX2.5 specific to the non-susceptible T allele in the

region including this SNP. Furthermore, an SNP in NKX2.5

also revealed an association with SLE (P = 0.0037 with

odds ratio of 1.74, 95% CI of 1.19–2.55). Individuals with

risk genotype of both ITPR3 and NKX2.5 loci have higher

risk for SLE (odds ratio = 5.77). Our data demonstrate that

genetic and functional interactions of ITPR3 and NKX2.5

play a crucial role in the pathogenesis of SLE.

Keywords SLE � Genome wide association study �
SNP � ITPR3 � NKX2.5

Introduction

Systemic lupus erythematosus (OMIM #152700) is one of

the common autoimmune diseases that predominantly

afflict women of child-bearing age. The clinical features

and serological abnormalities observed in patients with

SLE are remarkably diverse and make clinical assessment

and treatment very difficult. Anti-inflammatory drugs and

immunosuppressive drugs such as cortisone, azathioprine,

methotrexate, and cyclophosphamide have been widely

used for treatment of this disease and contribute to sig-

nificant improvement in prognosis of patients with SLE;

although the 4-year survival was estimated to be &50% in
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the 1950s (Merrell and Shulman 1955), the 15-year sur-

vival rate is at present estimated to be approximately 80%.

Despite the improved prognosis in the majority of SLE

patients, a significant proportion of the patients still suffer

from the disease and/or severe adverse reactions caused by

these drugs. For example, synthetic glucocorticoid causes

adverse events including hypertension, hyperglycemia,

diabetes, cataract, glaucoma, infection, psychosis, osteo-

porosis, and osteonecrosis. To improve quality of life for

the SLE patients, one of the critical steps is to elucidate the

molecular mechanism causing SLE.

Systemic lupus erythematosus is characterized by

autoantibodies against nuclear, cytoplasmic, and cell sur-

face molecules that transcend organ-specific boundaries.

An impaired cellular and humoral immune response caused

by hyperactivation of T and B lymphocytes has been

considered to be one of critical molecular mechanisms of

this disease (Shanks et al. 1999; Sternberg et al. 1992;

Wick et al. 1993; Wilder 1996). Tissue deposition of

antibodies or immune complex induces inflammation and

subsequent injury of multiple organs and finally results in

clinical manifestations of SLE, including glomerulone-

phritis, dermatitis, thrombosis, vasculitis, seizures and

arthritis. In addition, recent accumulated evidence strongly

suggests involvement of genetic components associated

with SLE susceptibility (Deapen et al. 1992; Gaffney et al.

2000; Tsao 2004; Vyse and Kotzin 1998). Monozygous

twins show a higher concordance rate of this disease (24–

58%) than dizygous twins (2–5%), and the family history

of SLE significantly increases the risk of SLE (Tsao 2003).

Genetic susceptibility to SLE is inherited as a complex

trait, and seven loci (chromosome 1q23, 1q25-31, 1q41-42,

2q35-37, 4p16-15.2, 6p11-21, and 16q12) have been

revealed to be the significant linkage to SLE in several

genome-wide linkage studies (Tsao 2004).

Linkage disequilibrium (LD) mapping on the basis of

whole-genome SNP screening is now widely used as a

powerful approach to identify genes associated with vari-

ous diseases. We have been performing a genome-wide

case-control association study in a Japanese population and

successfully identified several genes associated with myo-

cardial infarction, rheumatoid arthritis, osteoarthritis,

Crohn’s disease and brain infarction (Hata et al. 2007;

Kizawa et al. 2005; Kubo et al. 2007; Ozaki et al. 2006;

Suzuki et al. 2003; Yamazaki et al. 2005).

We here report identification of significant association

of a functional SNP on ITPR3 gene with SLE. We also

demonstrate the specific binding of NKX2.5 to the non-

susceptible allele in the region corresponding to this

functional SNP as well as an association of an SNP in

NKX2.5 with SLE. ITPR3 is an intracellular Ca2+ release

channel that mediates Ca2+ mobilization in response to the

binding of a second messenger, inositol 1,4,5-trisphosphate

(Patterson et al. 2004), and recent studies have indicated

that ITPR3 plays a crucial role in the regulation of apop-

tosis signaling in T lymphocytes (Blackshaw et al. 2000;

Hanson et al. 2004; Mendes et al. 2005). Hence, our data

indicating that genetic variants of ITPR3 and NKX2.5

influence risk of SLE should offer a novel insight into the

pathogenesis of SLE.

Methods

Subjects

A total of 178 individuals (case1 and 2) with SLE (89.7%

women; mean ± SD 31.3 ± 13.0 years) were diagnosed at

Tokyo Women’s Medical University. A second cohort of

SLE patients (case 3, n = 365, 93.6% women; mean ± SD

31.6 ± 11.6 years) was recruited for the study through

several medical institutes in Japan. All patients were

diagnosed according to the criteria of the American Col-

lege of Rheumatology for classification of Systemic Lupus

Erythematosus (Hochberg 1997). Four independent cohorts

of unaffected control subjects (n = 535, 361, 981, and 719

for control 1–4, respectively) were recruited through sev-

eral medical institutes in Japan. We obtained informed

consent from each subject as approved by the ethical

committee at the Institute of Medical Sciences, University

of Tokyo, and also that at Tokyo Women’s Medical Uni-

versity and each medical institute. We extracted genomic

DNA from peripheral blood leukocytes of SLE patients and

control subjects using standard protocols.

