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Figure 1 (a) Abnormal brain vessels in MMD. The dotted circle indicates the X-ray field of cerebral angiography (left panel). Normal structures of the right
internal carotid artery (ICA), anterior cerebral artery (ACA) and middle cerebral artery (MCA) are illustrated (middle panel). The arrowheads indicate abnormal
collateral vessels appearing like a puff of smoke in the angiogram of an individual with MMD (right panel). Note that ACA and MCA are barely visible,
because of the occlusion of the terminal portion of the ICA. (b) Manhattan plot of the 785720 SNPs used in the genome-wide association analysis of MMD
patients. Note that the SNPs in the 17q25-ter region reach a significance of P<10-8,

MATERIALS AND METHODS

Affected individuals

Genomic DNA was extracted from blood and/or saliva samples obtained from
members of the families with MMD (Supplementary Figure 1), MMD patients
with no family history and control subjects. All of the subjects were Japanese.
MMD was diagnosed on the basis of guidelines established by the Research
Committee on Spontaneous Occlusion of the Circle of Willis of the Ministry of
Health and Welfare of Japan. This study was approved by the Ethics Committee
of Tohoku University School of Medicine. Total RNA samples were purified
from leukocytes using an RNeasy mini kit (Qiagen, Hilden, Germany) and used
as templates for cDNA synthesis with an Oligo (dT),o primer and SuperScript
II reverse transcriptase according to the manufacturer’s instructions (Invitro-
gen, Carlsbad, CA, USA).

Linkage analysis

For the linkage analysis, DNA samples were genotyped for 36 microsatellite
markers within five previously reported MMD loci using the ABI 373A DNA
Sequencer (Applied Biosystems, Foster City, CA, USA). Pedigrees and haplo-
types were constructed with the Cyrillic version 2.1 software (Oxfordshire, UK).
Multipoint analyses were conducted using the GENEHUNTER 2 software
(http://www.broadinstitute.org/ftp/distribution/software/genehunter/). Statistical
analysis was performed with SPSS version 14.0] (SPSS, Tokyo, Japan).

Genome-wide and locus-specific association studies

A genome-wide association study was performed using a group of 72 MMD
patients, which consisted of 64 patients without a family history of MMD and 8
probands of MMD families. The Illumina Human Omni-Quad 1 chip
(Ilumina, San Diego, CA, USA) was used for genotyping, and single-nucleotide
polymorphisms (SNPs) with a genotyping completion rate of 100% were used
for further statistical analysis (785 720 out of 1 140 419 SNPs). Genotyping data

from 45 healthy Japanese controls were obtained from the database at the
International HapMap Project web site. The 785720 SNPs were statistically
analyzed using the PLINK software (http://pngu.mgh.harvard.edu/~purcell/
plink/index.shtml). For a locus-specific association study, we used 63 DNA
samples consisting of 58 non-familial MMD patients and 5 probands of MMD
families. A total of 384 SNPs within chromosome 17q25-ter were genotyped
(Supplementary Table 1), using the GoldenGate Assay and a custom SNP chip
(Illumina). Genotyping data for 45 healthy Japanese were used as a control.
Case—control single-marker analysis, haplotype frequency estimation and
significance testing of differences in haplotype frequency were performed using
the Haploview version 3.32 program (http://www.broad.mit.edu/mpg/haploview/).

Mutation detection

Mutational analyses of RNF213 and FLJ35220 were performed by PCR
amplification of each coding exon and putative promoter regions, followed
by direct sequencing. Genomic sequence data for the two genes were obtained
from the National Center for Biotechnology Information web site (http://
www.ncbi.nlm.nih.gov/) for design of exon-specific PCR primers. RNF213
cDNA fragments were amplified from leukocyte mRNA for sequencing
analysis. Sequencing of the PCR products was performed with the ABI BigDye
Terminator Cycle Sequencing Reaction Kit using the ABI 310 Genetic Analyzer.
Identified base changes were screened in control subjects. Statistical difference
of the carrier frequency of each base change was estimated by Fisher’s exact test
(the MMD group vs the control group).

Quantitative PCR

MTC Multiple Tissue cDNA Panels (Clontech Laboratory, Madison, WI, USA)
were the source of cDNAs from human cell lines, adult and fetal tissues.
Mononuclear cells and polymorphonuclear cells were isolated from the fresh
peripheral blood of healthy human adults using Polymorphprep (Cosmo Bio,
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Carlsbad, CA, USA). T and B cells were isolated from the fresh peripheral blood
of healthy human adults using the autoMACS separator (Militeny Biotec,
Bergisch Gladbach, Germany). Total RNA was isolated from these cells with
the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. We
reverse transcribed 100 ng samples of total RNA into cDNAs using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative
PCRs were performed in a final volume of 20 pl using the FastStart TagMan
Probe Master (Rox) (Roche, Madison, WI, USA), 5ul of ¢cDNA, 10pum of
RNF- or GAPDH-specific primers and 10 M of probes (Universal ProbeLibrary
Probe #80 for RNF213 and Roche Probe #60 for GAPDH). All reactions were
performed in triplicate using the ABI 7500 Real-Time PCR system (Applied
Biosystems). Cycling conditions were 2 min at 50°C and 10 min at 95°C, followed
by 40 cycles of 155 at 95°C and 60's at 60°C. Real-time PCR data were analyzed
by the SDS version 1.2.1 software (Applied Biosystems). We evaluated the relative
level of RNF213 mRNA by determining the Cr value, the PCR cycle at which the
reporter fluorescence exceeded the signal baseline. GAPDH mRNA was used as
an internal reference for normalization of the quantitative expression values.

Multiplex PCR

MTC Multiple Tissue cDNA Panels (Clontech) were the source of human cell
lines and ¢cDNAs from human adult and fetal tissues. Multiplex PCRs were
performed in a final volume of 20l using the Multiplex PCR Master Mix
(Qiagen), 2pl of cDNA, a 2pM concentration of RNF2I3 and a 10um
concentration of GAPDH-specific primers. The samples were separated on a
2% agarose gel stained with ethidium bromide. Cycling conditions were 15 min
at 94°C, followed by 30 cycles of 30s at 94 °C, 30s at 57°C and 30s at 72°C.
For normalization of the expression levels, we used GAPDH as an internal
reference for each sample.

In situ hybridization (ISH) analysis

Paraffin-embedded blocks and sections of mouse tissues for ISH were obtained
from Genostaff (Tokyo, Japan). The mouse tissues were dissected, fixed with
Tissue Fixative (Genostaff), embedded in paraffin by proprietary procedures
(Genostaff) and sectioned at 6 um. To generate anti-sense and sense RNA
probes, a 521-bp DNA fragment corresponding to nucleotide positions
470-990 of mouse Rnf213 (BC038025) was subcloned into the pGEM-T Easy
vector (Promega, Madison, WI, USA). Hybridization was performed with
digoxigenin-labeled RNA probes at concentrations of 300ngml~! in Probe
Diluent-1 (Genostaff) at 60°C for 16h. Coloring reactions were performed
with NBT/BCIP solution (Sigma-Aldrich, St Louis, MO, USA). The sections
were counterstained with Kernechtrot stain solution (Mutoh, Tokyo, Japan),
dehydrated and mounted with Malinol (Mutoh). For observation of Rnf213
expression in activated lymphocytes, 10-week-old Balb/c mice were intra-
peritoneally injected with 100 ug of keyhole limpet hemocyanin and incomplete
adjuvant and sacrificed in 2 weeks. The spleen of the mice was removed for
Hematoxylin—eosin staining and ISH analyses.