Patients with RA (n = 1,122, 78.9% women; mean ±

SD 59.4 ± 12.3 years) and Graves’ disease (n = 373,

72.1% women; mean ± SD 44.8 ± 13.9 years) were

enrolled for the study through the Biobank Japan in the

Institute of Medical Sciences, University of Tokyo.

Rheumatoid arthritis patients were diagnosed according to

the criteria of the American College of Rheumatology for

RA (Arnett et al. 1988). Diagnosis of Graves’ disease was

established based on clinical findings as well as results of

routine examinations for circulating thyroid hormone and

thyroid-stimulating hormone (TSH) concentrations, serum

levels of antibodies against thyroglobulin, thyroid micro-

somes and TSH receptors, ultrasonography, [99m]TcO4
- or

[123I] uptake, and also thyroid scintigraphy.

A large-scale association study

For the association study, we used the JSNP database and

carried out SNP genotyping as described previously

(Kochi et al. 2005; Seki et al. 2005; Tokuhiro et al. 2003;

Tsunoda et al. 2004). First, we attempted genotyping of
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52,608 SNP loci using genomic DNAs from 94 patients

with SLE and 535 control individuals. We successfully

genotyped 50,464 SNP loci and calculated P values for

each SNP locus as described previously (Kochi et al.

2005; Tokuhiro et al. 2003). One thousand three hundred

and ten SNPs that showed a P value of 0.01 or smaller at

the first screening were further genotyped using DNAs

from 84 additional SLE subjects and another 361 control

subjects. For a fine-scale association study of the ITPR3

gene, we further screened SNPs in the region by direct

sequencing of genomic DNA from 16 affected individuals

as described previously (Kochi et al. 2005; Seki et al.

2005; Tokuhiro et al. 2003). We genotyped these SNPs

using the Invader assay combined with multiplex-PCR

using ABI7700 and 7900 (Applied Biosystems) and tested

for association (Ohnishi et al. 2001; Seki et al. 2005).

Typing for HLA-DRB1 and HLA–B genes was performed

using commercial typing kits (WAK Flow, Wakunaga,

Hiroshima, Japan), which are based on PCR-sequence

specific oligonucleotide probing coupled with Luminex

multiple analyte profiling technology as described previ-

ously (Han et al. 2003).

Luciferase assay

We generated by PCR amplification eight tandem-copies of

oligonucleotides corresponding to nt -1015 to -999 of

ITPR3 that contained the candidate functional SNP and

cloned into pGL3-Promoter vector (Promega, Madison,

WI) upstream of the SV40 promoter. PCR primers or oli-

gonucleotides used for vector construction were described

in Supplementary Table 5. Jurkat (acute T cell leukemia)

cell line was purchased from ATCC, and HEK293T cell

line was obtained from Riken Cell Bank. All cells were

cultured under conditions recommended by their respective

depositors. Jurkat cells were transfected with 500 ng of

reporter plasmid with 50 ng of the pRL-CMV Renilla

luciferase vector (Promega, Madison, WI) as an internal

control for transfection efficiency by using 3 ll of DMRIE-

C reagent (Invitrogen, Carlsbad, CA). HEK 293T cells

were transfected with 500 ng of either one of the constructs

and 50 ng of the pRL-TK Renilla luciferase vector (Pro-

mega, Madison, WI) as an internal control for transfection

efficiency by using 1.5 ll of FuGENE 6 Transfection

reagent (Roche, Basel, Switzerland). Moreover, Jurkat cells

were co-transfected with 250 ng of the eight-tandem-copy

construct, 25 ng of the pRL-CMV vector and NKX2.5

expression vector by using 3 ll of DMRIE-C reagent

(Invitrogen, Carlsbad, CA). At 48 h after the transfection,

the cells were solubilized, and the luciferase activity was

measured using the Pikkagene dual luciferase assay system

(Tokyo Inc., Tokyo, Japan).

EMSA

We prepared nuclear extracts from Jurkat cells and

HEK293T cells as previously described (Hata et al. 2007).

We stored nuclear extracts in aliquots at -80�C until their

use. Protein concentration was measured by the Bio-Rad Dc

Protein Assay (Bio-Rad Laboratories, Inc., Richmond, CA)

with bovine serum albumin as standard. We incubated the

nuclear extract with 17-bp double-strand oligonucleotides

corresponding to each of the -1009C and -1009T alleles

for 30 min at room temperature. Oligonucleotide sequences

are listed in Supplementary Table 5. Probes were labeled

using T4 polynucleotide kinase (TOYOBO, Osaka, Japan).

For competition studies, we pre-incubated the nuclear

extract with unlabeled oligonucleotides (50- or 100-fold

excess) before adding labeled oligonucleotide. For the

supershift assay, we incubated protein-DNA complex with

1 lg of antibody to HA for 15 min before electrophoresis.

Protein-DNA complexes were separated by electrophoresis

on a 4% polyacrylamide gel in 0.5 9 TBE buffer. The gels

were dried on 3 MM Wattman paper and exposed for

autoradiography at -80�C for several hours.

ChIP assay

ChIP assay was performed using a ChIP assay kit (Upstate

Biotechnology, Waltham, MA) in accordance with the

manufacturer’s recommendations. HEK293T cells were

transfected with pCAGGS/HA-NKX2.5 or pCAGGS

(mock) vector. We cross-linked HEK293T cells with 1%

formaldehyde for 10 min and then subjected DNA-protein

complex to immunoprecipitation with antibodies to HA

(Roche, Basel, Switzerland) or Flag (Sigma, St Louis,

MO). The primers used for PCR amplifications are listed in

Supplementary Table 5.

Real time PCR

We analyzed DNA sequence of SNP rs3748079 locus of

several cell lines and identified that HEK293T, HepG2 and

A549 had homo-, hemi- or heterozygous with non-susu-

ceptible T allele. H1299, Hela and SBC5 cells were shown

to have homo (or hemi) zygous with the susuceptible C

allele. These cell lines were transfected with 10 lg of the

NKX2.5 expression vector. We harvested the cells at 0, 12

and 24 h after transfection, and extracted total RNA from

the cells and synthesized first-strand cDNA using super-

script II reverse transcriptase (Invitrogen, Carlsbad, CA).

We carried out real-time quantitative PCR on ABI PRISM

7700 (Applied Biosystems, Foster City, CA) using the

SYBR Premix Ex Taq (TaKaRa, Tokyo, Japan) according

to the manufacturer’s instructions. First-strand cDNA was
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amplified using primers specific for ITPR3 or beta 2

microglobulin (B2M) genes. Copy numbers of ITPR3 were

calculated by referring standard curves and normalized by

using B2M as an internal control. Specific primer sequen-

ces are listed in Supplementary Table 5.

Dexamethasone treatment with human peripheral blood

mononuclear cells (PBMC)

Dexamethasone in powder form was purchased from Sigma

(St Louis, MO). The blood obtained from healthy donors

with informed consent was centrifuged through Lympho-

prep Tube (AXIS-SHIELD, Dundee, UK), and human

peripheral blood mononuclear cells (PBMCs) accumulated

at the interface were washed with PBS. Fresh PBMCs were

resuspended at a concentration of 1 9 106 cells/ml in

RPMI 1640 medium with penicillin and 10% fetal bovine

serum. The cells were incubated in the presence of dexa-

methasone (10 nM) for 24 or 48 h. We extracted total RNA

from PBMC and synthesized first-strand cDNA. We carried

out real-time quantitative PCR on ABI PRISM 7700

(Applied Biosystems, Foster City, CA) using the SYBR

Premix Ex Taq (TaKaRa, Tokyo, Japan) according to the

manufacturer’s instructions. First-strand cDNA was

amplified using primers specific to ITPR3 and hypoxanthine

phosphoribosyltransferase (HPRT) genes. Copy numbers of

ITPR3 were calculated by referring standard curves and

normalized by that of HPRT gene, of which expression

levels are stable and not influenced by glucocorticoid

(Russcher et al. 2005) as an internal control. Specific primer

sequences are listed in Supplementary Table 5.

Statistical analysis

We assessed the association and Hardy–Weinberg equi-

librium by the v2 test and Fischer’s extract test. Odds ratio

was defined against the genotype consisting of non-risk

homozygote and heterozygote of ITPR3, and non-risk

homozygote of NKX2.5. Luciferase assay data and real-

time PCR data were analyzed by Student’s t test using

Excel software (microsoft).

Result

Case-control association study

To identify a gene(s) that increases a risk for SLE, we

applied a case-control association study by means of gen-

ome-wide gene-based SNP analysis as described

previously (Kamatani et al. 2008). First, we analyzed 94

SLE (case 1) and 535 control subjects (control 1) at 52608

tag-SNP loci selected from JSNP database (Tsunoda et al.

2004) and successfully obtained genotype information at

50464 SNP loci. We compared the allelic frequencies of

cases and controls by applying each of four genetic models

(allelic frequency, genotype frequency, recessive and

dominant models) and found 1,310 SNPs with P values of

0.01 or smaller. These 1,310 SNPs were further analyzed

for an additional panel consisting of 84 cases (case 2) and

361 controls (control 2). Statistical analysis of the com-

bined samples identified an SNP located in 50 franking of

ITPR3 (-1009C [ T, rs3748079) to be significantly

associated with SLE (P = 2.87 9 10-8 in the recessive

model with the odds ratio = 3.39, 95% CI of 2.16–5.32)

(Table 1). According to the LD analysis using genotyping

data in Japanese population from the international HapMap

project, the LD block that contains this SNP (rs3748079)

was predicted to include 50 part of ITPR3 gene and none of

adjutant genes (data not shown). Therefore, we considered

ITPR3 likely to be a disease-susceptible gene on this locus.