RESULTS

Using 20 Japanese MMD families, we reevaluated the linkage mapped
previously to five putative MMD loci. No locus with significant
linkage, Lod score >3.0 or NPL score >4.0 was confirmed (Supple-
mentary Figure 2). We conducted a genome-wide association study
of 72 Japanese MMD cases. Single-marker allelic tests comparing
the 72 MMD cases and 45 controls were performed for 785720
SNPs using y? statistics. These tests identified a single locus with a
strong association with MMD (P<107%) on chromosome 17q25-ter
(Figure 1b), which is in line with the latest mapping data of a
MMD locus.'S The SNP markers with P< 1075 are listed in Table 1.
To confirm this observation, we performed a locus-specific associa-
tion study. A total of 384 SNP markers (Supplementary Table 1) were
selected within the chromosome 17q25-ter region and genotyped in a
set of 63 MMD cases and 45 controls. The SNP markers demonstrat-
ing a high association with MMD (P< 1075) were clustered in a 151-kb
region from base position 75851 399-76 003 020 (SNP No.116-136 in
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Table 1 A genome-wide association study of Japanese MMD patients and controls

95% confidence interval

Risk allele
frequency in controls

Risk allele
frequency in MMD

Risk allele/
non-risk allele

Lower Upper

P-value 0Odds ratio

xZ

Gene

Chromosome Base position

SNP

15.34

3.532
2.733
2.673
2.642
2.642
2.831

7.36

6.95E-09
2.16E-08
3.53E-08
4.64E-08

33.55

0.1111
0.3667
0.3889

0.3

0.4792
0.7361
0.75

T/IC

RNF213
RNF213

76025668
75963089
75941953

17
17
17

rs11870849
156565681

8.489

4.819

31.35
30.39

AG

8.313

4715

RNF213

157216493
1s7217421
1512449863
rs4890009
SNP17-75933731

8.237
8.237
10.527
10.527

4.666

29.86

0.6667
0.6667
0.8819
0.8819
0.6667
0.7431
0.75

RNF213

75850055
75857 806
75926103

17

4.666
5.459

4.64E-08
9.38E-08
9.38E-08
1.15E-07
1.63E-07
2.05E-07
2.05E-07

29.86
28.5

0.3

cr

RNF213

17

5

0.5778
0.5778
0.3111
0.3977
0.4111
0.5667

G/A
G/A

RNF213

2.831

5.458
4.429

28.5

75933731 RNF213

17
17

7

7.794
7.722
7.889
9.529

2.517

28.11

RNF213 T/C

75867365

157219131

2.483
2.444
2.659

4.378
4.297
5.03

27.43
26.99

RNF213

75932037
75969 256

rs6565677

cIT

RNF213

17

17
Abbreviations: MMD, moyamoya disease; SNP, single-nucleotide polymorphism.A genome-wide assaciation study testing 1 140419 SNPs on the Human Omni-Quad 1chip (Illumina, San Diego, CA, USA) was performed in 72 Japanese MMD cases. Single-

rs4889848
1s7224239

26.99

0.8681

RNF213 AG

75969771

2 statistics for all markers. This table lists the 11 SNP markers with a significance of P<10-,

marker allelic tests between the cases and controls were performed using ¥
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Figure 2 (a) Association analysis of 63 non-familial MMD cases and 45 control subjects. Statistical significance was evaluated by the y2-test. SNP markers
with a strong association with MMD (P<1075) clustered in a 161-kb region (base position 75851 399-76 012 838) indicated by two dotted lines (upper
panel), which included the entire region of RNF213 (lower panel). Haplotype analysis revealed a strong association (P=5.3x10~19) between MMD and a
single haplotype located within RNF213. (b) Sequencing chromatograms of the identified MMD mutations. The left panel shows the sequences of an
unaffected individual and a carrier of a p.R4859K heterozygous mutation. The right panel indicates the sequencing chromatograms of the leukocyte cDNA
obtained from an unaffected individual and an individual with MMD who carries the p.R4859K mutation. Note that both wild-type and mutant alleles were
expressed in leukocytes. (c) The structure of the RNF213 protein. The RNF213 protein contains three characteristic structures, the AAA-superfamily ATPase
motif, the RING motif and the HMG-CoA reductase degradation motif. The positions of four mutations identified in MMD patients are underlined, including

one prevalent mutation (red) and three private mutations (black).

Supplementary Table 1); this entire region was within the RNF213
locus (Figure 2a). A single haplotype determined by seven SNPs
(SNP Nos.130-136 in Supplementary Table 1) that resided in the 3
region of RNF2I13 was strongly associated with MMD onset
(P=5.3x10"19), Analysis of the linkage disequilibrium block indicated
that this haplotype was not in complete linkage disequilibrium with
any other haplotype in this region (Supplementary Figure 3). These
results strongly suggest that a founder mutation may exist in the 3’
part of RNF213.

Mutational analysis of the entire coding and promoter regions of
RNF213 and FLJ35220, a gene 3 adjacent to RNF213, revealed that 19
of the 20 MMD families shared the same single base substitution,
c.14576G> A, in exon 60 of RNF213 (Figure 2b and Table 2). This
nucleotide change causes an amino-acid substitution from
arginine®®? to lysine®®>® (p.R4859K). The p.R4859K mutation was
identified in 46 of 63 non-familial MMD cases (73%), including 45
heterozygotes and a single homozygote (Table 3). Both the wild-type
and the p.R4859K mutant alleles were co-expressed in leukocytes

Journal of Human Genetics



RNF213 as the first Moyamoya disease gene
F Kamada et al

38

Table 2 Nucleotide changes with amino-acid substitutions identified in the sequencing analysis of RNF213 and FLJ35220

Genotype (allele)
Gene Exon  Nucleotide change® (amino-acid substitution) ~ Non-familial cases Control subjects P-value® v2 (df=1)¢  0Odds ratio (95% Cl)
RNF213 29 ¢.7809C>A (p.D2603E) 2/63 (2/126) 15/381 (15/762) 0.77 0.09 0.80 (0.2-3.6)
RNF213 41 ¢.11818A>G (p.M3940V) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 41 ¢.11891A>G (p.E3964G) 4/63 (4/126) 3/55 (4/110) 0.84 0.04 1.2 (0.3-5.5)
RNF213 52 c.13342G>A (p.A4448T) 4/63 (4/126) 2/53 (2/106) 0.53 0.39 1.7 (0.3-9.8)
RNF213 56 c.13846G>A (p.V4616 M) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 59 c.14440G>A (p.v4814 M) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 60 c.14576G>A (p.R4859K) 46/63 (47/126) 6/429 (6/858) 1.2x10-43 298.1 190.8 (71.7-507.9)
FLI35220 None

Abbreviations: ND, not determined; SNP, single-nucleotide polymorphism.

aNucleotide numbers of RNF213 cDNA are counted from the A of the ATG initiator methionine codon (NCBI Reference sequence, NP_065965.4).

bP.yalues were calculated by Fisher's exact test.
SGenotypic distribution (carrier of the polymorphism vs non-carrier).

Table 3 Association of the p.R4859K (c.14576G > A) mutation with
MMD

Genotype
wt/wt wt/p.R4859K p.R4859K/
Total (%) (%) p.R4859K (%)

Members of 19 MMD families®

Affected 42 0 39 (92.9) 3(7.1)

Not affected 28 15 (53.6) 13 (46.4) 0
Individuals without a family history of MMDP<

Affected 63 17 (27.0) 45 (71.4) 1(1.6)

Not affected 429 423 (98.6) 6(1.4) 0

Abbreviations: MMD, moyamoya disease.

aEntire distribution, 72=29.4, P=4.2x10-7,

bEntire distribution, y2=298.2, P=1.8x 1055,

Genotypic distribution (p.R4859K carrier vs non-carrier), 2=298.1, P=1.2x10-43, adds
ratio=190.8 (95% Cl=71.7-507.9).