To construct a high-density LD map of this region, 50

tag-SNPs on ITPR3 or its adjacent genes with minor allele

Table 1 Association of the SNP in 50flanking region of ITPR3 with SLE susceptibility

Samples Case Controls Odds ratio (95% CI) P value

Genotype Genotype CC vs CT + TT CC vs CT + TT

n CC CT TT Frequencya n CC CT TT Frequencya

Screening

Case 1/control 1 94 78 15 1 0.91 535 356 158 21 0.81 2.45(1.39–3;-4.32) 0.0015

Case 2/control 2 83 75 7 1 0.95 361 229 118 14 0.80 5.4(2.53–3;-11.55) 1.90E-06

Total 177 153 22 2 0.93 896 585 276 35 0.81 3.39(2.16–3;-5.32) 2.87E-08

Replication

Case 3/control 3 365 275 84 6 0.87 981 673 288 20 0.83 1.4(1.06–3;-1.84) 0.016

CI confidence interval, n number of individuals
a Frequency of C allele
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frequency of 0.15 or higher were genotyped. Analysis of

LD index (D0) between each SNP revealed that the marker

SNP (-1009C [ T, rs3748079) locates on the LD block

spanning from 16 kb 50 flanking to intron 27 of ITPR3 gene

(Fig. 1a). As the association to SLE was still peaked at this

SNP, we considered ITPR3 as a good candidate for a dis-

ease-susceptible gene. To further define a region of

interest, we screened SNPs in the genomic region corre-

sponding to ITPR3 locus and identified 5 SNPs in the

promoter region, 9 SNPs in exons and 98 SNPs in introns.

We additionally genotyped all non-synonymous SNPs and

SNPs around transcription start of ITPR3 gene (from 2 kb

50 flanking to intron 3). Total of 75 SNPs on this locus were

finally analyzed using 178 cases (case 1 and 2) and 361

controls (control 2) (Supplementary Table 1). However,

none of the additional SNPs showed more significant

association than the marker SNP (-1009C [ T,

rs3748079) initially identified (Fig. 1a, b). The association

peaked at this SNP and gradually weakened in both 50- and

30- direction. Then to validate the association of rs3748079

with SLE susceptibility, we performed replication study

using an independent 365 cases (case 3) and 981 controls

(control 3). As a result, the association of rs3748079 was

replicated in a recessive effect model (P = 0.016 with the

odds ratio =1.40, 95% CI of 1.06–1.84), indicating the

possible roles of ITPR3 gene in the pathogenesis of SLE.

Association analysis of HLA-DRB1 and–B with SLE

The SNP rs3748079 is located on chromosome 6p21,

which was indicated to exhibit a significant association

with SLE in previous reports (Croker and Kimberly 2005).

MHC haplotypes are considered as candidates that
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Fig. 1 Association of SNP

(-1009C [ T, rs3748079) in

the ITPR3 gene with SLE. a P
value distribution at 75 SNP loci

in a 200-Kb region on

chromosome 6p21-21.3. They

were genotyped for 178 cases

and 361 controls. This region

contains six genes indicated

above (LEMD2, IHPK3,
C6orf125, ITPR3, FLJ43752
and BAK1). An SNP

(-1009C [ T, rs3748079)

indicated by an arrowhead
revealed one showing the

strongest association with SLE.

A lower part shows the pair-

wise LD between SNPs, as

measured by D0 in 333 control

subjects. We included SNPs

with minor allele frequency of

0.15 or higher. b A detailed map

of the SNP (-1009C [ T,

rs3748079) in the 50franking

region of ITPR3. Black boxes

indicate the locations and

relative sizes of 56 exons. The

candidate functional SNP is

located in the putative promoter

region of the ITPR3 gene
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associate with SLE on this locus. However, in our genome-

wide case-control analysis, SNPs around the MHC region

revealed weaker associations with SLE than this particular

SNP (rs3748079) (Supplementary Fig. 1). In Japanese

SLE, HLA-DRB1*1501 and HLA-B*39 were indicated to

associate with SLE (Dong et al. 1993; Hashimoto et al.

1994; Hashimoto et al. 1985; Tsuchiya et al. 2002).

Therefore, to exclude the possibility that the association of

SNP (rs3748079) with SLE was due to an effect of linkage

disequilibrium with these HLA loci, we genotyped HLA-

DRB1 and HLA-B using 178 of case and 361 of control

samples (cases 1, 2 and control 2). Our data indicated an

association of HLA-DRB1*1501 and HLA-DRB1*1502

with SLE (P = 0.000024 and P = 0.0000019 with odds

ratio of 2.43 and 0.29 respectively) (Supplementary Tables

2, 3), but their associations were less significant than that of

the SNP rs3748079 when we examined the same case and

control samples (P = 0.0000000328, with odd ratio of

3.67). Then we performed subgroup analysis based on

HLA genotypes (Table 2). The association of SNP

(rs3748079) with SLE remained consistent in three sub-

groups (P = 0.00000098-0.033 with odds ratio of 2.99–

3.56) among four subgroups analyzed.

Recently we identified the association of SNP

rs3130342 on TNXB gene with SLE susceptibility

(Kamatani et al. 2008). The TNXB gene is located on the

same chromosomal region; however, the distance between

ITPR3 and TNXB genes is 1.5 Mb and the pairwise D0

value between them is very small (0.03). Hence, the

association of the SNP on the ITPR3 gene with SLE was

considered to be independent from that on the TNXB gene

or HLA genes.

SNP on ITPR3 gene associates with RA and Graves’

disease

To further investigate the possible involvement of the

ITPR3 gene in other autoimmune diseases, we examined

the association of this SNP (rs3748079) with RA and GD

using 1,122 RA cases, 373 GD cases, and an additional 719

control samples (control 4). As summarized in Table 3, this

SNP showed significant associations with SLE, RA, and

GD (P = 0.0000000178 with odds ratio of 1.88,

P = 0.0084 with odds ratio of 1.23, and P = 0.00036 with

odds ratio of 1.57, respectively). The results of the asso-

ciation analyses indicated the C allele to be the susceptible

allele and the T allele to be the non-susceptible allele in all

three autoimmune diseases. These data suggested that

ITPR3 is likely to be involved commonly in the suscepti-

bility to multiple autoimmune diseases.

NKX2.5 binds at ITPR3 promoter and regulates ITPR3

expression

To investigate a possible functional role of this SNP, we

performed electrophoresis mobility shift assay (EMSA)

Table 2 Subgroup analysis of SNP (rs 3748079) based on HLA-DRB1*1501and HLA-DRB1*1502

Case 1 + case 2 Control Odds ratio (95% CI) P value

Genotype Genotype CC vs CT + TT CC vs CT + TT

n CC CT TT Frequencya n CC CT TT Frequencya

DRB1*1501 (+) 52 45 7 0 0.93 50 34 16 0 0.84 2.99 (1.03–9.61) 3.3E-02

DRB1*1501 (-) 123 104 17 2 0.91 314 197 103 14 0.79 3.24 (1.86–5.9) 6.1E-06

DRB1*1502 (+) 14 7 5 2 0.68 92 47 41 4 0.73 0.96 (0.26–3.48) 1.0E+00

DRB1*1502 (-) 161 142 19 0 0.94 272 184 78 0 0.82 3.56 (2.04–6.5) 9.8E-07

CI confidence interval, n number of individuals
a Frequency of C allele

Table 3 Association of SNP (rs 3748079) with SLE, RA and BD

Disease Genotype Allele C frequency Odds ratio (95% CI) P value

n CC CT TT CC vs CT + TT CC vs CT + TT

SLE 542 428 106 8 0.89 1.88 (1.51–2.35) 1.78E-08

RA 1,122 797 290 35 0.84 1.23 (1.05–1.43) 0.0084

GD 373 283 84 6 0.87 1.57 (1.22–2.02) 0.00036

Control 2,596 1,730 784 82 0.82

RA rhematoid arthritis, GD Graves’s disease, SLE systemic lupus erythematosus, CI confidence interval, n number of individuals

156 J Hum Genet (2008) 53:151–162

123



using two 17-bp oligonucleotides, one corresponding to

the susceptible C-allele and the other to the non- suscep-

tible T-allele of the SNP (Fig. 2a). After incubation of the

labeled oligonucleotide with nuclear extracts from Jurkat

or HEK293T cells (Fig. 2b, c), we performed electro-

phoresis and found the binding of a nuclear protein(s)

specifically to the T-allele oligonucleotide. Screening of

TRANSFAC database (Heinemeyer et al. 1998) indicated

a transcriptional factor, NKX2.5, to be a candidate mole-

cule to bind to this DNA segment corresponding to the T-

allele, but not to that of the C-allele (Fig. 2a). Competition

assays with the unlabeled NKX2.5-binding consensus

oligonucleotide (Chen and Schwartz 1995) completely

inhibited the DNA-protein complex formation (Fig. 2b).

Furthermore, when we used nuclear extracts prepared

from HEK293T cells that were transfected with pCAGGS-

HA-NKX2.5 plasmid (designed to express NKX2.5 with

an HA tag), the intensity of the shifted band was

remarkably enhanced. By addition of anti-HA antibody to

the mixture of the oligonucleotide and nuclear extracts, the

band was further shifted at the higher molecular position,

indicating the specific binding of the NKX2.5 protein to

the T-allele oligonucleotide (Fig. 2c). We also carried out

a chromatin immunoprecipitation (CHIP) assay using

HEK293T cells that were found to be a homozygote of the

T allele. We transfected HEK293T cells with pCAGGS-

HA-NKX2.5 plasmid or mock plasmid, and then DNA-

protein complex was precipitated using anti-HA antibody.