9The age of onset and initial symptoms of the four homozygotes were comparable to those of
the 84 heterozygous patients.

in three patients heterozygous for the p.R4859K mutation
(Figure 2b), excluding the possible instability of the mutant RNF213
mRNA. Additional missense mutations, p.M3940V, p.V4616M and
p-V4814M, were detected in three non-familial MMD cases without
the p.R4859K mutation (Figure 2c). These mutations were not found
in 388 control subjects and were detected in only one patient,
suggesting that they were private mutations (Table 2). No copy
number variation or mutation was identified in the RNF213 locus
of 12 MMD patients using comparative genome hybridization micro-
array analysis (Supplementary Figure 4). In total, 6 of the 429 control
subjects (1.4%) were found to be heterozygous carriers of p.R4859K.
Therefore, we concluded that the p.R4859K mutation increases the
risk of MMD by a remarkably high amount (odds ratio=190.8 (95%
confidence interval=71.7-507.9), P=1.2x10"*%) (Table 3). It was
recently reported that an SNP (ss161110142) in the promoter region
of RPTOR, which is located ~ 150kb downstream from RNF213, was
associated with MMD.!” Genotyping of the SNP in RPTOR showed
that the RNF213 p.R4859K mutation was more strongly associated
with MMD than ss161110142 (Supplementary Figure 1).

RNF213 encodes a protein with 5256 amino acids harboring a
RING (really interesting new gene) finger motif, suggesting that it
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functions as an E3 ubiquitin ligase (Figure 2c). It also has an AAA
ATPase domain, which is characteristic of energy-dependent unfol-
dases.'® To our knowledge, RNF213 is the first RING finger protein
known to contain an AAA ATPase domain. The expression profile of
RNF213 has not been previously fully characterized. We performed a
quantitative reverse transcription PCR analysis in various human
tissues and cells. RNF213 mRNA was highly expressed in immune
tissues, such as spleen and leukocytes (Figure 3a and Supplementary
Figure 5). Expression of RNF213 was detected in fractions of both
polymorphonuclear cells and mononuclear cells and was found
in both B and T cell fractions (Supplementary Figure 6). A low but
significant expression of RNF213 was also observed in human umbi-
lical vein endothelial cells and human pulmonary artery smooth
muscle cells. Cellular expression was not enhanced in tumor cell
lines, compared with leukocytes. In human fetal tissues, the highest
expression was observed in leukocytes and the thymus (Supplemen-
tary Figure 6E). The expression of RNF213 was surprisingly low in
both adult and fetal brains. Overall, RNF2I3 was ubiquitously
expressed, and the highest expression was observed in immune tissues.

We studied the cellular expression of Rnf213 in mice. The ISH
analysis of spleen showed that Rnf213 mRNA was present in small
mononuclear cells, which were mainly localized in the white pulps
(Figures 3b—g). The ISH signals were also detected in the primary
follicles in the lymph node and in thymocytes in the medulla of the
thymus (Supplementary Figure 7). To study Rnf2I3 expression in
activated lymphocytes we immunized mice with keyhole limpet
hemocyanin, and examined Rnf213 mRNA in spleen by ISH analysis.
Primary immunization with keyhole limpet hemocyanin antigen
revealed that the expression of Rnf213 in the secondary follicle is as
high as in the primary follicle in the lymph node (Supplementary
Figure 8). In an E16.5 mouse embryo, expression was observed in the
medulla of the thymus and in the cells around the mucous palatine
glands (Supplementary Figure 9). These findings suggest that mature
lymphocytes in a static state express Rnf213 mRNA at a higher level
than do their immature counterparts.

DISCUSSION

We identified a susceptibility locus for MMD by genome-wide and
locus-specific association studies. Further sequencing analysis revealed
a founder missense mutation in RNF213, p.R4859K, which was tightly
associated with MMD onset. Identification of a founder mutation
in individuals with MMD would resolve the following recurrent
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Figure 3 Expression of human RNF213 and murine Rnf213. (a) RT-PCR analysis of RNF213 mRNA in various human tissues. The expression levels of
RNF213 mRNA in various adult human tissues were evaluated by quantitative PCR using GAPDH mRNA as a control. The signal ratio of RNF213 mRNA to
GAPDH mRNA in each sample is shown on the vertical axis. (b-g) In situ hybridization (ISH) analysis of Rnf213 mRNA in mouse spleen. Specific signals for
Rnf213 mRNA were detected by ISH analysis with the anti-sense probe (b) but not with the sense probe (c). Hematoxylin—eosin staining of the mouse
spleen (d). Signals for the Rnf213 mRNA were observed in small mononuclear cells, which were mainly localized in the white pulps (dotted square, e) and
partially distributed in the red pulps (dotted squares, f and g). Panels e, f and g show the high-magnification images of the corresponding fields in panel b.

Scale bars, 1 mm (b-d) and 50 pm (e-g).

questions:>!? (i) why is MMD more prevalent in East Asia than in
Western countries? The carrier frequency of p.R4859K in Japan is 1/72
(Table 2). In contrast, we found no p.R4859K carrier in 400 Caucasian
controls (data not shown). Furthermore, no mutation was identified
in five Caucasian patients with MMD after the full sequencing of
RNF213. These results suggest that the genetic background of MMD
in Asian populations is distinct from that in Western populations
and that the low incidence of MMD in Western countries may
be attributable to a lack of the founder RNF213 mutation. (ii) Is
unilateral involvement a subtype of MMD or a different disease?> We
collected DNA samples from six patients with unilateral involvement
and found a p.R4859K mutation in four of them (data not shown),
suggesting that bilateral and unilateral MMD share a genetic back-
ground. (iii) Is pre-symptomatic diagnosis of MMD possible? In the
present study, MMD never developed in the 15 mutation-negative
family members in the 19 MMD families with the p.R4859K mutation
(Table 3 and Supplementary Figure 1), suggesting the feasibility of
presymptomatic diagnosis or exclusion by genetic testing.

How the mutant RNF213 protein causes MMD remains to be
elucidated. The expression of RNF213 was more abundant in a subset
of leukocytes than in the brain, suggesting that blood cells have
a function in the etiology of MMD. This observation agrees with a
previous report that MMD patients have systemic angiopathy.2’

Recent studies have suggested that the postnatal vasculature
can form through vasculogenesis, a process by which endothelial
progenitor cell are recruited from the splenic pool and differentiate
into mature endothelial cells.?! Levels of endothelial progenitor cells
in the peripheral blood are increased in MMD patients.?? RNF213
may be expressed in splenic endothelial progenitor cells and mutant
RNF213 might dysregulate the function of the endothelial progenitor
cells. Further research is necessary to elucidate the role of RNF213 in
the etiology of MMD.
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Kawasaki disease (KD; OMIM 611775) is an acute vasculitis syndrome which predominantly affects small- and
medium-sized arteries of infants and children. Epidemiological data suggest that host genetics underlie the
disease pathogenesis. Here we report that multiple variants in the caspase-3 gene (CASP3) that are in linkage
disequilibrium confer susceptibility to KD in both Japanese and US subjects of European ancestry. We found
that a G to A substitution of one commonly associated SNP located in the 5’ untranslated region of CASP3
(rs72689236; P = 4.2 x 107% in the Japanese and P = 3.7 x 10~2 in the European Americans) abolished
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binding of nuclear factor of activated T cells to the DNA sequence surrounding the SNP. Our findings suggest
that altered CASP3 expression in immune effecter cells influences susceptibility to KD.

INTRODUCTION

Kawasaki disease (KD) is characterized by high fever, poly-
morphous skin rash, injection of the conjunctiva, erythema
of the palms and soles followed by desquamation, redness of
oral mucosa and lips and non-supprative cervical lymphadeno-
pathy (1,2). Despite clinical and epidemiological features
suggesting an infectious trigger in the pathogenesis of KD,
the etiology remains unkmown. Marked activation of the
immune system accompanied by infiltration of lymphocytes,
macrophages and neutrophils into the vascular wall occurs
during the acute phase of KD. The coronary arteries are selec-
tively targeted and coronary artery lesions (CALs) develop in
20-25% of the patients without treatment (3). KD is now a
leading cause of acquired cardiac disease in children in devel-
oped countries. '

Previously, we performed an affected sibpair linkage study
and identified several candidate regions (4935, 5q31.4, 6q27,
Tpl5, 8924, 12924, 18923, 19q13.2, Xp12 and Xq26) for KD
susceptibility (4). Recently, we identified a functional SNP in
ITPKC, encoding inositol 1,4,5-trisphosphate 3 kinase-C on
19q13.2, that confers both increased risk of KD and CAL for-
mation (5). This effect is likely mediated through upregulating
of the Ca>*/NFAT pathway in T cells, thus increasing IL-2 pro-
duction. These findings supported the hypothesis that geneti-
cally determined modulation of the immune response is
fundamental to KD pathogenesis and suggested that genes
with immune regulatory function located in chromosomal
regions with positive linkage signals should be considered
potential candidates for KD susceptibility. In an attempt to
identify a novel susceptibility gene, we performed a positional
candidate gene study for 4q35 region. We found that there is a
set of common variants in caspase-3 (CASP3) gene significantly
associated with KD in both Japanese and European American
subjects. We also demonstrate a functional significance of one
commonly associated SNP which affects binding of nuclear
factor of activated T cells (NFAT) to the 5’ untranslated
region (UTR) of the gene.

RESULTS

Identification of the variants of CASP3 gene associated
with KD susceptibility

The candidate region on 4q35 was attractive because several
immune genes have been mapped around the peak of
linkage, including the interferon regulatory factor 2 gene
(IRF2), CASP3 and toll-like receptor 3 gene (7LR3), which
all lie within 1.7 Mb of the linkage peak. Previous reports
describing delayed apoptosis of peripheral blood lymphocytes
(6) and neutrophils (7) from KD patients led us to focus on
CASP3, which is located at 185.8 Mb on chromosome 4
close to the linkage peak (184.9 Mb). Caspase-3 is a key mol-
ecule of activation-induced cell death (AICD) (8) and it has
also been reported to cleave the inositol 1,4,5-triphosphate

receptor, Type 1 (ITPR1) in apoptotic T cells. ITPR1 is a
receptor for inositol 1,4,5-trisphosphate (IP3), a substrate for
ITPKC in T cells (9).

Based on linkage disequilibrium (LD) data at the web site of
the International HapMap project, we selected 12 tagging
SNPs with minor allele frequency (MAF) greater than 5%
from the 36 kb region containing the CASP3 gene flanked
by 10kb upstream and 5kb downstream (Supplementary
Material, Fig. 81). Using Haploview 4.1, the tagging SNPs
were classified into four SNP groups at a threshold of 7 >
0.8. Four tagging SNPs (rs4647693, 152696057, rs2720378
and rs2705881) were selected as representatives of each
group (Supplementary Material, Fig. S1). For the first stage
of screening, the genotype at these four locations was deter-
mined for 638 Japanese KD patients and 1031 healthy
Japanese controls. Three SNPs showed significant association
with KD (P < 0.05 after Bonferroni correction for four tests;
Supplementary Material, Fig. S1) when comparing allele fre-
quencies between cases and controls. We then resequenced
the 36kb region in 24 Japanese subjects (12 KD subjects
and 12 controls) and genotyped the first case—control panel
for 34 additional variants and compared allele frequencies
(Supplementary Material, Table S1). Twenty-five of the 46
variants (12 tagging SNPs + 34 additional variants) showed
P-values < 0.001 (P < 0.05 after a conservative Bonferroni
correction for 46 tests) and most were clustered in the 5'
region of CASP3 (Fig. 1). To validate the association and
identify of the causative variant, these 25 loci were further
examined in an independent Japanese case—control panel
with 282 KD patients and 378 controls. In this case~control
panel, all of the 25 variants showed the same trend of associ-
ation and 152720378 was the most significant in a
meta-analysis by the Mantel-Haenszel method [odds ratio
(OR) =1 44 95% confidence interval (CI) 1.27-1.62; P=
3.5 x 107% Table 1]. Most of the 25 significant variants
except for rs4862399 and rs7 693625 were in high linkage dis-
equilibrium with rs2720378 (»* > 0.69) and showed the same
trend of association. No increase of association due to haplo-
typic effect was seen for the combination of rs2720378 and
any other variations including rs4862399 and rs7693625 in a
haplotype association study and logistic regression analysis
(Supplementary Material, Tables S2 and §3).

Screening of functionally significant variants

We next assessed the functional significance of the variants in
CASP3. Because all of the 25 variants were in untranscribed or
untranslated of CASP3, we postulated that the variant(s) might
influence expression of CASP3. We screened for possible
enhancer activity around the associated variants by a reporter
gene assay. To facilitate the screening, we cloned four tandem
copies of oligonucleotides corresponding to both alleles of the
variants upstream of the SV40 promoter in the luciferase
reporter vector, pGL3, and transfected them into Jurkat cells.
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Figure 1. Linkage disequilibrium (LD) structure of the C4SP3 locus and association of the variants with KD in Japanese subjects. Pairwise LD plots with 46
variants distributed across the 36 kb region in and surrounding CASP3 are illustrated using Haploview software. Values for »* were calculated using genotype
data from Japanese control samples (# = 1031). Blue horizontal bars under SNP IDs represent LD blocks defined by Gabriel’s rule. The genomic organization of
CASP3 and the coiled-coil domain containing 111 (CCDC111; only 5’ part is shown) is illustrated with blue and gray boxes representing the exons. Arrows under
the gene names indicate the orientation of transcription. The position and the negative log of the P-values from the genetic association study (637 KD cases and
1031 controls; allelic frequency comparison) for each variant tested are shown by vertical bars in the upper panel. Threshold for statistical significance (P =

0.001) was indicated by a gray horizontal line in the upper panel.

In this screening, we found that the sequence surrounding
rs72689236 located in the 5-UTR of CASP3 showed an
enhancer activity which was significantly lower for the risk
allele (A) compared with the protective allele (G) (Fig. 2A).
We also found that the allelic difference was more prominent
when these plasmids were transfected into peripheral blood
mononuclear cells (PBMCs) or CD3* T cells. In contrast,
the difference was modest when transfected into HeLa cells
(data not shown). Enhancement of luciferase activity was
also observed when the plasmids corresponding to inter-
gene_1, 1562339863 and 152720377 were transfected.
However, there was no significant difference between either
allele of these three SNPs. Neither enhancer function nor
allelic difference was detected for rs2720378, rs4647610,
rs4647616, rs4647617 and 1s59760601 (Supplementary
Material, Fig. S2).