Subsequent PCR experiments indicated that NKX2.5

bound to a genomic fragment corresponding to the T allele

in vivo (Fig. 2d).

Then we carried out the reporter assay using luciferase

constructs that contained eight copies of the 17-bp oligi-

nucleotide at the upstream region of pGL3-promotor

vector. Exogenously introduced NKX2.5 enhanced the

luciferase activity in the cells transfected with the plasmid

containing the T allele in a dose-dependent manner, but no

enhancement was observed with the plasmid containing the

C allele (Fig. 2e). Taken together, the subjects with the

disease-susceptible C allele are expected to have lower

expression of ITPR3 and that might result in the resistance

to the apoptotic signaling pathway in T cells.

SNP on NKX2.5 gene also associates with SLE and RA

susceptibility

To subsequently examine the involvement of the NKX2.5

gene (located on chromosome 5q34) in susceptibility to

SLE and RA, we genotyped three SNPs in the NKX2.5

gene that were deposited in the JSNP database (Tsunoda

et al. 2004), using 178 SLE cases, 1,115 RA case, and

1,425 controls. Interestingly, we found that an SNP

(-1192C [ T, rs3095870) located in 50 franking region of

the NKX2.5 gene was also significantly associated with

SLE (P = 0.0037, odds ratio = 1.74, 95% CI of 1.19–2.55)

and RA (P = 0.042, odds ratio = 1.24, respectively, 95%

CI of 1.01–1.54) (Supplementary Table 4). In addition, the

individuals having risk genotypes for both ITPR3 and

NKX2.5 genes showed a higher risk for SLE (odds

ratio = 5.77, 95% CI of 3.17–10.19) and RA (odds

ratio = 1.75, 95% CI of 1.32–2.32) (Fig. 3a, b, Supple-

mentary Table 5). NKX2.5 risk genotype (CT + TT)

conferred higher risk for SLE (odds ratio of 2.11 with 95%

CI of 1.58–2.82) in the individuals with the risk genotype

of ITPR3 (CC). On the other hand, NKX2.5 risk genotype

didn’t confer higher risk (odds ratio of 0.69 with 95% C.I.

of 0.20–2.35) in the individuals with the non-risk genotype

of ITPR3 (CT + TT). These results suggested the presence

of genetic interaction between these two loci. However,

95% CI showed some overlap; synergistic effect of these

two loci in SLE susceptibility did not reach statistical

significance.

SNP (-1009C [ T, rs3748079) regulates ITPR3

expression in vivo

We then quantified the differences of ITPR3 mRNA

expression using various cell lines with different genetic

backgrounds for this particular SNP. Introduction of

NKX2.5 enhanced the ITPR3 expression in the cells

having T allele such as HEK293T (T/T) and HepG2 and

A549 cells (T/C), but did not enhance it in those without

the T allele such as H1299, Hela and SBC5 cells

(Fig. 3c). These findings further implied that NKX2.5

could enhance the expression of ITPR3 through binding to

the T allele that is likely to be a protective allele for SLE.

Under stress conditions, glucocorticoid is released and

induces a variety of physiological effects including

immune suppression (Eskandari and Sternberg 2002; Es-

kandari et al. 2003). ITPR3 up-regulation is known to be

indispensable in the glucocorticoid-induced apoptotic

pathway in T lymphocytes. To examine possible effects of

the functional candidate SNP on the glucocorticoid-

signaling pathway, we measured the ITPR3 expression

in peripheral mononuclear blood cells from healthy

volunteers. In response to treatment with 10 nM dexa-

methasone, ITPR3 mRNA expression was significantly

up-regulated in the cells with the heterozygote genotype

containing a non-susceptible T allele, compared with

those with the susceptible C/C allele (Fig. 3d). Our data

suggested that the disease-susceptible SNP might affect

the response to glucocorticoid, and the individuals with

non-susceptible T allele would have higher ITPR3

expression under the stress condition.
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Fig. 2 Binding affinity of a nuclear factor(s) to the 17-bp oligonu-