Rs72689236 affects binding of NFAT to the 5-UTR
of CASP3

To elucidate the enhancer element that may lie near
172689236 further, we conducted an electrophoretic mobility

shift assay (EMSA) using nuclear extract from PBMCs and
rs72689236 oligonucleotides as probes. As shown in
Figure 2D, there was a band shift using the probe specific to
the G allele. Although no binding sequence of known tran-
scription factor was predicted near rs72689236, we focused
on the GGAA sequence of which the first ‘G’ is changed to
‘A’ by the SNP. Sequence similarity to the consensus
binding sequence of NFAT (GGAAAA) and a recent publi-
cation describing relationship between NFAT and CASP3
expression (10) led us to postulate NFAT as a candidate trans-
activator for this site. We tested this hypothesis by conducting
further luciferase assay and EMSA. In luciferase assay, both
NFATcl and NFATc2 overexpressed in HeLa cells, which
have lower endogenous levels of NFATs (11), significantly
enhanced the difference (Supplementary Material, Fig. S3).
In contrast, cyclosporin A, a calcineurin inhibitor which sup-
presses NFAT signaling, minimized the difference observed
in Jurkat cells (Fig. 2B). While in EMSA, formation of a
DNA-protein complex was abolished by cyclosporine A
added in the culture medium of PBMCs from which nuclear
protein was extracted, and was competed by excess amount
of unlabeled oligonucleotide with an NFAT binding sequence
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Figure 2. Functional analyses of the G and A alleles of rs72689236. (A) Single or four tandem copies of oligonucleotides for the G allele and A allele of
rs72689236 were cloned upstream of the SV40 promoter in the PGL3 luciferase reporter vector and transfected into Jurkat cells (left), PBMCs (middle) and
CD3* peripheral T cells (right; single assay). Data represent mean + SEM of triplicate assays for Jurkat and PBMCs. (B) Effect of cyclosporine A on enhancer
activity of rs72689236 G allele. (C) Transcriptional activity of CASP3 promoter with different alleles of rs72689236. Data represent mean + SEM of quintu-
plicate assays. (D) EMSA was performed using nuclear extracts from PBMCs stimulated with ionomycin and PMA. Oligonucleotides corresponding to the A.
allele (lanes 1-3) and to the G allele (lanes 4—6) were used as probes. Binding reaction was performed with no specific competitor and with excess amounts
(% 100) of either unlabelled G or A allele oligonucleotides. n.s., non specific bands. (E) Binding of NFATS to the 1572689236 G allele was assessed by EMSA
using nuclear extracts from PBMCs treated with cyclosporine A in addition to ionomycin and PMA (lane 1), competition assay using oligonucleotides containing
an NFAT binding sequence from the human /L-2 promoter or its mutant (lanes 3 and 4) and a supershift assay with antibodies against NFATc1 (lane 5), NFATc2

(lane 6) and their isotype controls (lanes 7 and 8).

from the Interleukin-2 (IL-2) promoter. And finally the
complex was supershifted by a monoclonal antibody against
NFATc2 (Fig. 2E).

Allele specific expression of CASP3

Next we compared levels of CASP3 mRNA expressed from
different alleles of rs72689236 in PBMCs by allele-specific
transcript quantification (ASTQ) experiment. Primers for PCR
were designed to encompass a SNP in the 3'-UTR of CASP3
(rs6948) which was in LD with rs72689236. We examined
eight healthy individuals who were heterozygous for both
1s72689236 and rs6948, and therefore, inferred to have haplo-
types I and III (Fig. 3A). In this haplotype combination, risk
allele (A) and non-risk allele (G) of 1rs72689236 were

absolutely linked to C and A allele of rs6948, respectively.
The ratio of digested:undigested PCR products was approxi-
mately 0.7 for cDNAs and 1.0 for genomic DNA (Fig. 3B, left
panel), indicating that the transcript abundance from haplotype
III was lower compared with that from haplotype I. Such differ-
ences were not observed when the same experiment was con-
ducted on PBMC from five other volunteers who were
heterozygous at rs6948 but homozygous for the A allele at
172689236 (Fig. 3B, right panel). These results suggest an
effect of rs72689236 on mRNA expression levels of CASP3.

Association study in US KD families of European ancestry

Finally we investigated the association of the 25 variants and
KD susceptibility in US subjects of European ancestry. In a
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Figure 3. Allele-specific transcript quantification (ASTQ) of CASP3 in PBMC.

(A) Genomic structure of C4SP3 gene and location of the two SNPs (1572689236

and 1s6948). An amplicon of PCR was indicated by a horizontal bar. Haplotypes for the two SNPs with frequencies larger than 2.5% in the Japanese population

were shown. (B) Comparison of relative expression level of CASP3 mRNA

from different haplotypes. Ratio of digested and undigested PCR products from

genomic DNA and cDNA of PBMCs stimulated with PMA and jonomycin from healthy volunteers heterozygous (left panel; n = 8) and homozygous (right

panel; n = 5} at rs72689236. *two-tailed P = 3.0 x 10”7, **two-tailed P = 0.

transmission disequilibrium test performed with US trios, the
A allele of rs72689236 was significantly overtransmitted
(n=1249, OR = 1.54, 95% CI 1.16—2.05, P=3.7 x 107%;
Table 2). The association of the SNP was no more significant
in the subgroup of patients who developed CALs or poorly
responded to IVIG therapy in either the Japanese or US popu-
lations, indicating that the SNPs influence susceptibility but
not disease outcome (data not shown). From both the associ-
ation study and our functional analyses, we conclude that
CASP3 is a susceptibility gene for KD in Japanese and Euro-
pean American children.

DISCUSSION

KD is an immune-mediated vasculitis that is thought to result
from an unknown infectious trigger in genetically susceptible
hosts. Our previous findings that downregulation of ITPKC,
which functions as a negative regulator of the Ca?*/NFAT
pathway in T cells, by an intronic SNP resulted in enhanced
activation of the pathway highlighted the importance of regu-
lation of T cell activation in the pathogenesis of KD (5).
Caspase-3 is one of the effecter caspases that plays a central
role in apoptosis. Peripheral T cells from caspase-3 deficient
mice were less susceptible to AICD, a mechanism regulating
the magnitude and duration of the T cell immune response
(8). Furthermore, it was reported that Casp3 transcription
was selectively up-regulated after T cell receptor (TCR) lig-
ation (12). NFATs are activated by a signal from the TCR
and drive transcription of IL-2 and other cytokines. It was

40 by Student’s r-test.

also reported that the induction of Casp3 mRNA in response
to ionomycin stimulation was abolished in Thl cells from
Nfatc2 deficient mice, indicating that NFATc2 is a key trans-
activator for the gene in this cell type (10). Our data suggest
that the sequence surrounding rs72689236 might be a
binding site for NFATc2 and acts as an enhancer element in
T cells activated in response to signals from TCR. Sequence
comparison with chimpanzee indicates that the ancestral
allele of 1572689236 is ‘G’ (data not shown). Interestingly,
the GGAA sequence was seen in a similar position within
the first non-coding exon of rodent Casp3 genes (Supplemen-
tary Material, Fig. S4), suggesting that the enhancer element
might be evolutionarily conserved. There remains a possibility
that rs2720378 as well as the other associated variations also
affect CASP3 expression by other, unknown mechanisms. In
addition, expression of caspase-3 is not restricted to T cells
and a number of proteins are known as substrates for caspases
(13). Caspase-3 is also known to play roles in cellular activi-
ties other than apoptosis (14-17). Further investigation is
needed to understand the impact of reduced CASP3 expression
on the pathogenesis of KD.