cleotide sequence corresponding to the candidate SNP (-1009C [ T,

rs3748079). a DNA sequences of 17-base oligonucleotide used for

EMSA. 50-CACTNNA-30 is the consensus binding-sequence for

NKX2.5. From the search using the TRANSFAC database, NKX2.5

was predicted to bind to the non-susceptible T allele, but not to the

susceptible C allele. Nucleotides in capital letters represent corre-

spondence to the NKX2.5 consensus-binding sequence. b Allelic

differences and competition experiments using Jurkat cells. Stronger

binding of a nuclear protein(s) to the oligonucleotide (open arrow) is

observed in the lane containing the T allele probe (lane 4), but not to

that of the C-allele (lane 3). Fifty- and 100-fold excesses of non–

labeled oligonucleotides were added to the mixture (lanes 5–8). Non-

labeled oligonucleotides corresponding to the T allele (lanes 7,8) as

well as the NKX2.5 consensus oligonucleotides (lanes 9,10) inhibited

formation of the DNA-protein complex, but non-labeled C allele

oligonucleotide (lanes 5,6) did not. c Allelic differences and super-

shift experiments using HEK 293T cells. Strong binding of nuclear

proteins to oligonucleotide (open arrow) is observed in the lane

containing the T allele oligonucleotide (lane 4). Intensity of a shifted

band was increased by addition of nuclear proteins from cells that

were ectopically introduced to the NKX2.5 expression vector

(pCAGGS-HA-NKX2.5) (lane 6). Closed arrow indicates the DNA-

protein complex that was super-shifted by a further addition of HA

antibodies (lane 8). d ChIP assays of the NKX2.5-binding sequence

using HEK293T cells (homozygous with non-susceptible T-allele).

After the cells were transfected with expression vectors, DNA-protein

complex was immunoprecipitated (IP) with antibodies to HA or Flag,

or only with agarose. Sets of primers designated to amplify the

genomic sequence of ITPR3 (-1,153/930; 50 flanking, IVS6 + 229/

346; intron 6) were used for PCR. Each lane showed PCR product

amplified by the use of the genomic DNA isolated from the cells

transfected with mock (lane 2) or pCAGGS/NKX2.5-HA (lane 1,3–5)

as a template. e Reporter assay using luciferase constructs that

contained eight tandem copies of DNA sequence corresponding to the

SNP region in pGL3-promoter vector using Jurkat cells. NKX2.5

enhanced the luciferase activity of the construct containing of the

non-susceptible T allele sequence in a dose-dependent manner, but

did not enhance that containing the susceptible C allele sequence.

Data show the mean ± SD of the relative activity from three

experiments. Asterisk indicates P \ 0.01 by Student’s t test
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Discussion

To identify a gene(s) that increases a risk for SLE, we

applied a case-control association study using 52,608 gene-

based SNPs and identified the significant association of the

SNP in the ITPR3 promoter region with SLE. ITPR3 is

located on chromosome 6p21, one of the candidate loci that

were indicated to associate with SLE by linkage analysis

(Croker and Kimberly 2005). MHC haplotypes and/or C4A

deficiency are considered as candidates on this locus. In

fact, several studies have shown an increased frequency of

HLA-DRB1*1501 and HLA-DRB1*0301 alleles in Cauca-

sian SLE patients (Harley et al. 1998), while HLA-

DRB1*1501 allele has commonly been associated with

disease susceptibility in most Asian populations (Fong and

Boey 1998). Complete deficiency of C4A is also associated

with a very high incidence of SLE in Caucasians (Yang

et al. 2004), but was rare in Japanese SLE patients

(Yamada et al. 1990). These observations suggest genetic

backgrounds that determine the susceptibility to SLE might

be different among different ethnic groups.

The ITPR3 gene was located on the 6p21 locus, but was

not included within the 7.5-Mb extended MHC region

(about 200 KB centromeric to the extended class II sub-

region) (Horton et al. 2004). Our case control genome-wide

analysis indicated that SNP in the ITPR3 gene revealed

more significant association with SLE than the SNPs

around MHC region. Moreover, linkage disequilibrium

analysis indicated that ITPR3 SNP and HLA genes are

located in different LD blocks. We also genotyped HLA-

DRB1 and HLA-B genes that were indicated to be associ-

ated with SLE in Japanese SLE cases and found a

significant association of HLA-DRB1*1501 and HLA-

DRB1*1502 with SLE. However, the subgroup analysis
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Fig. 3 Allele-specific transactivation of ITPR3 expression by

NKX2.5 and combinatorial effect of these two genes. a, b Combi-

natorial effect of an SNP (-1009C [ T) of ITPR3 and an SNP

(-1192C [ T) of NKX2.5. Risk genotypes are defined as the

homozygote of the susceptible allele for ITPR3 (CC), and homozy-

gote or heterozygote for the susceptible allele for NKX2.5
(CT + TT). The individuals with the susceptible genotypes of both

ITPR3 and NKX2.5 showed higher odds-ratio than those with one or

no susceptible genotype. Case 1 and 2 samples for SLE (n = 174), all

RA subjects (n = 1113), and control 2, 4, and a part of control 3

samples (n = 1,417) were employed in this analysis. Detailed

information is indicated in Supplementary Table 5. c Relative

expression of ITPR3 in several cell lines (HEK293T, HepG2, A549,

H1299, Hela, and SBC5) that were transfected with the NKX2.5

expression vector. ITPR3 mRNA expressions were up-regulated in the

cells containing the non-susceptible T allele (HEK293T, HepG2,

A549), but not in those containing only susceptible C allele (H1299,

Hela, and SBC5). Expression of B2M was served as an internal

control. Asterisk indicates P \ 0.01 by Student’s t test. d Different

levels of ITPR3 mRNA induction in individuals with different

genotypes. PBMCs from healthy volunteers homozygous (n = 7) or

heterozygous (n = 6) for the C allele were stimulated with 10 nM of

dexamethasone for 24 or 48 h. Relative expression of ITPR3 mRNA

was calculated in comparison with unstimulated samples. Expression

of HPRT was served as an internal control. Data show the

mean ± SD. Asterisk indicates P \ 0.01 by Student’s t test
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revealed that rs3748079 associated with SLE independent