We recognize some potential limitations to our study. It is
possible that the observed association of the functional poly-
morphism in C4SP3 with KD susceptibility was somewhat
inflated due to population structure. However, the positive
linkage signal near CASP3 in our previous sibpair study and
the positive association in our present family-based one,
neither of which are influenced by population stratification,
suggest that the association has not been over-estimated.
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Table 2. Transmission of genetic variants in C4SP3 from European American
parents to their offspring with Kawasaki disease

Variants TDT

Riskallle RAF® T:U® OR 95%CI  P-value
rs13108061 — 044 114:114 100 0.77-130 1.00
rs2720382 T 0.83 78:54 144 1.02-2.04 0.037
s2705883 C 0.69 120:80 150 1.13-1.99 47 x107°
154862399 T 0.88 50:49 1.02 0.69-1.51 092
1534605630 C 0.68 122:35 144 1.09-1.89 0010
rs4861629 C 0.81 82:58 141 1.01-1.98 0.043
157699420 A 0.82 82:63 1.30 0.94-1.81 0.11
152705881 C 082 82:59 1.39 0.99-1.94 0.053
157693625 T 0.81 7870 1.11 081-1.54 051
151405937 C 0.81 8262 1.62 0.95-1.84 0.096
1512108497 G 0.68 122:8¢ 145 1.10-192 81x107°
Intergene_1 C 0.82 74:58 128 090-1.80 0.16
Intergene_2 C 072 112:78 144 1.08-192 0014
1372689236 A 070 120:79 1.54 116-2.05 3.7 x 1073
1562339863 T 071 122:78 156 1.18-2.08 19x [0~?
casp3_4 G 0.66 134:95 141 1.08-1.83 0.010
152720379 C 068 121:82 148 1.11-1.95 62x107°
1s2720378 G 0.68 118:8¢ 140 1.06-1.86 0.017
rs4647610 G 0.85 72:53 136 095-1.94 0.089
rs4647616 G 0.84 70:53 1.32 0.92-1.89 0.13
rs4647617 G 0.84  70:53 132 092-189 0.13
1559760601 C 0.84 68:49 1.39 0.96-2.00 0.079
12720377 A 068 121:81 149 1.13-198 49 x 1073
1s4647652 C 0.87 58:50 1.16 0.79-1.69 044
rs4647655  del (TTCAG 0.87 5%9:50 118 0.81-1.72 039

GATTT)

*Risk allele frequency.

b and ‘U indicate transmitted and untransmitted risk alleles of each variant.

Puga et al. (18) described that caspase-3 induced by Nfatc2
leads to T cell anergy by downregulating TCR signaling. The
transient T cell anergy in KD patients in acute and convales-
cent phases which have been documented in several reports
(19-21) might be, at least partly, related to induction of
caspase-3 in T cells by activated NFATc2. No apparent
gene—gene interaction between ITPKC and CASP3 was
detected in the logistic regression analysis of the SNPs
(1528493229 in ITPKC and rs2720378 or 1s72689236 in this
study, data not shown). However, it is of great interest that
NFAT is involved in both pathways in which these SNPs
have a functional role (Supplementary Material, Fig. S5). It
has also been reported that Nfatc2 is a substrate for
caspase-3 (22). It may be that the induction of caspase-3
acts as a negative feedback mechanism to regulate activation
of the Ca®*/NFAT pathway. There are likely to be several
molecular networks playing major roles in the pathogenesis
of KD. Our present findings further highlight the Ca®*/
NFAT pathway as a main axis in regulating these networks.
Since many inhibitors of this pathway such as cyclosporine
and tacrolimus are in clinical use, further elucidation of the
role of caspase-3 in the pathophysiology of KD may lead to
new preventive and therapeutic strategies for this vasculitis.

MATERIALS AND METHODS
DNA samples

We recruited 920 Japanese KD patients from several medical
institutes in Japan. All Japanese KD patients (male:female:no

info = 554:365:1) were diagnosed by pediatricians according
to the Japanese criteria (23). Median age of disease onset was
23.0 months (range 1—136). Healthy Japanese adults without a
history of KD (n = 1409) were also recruited as controls from
several medical institutes. DNA samples from 249 KD sub-
jects of Buropean descent (male:female = 163:86) and their
biological parents were collected by several medical institutes
participating in the US KD Genetics Consortium. The study
was approved by the ethical committee of RIKEN and the
institutional review board of all participating institutions.
Written informed consent and assent as appropriate were
obtained from subjects and their parents.

Re-sequencing and genotyping

Data regarding tagging SNPs were obtained from the website
of International HapMap Project (http://bapmap.ncbinlm.nih.
gov/cgi-perl/gbrowse/hapmap24_B36/). LD map in Figure 1
was created using Haploview 4.1 software (http://www.
broad.mit.edwhaploview/haploview). For SNP discovery, we
resequenced the genomic region (NT_022792.17: from nt
17,956,305 to 17,992,719) using DNA from 12 KD patients
and 12 controls. Repetitive sequences except for those in the
region from the promoter to intron 1 of CASP3 were excluded
from the analysis. We genotyped SNPs and insertion/deletion
polymorphisms using the Invader assay (24) and direct
sequencing, respectively.

Statistic analysis

Association of the SNPs was analyzed using a chi-square test.
Meta-analysis of data from case—control sets was conducted
by Mantel-Haenszel methodology. Transmission disequili-
brium test was performed using TDT software (25) integrated
in Haploview 4.1. Haplotype analysis was conducted by using
the program THESIAS (26) (http:/genecanvas.ecgene.net/
news.php) and conditional log-likelihood with Akaike infor-
mation criterion (AIC): AIC = -2 x (the maximized value
of the conditional log-likelihood) + 2 x (the number of par-
ameters). As the number of parameters, we used the number
of alleles or haplotypes with frequencies >0.01 that were
used for each model. In the logistic regression analysis of a
SNP, we first applied a 1 degree-of-freedom (1 d.f.) likelihood
ratio test to determine whether a 1 d.f. multiplicative allelic
effects model or 2 2 d.f. full genotype model was more appro-
priate (26). Because we did not find any significant difference
from the full genotype model (P > 0.05), we assumed a multi-
plicative allelic effects mode. Next, we carried out a forward
logistic regression analysis, where we started by assessing
whether the most significant SNP ‘was sufficient to model
the association among the SNP set. For this, we used a 1 d.f.
likelihood ratio test for adding each of the remaining SNPs
to the model by assuming multiplicative allelic effects for
the additional SNPs.

Luciferase assay

Jurkat E6-1 cells and HeLa cells were obtained from ATCC
and the RIKEN Cell Bank, respectively. PBMCs from
healthy volunteers were separated from venous blood using



Lymphoprep reagent (Axis-Shields). CD3" T cells were iso-
lated using iMag system with a monoclonal antibody against
human CD3 (clone HIT3a) conjugated with magnetic beads
(BD Biosciences). We cloned single or four tandem copies
of 31 nucleotides for each SNP region upstream of the SV40
promoter of the pGL3-promoter vector (Promega). The
minimal promoter region of CASP3 (nt —38 of 5 flanking
to +17 of intron 1) was cloned into pGL3-basic vector.
These reporter plasmids were co-transfected with phRGTK
vector into the cells. C-016 and O-005 programs of the
Nucleofector (Amaxa) were used for transfection into Jurkat
E6-1 and HeLa, respectively. Transfection into PBMCs and
CD3* T cells was conducted with U-014 program. Twenty-
four hours after transfection, Jurkat cells, PBMCs and CD3*
T cells were stimulated with 1 wg/ml of ionomycin
(SIGMA) and 50 ng/ml of PMA (SIGMA) for 4 h and har-
vested. Suppression of NFAT activity was performed by
adding 100 ng/ml of cyclosporin A (CALBIOCHEM) in the
above-mentioned stimulation medium. Luciferase activity was
measured with the Dual Luciferase Reporter Assay system
(Promega). We also cloned cDNAs of NFATcl (NM_172390)
and NFATc2 (NM_173091) into pcDNA3.1(+) (Invitrogen)
and co-transfected with reporter vectors for rs72689236 to test
the effect of overexpression of these proteins on enhancer
activity.

Electorophoretic mobility shift assay

PBMCs were incubated in RPMI 1640 medium supplemented
with 10% of fetal bovine serum and stimulated with ionomy-
cin (1 pg/ml) and PMA (50 ng/ml) for 2 h. Suppression of
NFAT activity was achieved by adding 100 ng/ml of cyclos-
porin A to the stimulation medium. After lysing the cells
with buffer A [10 mm HEPES-KOH (pH 7.8), 10 mm KCl,
0.1 mm EDTA, 0.1% NP-40 and protease inhibitor cocktail],
nuclear extracts were prepared using buffer C [50 mm HEPES-
KOH (pH 7.8), 420 mm KCJ, 0.1 mm EDTA, 5 mm MgCl,, 2%
glycerol and protease inhibitor cocktail]. Eighteen base pairs
of double-stranded oligonucleotides corresponding to G and
A alleles of 1572689236 were labeled with digoxygenin
-11-ddUTP using DIG Gel Shift Kit (Roche). Probes were
incubated with 5 pg of nuclear extract pre-incubated with
0.2 ug of poly d(I-C), 1 pg of poly-L-lysin for 30 min in
room temperature. For the supershift assay, nuclear extract
and monoclonal antibodies (Santa Cruz) or isotype control
IgGs (R&D SYSTEMS) were incubated for 1 h on ice prior
to the binding reaction. Competition was conducted with
100 x molar excess of unlabeled oligonucleotides. Sequences
of the oligonucleotides are provided in Supplementary
Material, Table S4. The binding reaction mixtures were separ-
ated on 5% non-denaturing polyacrylamide gel in 0.5 x TBE
buffer, transferred onto a nylon membrane and detected with
a chemiluminescent system (Roche).

Allele-specific transcript quantification

ASTQ was carried out as described previously (27). Sequences
of primers for PCR were shown in Supplementary Material,
Table S5. Total RNA was extracted from PBMCs after stimu-
lation for 4 h with 1 pg/ml of ionomycin and S0 ng/ml of
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PMA. Genomic DNAs and cDNAs were amplified for 36
cycles with the primers. At the last cycle, reverse primer
labeled with Alexa Fluor 488 at the 5’ was added. Amplicons
were digested with Banll (Takara) according to manufac-
turer’s instruction. Separation was conducted on [2% non-
denaturing polyacrylamide gels in 25mm Tris and 250 mm
glycine. Visualization and quantification of digested and undi-
gested PCR products was carried out by using FLA-7000 ana-
lyzer and Multiguage software (Fuyjifilm).

Accession codes

Genbank: human chromosome 4 genomic DNA sequence,
NT_022792.17; mRNA sequences for human CASP3,
NM_004346.3 and NM_032991.2.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Replication of genetic association studies in asthma

and related phenotypes
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In asthma genetics, the association of highly replicated susceptibility genes lacks consistency across populations. To identify
genuine associations, we investigated the reproducibility of the 23 most promising asthma and asthma-related candidate genes
in a moderately sized sample from the Japanese population. We compared the frequency of 33 polymorphisms in unrelated
cases and controls and tested for their association with asthma, atopy and serum total IgE levels using allele frequency,
codominant, dominant and recessive genotype models. On the basis of the consistency of our findings with previous meta-
analyses and large replication studies, /L13, TNF, ADAM33, IL4RA and TBXAZR might represent common major asthma and
asthma-related trait genes. Individual gene assessment was extended to the interactions between two polymorphisms using
our original method. Interactions between 7BXA2R and ADAM33, and /L4RA and C3 were suggested to increase the risk

for childhood and all asthma (adult and childhood asthma combined). The confirmation of previously reported associations
between gene polymorphisms and phenotypes was problematic when as few as several hundred samples per group were used.
Stratification of the subjects by environmental factors or other confounding factors may be necessary to improve the

sensitivity and reliability of association results.
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INTRODUCTION
Asthma is a heritable trait! and investigations to determine the genetic
components undetlying asthma using linkage mapping and the candi-
date gene approach have been carried out. By 2006, more than 100 genes
were associated with asthma and asthma-related phenotypes;? 25 of these
genes have been replicated in more than six independent association
studies. In 2008, this list was complemented with an additional three
genes, FLG, NAT2 and CCL15.> However, no single polymorphic marker
or gene locus has been unanimously labeled as a strong and independent
genetic determinant of asthma, and the results for the highly replicated
genes have been inconsistent across the tested populations.®

To identify true associations, it is of critical importance to compre-
hensively replicate the initial finding.# To this aim, we investigated
whether the 23 most replicated genes for asthma and asthma-related
phenotypes were positively associated with extrinsic childhood and
adult asthma, atopy and total serum IgE levels in a moderately sized
sample drawn from the Japanese population.

We also tested eight genes that were significantly associated with
asthma in our subjects: IL13,° TBXAZR,S GSTP1, ADAM332 MMP9,?
IL12B,'0 C3!! and SOCS1.!2 The re-evaluation of these associations is

conditioned by the limitations of the original reports in which child-
hood asthma included subjects with nonatopic asthma and those who
were <4 years of age. The adult asthma cases also included nonatopic
asthma in some of these reports. Moreover, the comparison of the
childhood asthma group was with an adults-only control group. In
this study, we redefined the atopic asthma patients, introduced age-
matched child controls and re-evaluated the association of these genes
with the asthma phenotypes, atopy and total serum IgE levels.

Further, we extended the assessment of individual genes to identify
potential interactions between the genes, as increasing knowledge
about biological pathways and gene networks implies that gene-
gene interactions are important and must be taken into account
when estimating the genetic risk of a disease.!?

MATERIALS AND METHODS

Study population

The asthma population was restricted to extrinsic asthma patients with
subsequent distinction between childhood and adult asthma by cutoff age of
below or above 16 years old regardless of the age of the disease onset. We
recruited 325 subjects with childhood atopic asthma, 367 adults with atopic
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asthma and 646 adult controls from Osaka City, Japan. The details of these
subjects have been described elsewhere.!*1%! For childhood controls and the
investigation of total and specific IgE levels, we recruited children attending an
elementary school in Chiba City, Japan. The clinical characteristics of this
population as well as inclusion and exclusion criteria have been described
previously.’> In brief, after the exclusion of questionnaire-assessed asthma and/
or atopic dermatitis subjects and those with congenital heart diseases and lung
diseases caused by premature birth, 336 children having a complete set of
information on the total and eight specific IgE levels, genotypes and environ-
mental factors were assigned to the child control group. The mean ages (range)
of the four groups were as follows: childhood asthma, 9.9 (4-15); adult asthma,
45 {16-83); child controls, 9.3 {6-12); and adult control, 43.7 {20-75) years.
‘Written informed consent was received from all participants and the study was
approved by the ethics committees of Chiba University Graduate School of
Medicine and RIKEN.

Gene and polymorphism selection

The list of candidate gene polymorphisms included in this study, their location
within the gene and corresponding rs numbers are given in Supplementary
Table S1. In this table, we also included the allele frequency in child and adult
control populations.

The most replicated genes were selected based on the list created by Ober
and Hoffjan.2 From the 25 cited genes, we intentionally excluded HLA-DRBI
and HLA-DBPI from our analysis due to the high number of variants linked to
asthma and asthma-related phenotypes, the genotyping of which would surpass
our capacity. The remaining 23 genes were tested for association based on the
most positively reported polymorphisms and are represented by Group 1
(>10) and Group 2 (6-10), depending on the number of their replications
(Supplementary Table S1). We included four genes (MMP9, ILI2B, C3 and
SOCS1), which were not in the original 23 genes, but were found to be
associated with asthma in our previous studies (Supplementary Table S1,
Group 3). These were tested for association with the same positive polymorphi-
sms as in the initial reports.