from these HLA alleles. Furthermore, the association of the

SNP was replicated in independent SLE case-control

samples, and the association was also observed in other

types of autoimmune diseases, RA and GD. Interestingly,

we identified that the transcription factor NKX2.5 bound

the promoter DNA segment including this SNP and acti-

vated the transcription of ITPR3 gene in the allele-specific

manner. Our data clearly imply that ITPR3 is one of the

disease-susceptible genes on 6p11–21 (Tsao 2004) and also

suggest that this genetic factor is associated commonly

with multiple autoimmune diseases.

Three subtypes of inositol 1,4,5-triphosphate receptor

have been identified in mammals (Furuichi et al. 1994).

They are located on ER and mediate Ca2+ mobilization

from ER to cytoplasm in response to inositol 1,4,5-tris-

phosphate (Patterson et al. 2004). ITPR1 is predominantly

expressed in brain tissue and plays a critical role in the

regulation of motor and learning systems, and two other

subtypes, ITPR2 and ITPR3, are expressed in various tis-

sues and cell lines (Higo et al. 2005; Nishiyama et al. 2000;

Taylor et al. 1999). Recent studies have demonstrated that

ITPR3 plays a crucial role in regulation of apoptotic factors

(Blackshaw et al. 2000; Hanson et al. 2004; Mendes et al.

2005). Cytoplasmic Ca2+ activates calcineurin followed by

the activation of BAD and NFATc (nuclear factors of

activated T cells). Activated BAD, a member of the pro-

apoptotic BCL-2 family, augments apoptosis of T cells by

forming heterodimers with BCL-2 and suppressing their

proliferative activity (Jayaraman and Marks 2000). Con-

cordantly, activation of NFATc results in T cell

proliferation through the transcriptional control of lym-

phokines (Jayaraman and Marks 2000). Higher ITPR3

activity was shown to induce apoptosis of T lymphocyte

(Blackshaw et al. 2000; Hanson et al. 2004; Mendes et al.

2005), which may eliminate autoreactive T cells and

decrease the risk to have autoimmune reactions (Green

et al. 2003; Rathmell and Thompson 2002; Refaeli et al.

1998). Disease-susceptible SNP found in the ITPR3 gene

may be associated with dysfunction of the apoptotic path-

way in T lymphocytes, which is a common observation in

SLE patients (Rosen and Casciola-Rosen 1999; Salmon

and Gordon 1999).

Recently, ITPR3 was shown to be associated with type 1

diabetes (T1D) in the Swedish population (Roach et al.

2006). T1D is an autoimmune disease with cellular and

humoral immunological abnormalities (Atkinson and Ei-

senbarth 2001) and characterized with destruction of

pancreatic islet beta cells. The SNP (rs2296336, IVS17

+249C/G) that was reported to be associated with T1D

revealed a less significant association (P = 0.00032) with

SLE in our tested samples (Supplementary Table 1). The

functional SNP that we identified in the ITPR3 promoter

was not examined in the Swedish T1D population. The

association of these SNPs with T1D in the Japanese pop-

ulation should be examined in the future; however, this

association strengthens our conclusion that the genetic

variations in the ITPR3 gene are likely to be genetic factors

common in various autoimmune diseases.

NKX2.5 is known to be a homeobox protein with tran-

scriptional activity that is essential in a developmental stage

of heart and is also known to regulate immune response

through the transcriptional control of lymphokines (Dupays

et al. 2005; Schwartz and Olson 1999). One SNP on NKX2.5

also revealed a significant association with SLE and RA,

and the individuals who have risk genotypes for both ITPR3

and NKX2.5 genes have increased risk for SLE and RA.

Interestingly, in two cell lines with the homozygous C allele

of ITPR3 SNP, ectopic expression of NKX2.5 suppressed

ITPR3 mRNA (Fig. 3c), suggesting the possible suppres-

sive effect of NKX2.5 on ITPR3 expression through the

other promoter region distinct from SNP rs3748079 locus.

In that case, the effect of NKX2.5 on SLE susceptibility

would be affected by ITPR3 genotype. The result of Fig. 3a

is concordant with this hypothesis. Although the relation-

ship between NKX2.5 and autoimmune reactions should be

further clarified in the future, our data demonstrate that

genetic and functional interactions of ITPR3 and NKX2.5

play a crucial role in the pathogenesis of SLE.

In summary, through the case-control association study

using a large number of gene-based SNPs screening, we

have demonstrated that SNPs in the ITPR3 and NKX2.5

gene are likely to be candidate SNPs related to an increased

risk for SLE. Our results imply that SNPs of ITPR3 and

NKX2.5 are novel genetic determinants for susceptibility to

SLE possibly by the regulation in the apoptotic pathway of

auto-reactive T cells.
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