DNA extraction and genotyping

Genomic DNA was prepared from peripheral blood samples using the standard
protocols. Whole genome amplification was carried out using the Illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Buckinghamshire, UK)
according to the manufacturer’s instructions. Genotyping was carried out by
means of allele-specific amplification, single-nucleotide primer extension reac-
tion or fragment analysis of the PCR product. The genotyping methods used
for each polymorphism are given in Supplementary Table S1 and the primer
sequences are shown in Supplementary Tables 52, $3a, $3b and 54. The results
obtained by these molecular assays were analyzed on ABI PRISM 3100 Genetic
Analyzer and ABI PRISM 7000 Sequence Detector Systems (Applied Biosys-
tems, Foster City, CA, USA), or by using Chromo4 Real-Times System (Bio-
Rad Laboratories, Hercules, CA, USA). The detailed genotypic protocols are
described in Supplementary Methods.

Statistical analysis

A case—control study design was used to analyze the associations between gene
variants and the dichotomous phenotypes. We calculated allele frequencies and
tested their agreement with Hardy—Weinberg equilibrium (HWE) using a 32
goodness-of-fit test. We compared differences in the allele frequencies and
genotype distribution of each polymorphism between the case and control
subjects by using a 2x2 (allele) or 2x3 contingency y’-test (dominant,
codominant and recessive genotype models) with 1 or 2 degree of freedom.
Total serum IgE values were logarithm transformed to approximate 2 normal
distribution and analyzed as a quantitative trait using two different tests: linear
regression analysis with age and sex as covariates; and analysis of variance
(ANOVA), All statistical analyses were carried out with SPSS Statistics 17.0
(SPSS Japan Corporation, Tokyo, Japan). The statistical power of this study was
calculated using SamplePower 2.0 (SPSS Corporation). P-values <0.05 were
judged to be significant; as there was an a priori hypothesis with all tested
polymorphisms, we did not adjust the significance levels for multiple testing.
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Interactions between two polymorphisms were screened using a program
written in Excel VBA (Microsoft Japan, Tokyo, Japan). This program identified
every possible pairing of polymorphisms, calculated the x? and P-values of
contingency tables between the genotype of one polymorphism and the disease
after stratification by the genotype of the other polymorphism, The program
then calculated the y? and P-values for the goodness-of-fit statistics of the
distribution pattern of genotype vs disease table with stratification against
no stratification, Single-nucleotide polymorphisms (SNPs) in the same gene
were not tested for this interaction because most of them showed linkage
disequilibrium,

RESULTS

Statistical power of this study

We estimated the frequency difference between the case and control
groups, and odds ratio (OR) for our samples with different genotype/
allele frequencies according to sample size. We set our detection power
at 80% with an « level of 0.05.

Supplementary Table S5a shows the results of this calculation for
the asthma cases, when estimation was carried out for given genotype/
allele frequencies among their respective control peers, Adult asthma
group had slightly better power than the childhood asthma group
because of almost twice bigger number of adult controls compared
with the child controls. In the case of adult asthma, enough (> 80%)
power could be expected for polymorphisms with an OR of 1.4 when
the minor genotype frequency was from 30-60%. In the allele
frequency comparison, there was slightly more detection power than
for the genotype comparison, as the number of alleles was twice that
of the genotype. When we estimated the genotype/allele frequencies in
child asthmatics for given adult control genotype/allele frequencies
(Supplementary Table S5b), as expected, some increase in power could
be observed with ORs getting closer to those of childhood asthma vs
child control estimation. In case of calculation based on the compari-
son between combined asthma subjects and combined controls
(Supplementary Table $5b), ORs of 1.3 and 1.2 could be detected
for minor genotype and allele frequencies of 30-60%, respectively.

The estimated power to detect an association between atopy and
genetic polymorphisms (Supplementary Table S6) was comparatively
inferior to that of asthma with an OR of 1L.9.

Association of the 23 genes with childhood and adult atopic asthma
The genotype frequencies of all gene variants, except for GSTM1 ins/
del, were in Hardy-Weinberg equilibrium (goodness-of-fit y*-test,
P>0.01) in adult and child controls. We could not test the GSTM!
ins/del variant for Hardy—Weinberg equilibrium because the genotyp-
ing method did not distinguish between ins/del heterozygotes and
homozygotes.

The summary of results for basic comparison between cases and
controls is presented in Table 1, in which only polymorphisms with P-
value <0.05 in at least one genetic model test are shown. When the
frequency of polymorphisms in childhood asthmatics were compared
with those of asthma free children, the most strong candidate variant
was IL13 —1112C>T, which was significantly associated in all but
dominant genotype model; LTC4S was positively associated in the
allele frequency and dominant model tests and CCL5 -28C>G
resulted in significant difference only in the dominant genotype
model. In the adult samples, there were significant differences noted
between the controls and the asthma patients for TNF, ADAM33 and
NOS1. TNF showed positive results in the allele frequency, codomi-
nant and dominant models. Association of ADAM33 Met764Thr
variant with adult asthma was significant for allele frequency and
dominant genotype models. There was strong association of both
NOS1 variants with the disease in all tests except for GT repeat intron
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Table 1 Association of genotyped polymorphisms with the asthma phenotypes (basic comparisons)

Case-control study P-value

Childhood asthma vs child controf

Adult asthma vs adult control All asthma vs all controls

Gene Polymorphism Allele  Codom. Dom. Rec. Aliefe  Codom. Dom.  Rec. Allele Codom. Dom. Rec.
Group 1
IL13 Argl10GIn x X X X X X X X x x X x
-1112C>T 0.014 0.011 x 0.003 X x x X X x x x
TNF -1037C>T x x x X 0.001 0.003 0.001 X 0.003 0.014 0.005 X
ADAM33  Met764Thr x x x x 0.008 X 0.005 X 0.029 X 0.035 x
13236C>T x T x x x x x x x 0.038 x x x
Group 2
LTC4S —444A>C 0.023 X 0.026 X X X x X X x x X
NOS1 GT repeat intron 2 (187 allele} X x x x 0.0003 0.002 0.001 0011 0.026 x x x
GT repeat intron 2 (183 allele) x X x X 0.007 0.022 0.007 X 0.045 x X x
cCcLs —403A>G X X X X X X X X X X X X
-28C>G X X 0.048 x X x x X x x x x
Group 3 x
MMP9 2127G>T X x x x x x x x x x x x
5546G>A x x x x x x x x x x x x
iL128 -6415CTCTAA>GC 0.010 0.006 X 0.001 x X X x 0.012 0.009 x 0.002
1146C> A 0.019 0.010 x 0.003 X X X 0.003 0.003 x 0.001
c3 Block 2 (haplotype 6)? 0.017 x x X X X X X 0.015 0.022 0.010 X
Block 4 (haplotype 1) X x x X 0.001 0.002 0.024 0.002 0001 0005 0003 0.019
S0CS1 —-1478CA > del X X X X 0.0005 0.002 0002 0.015 0.002 0.005 0.006 0.017

Abbreviations: Allele, ;2-test of allele frequency; codom., 2x3 codominant model genotype x-test; dom., 2x2 dominant model genotype x2-test; rec., 2x 2 recessive model genotype 2-test.

3For haplotype description please refer Inoue et al1?

Polymorphisms with a P-value >0.05 in all association tests of the four genetic medels are not shown.

*P20.05.

(183 allele) in the recessive genotype model. In the association test
between the polymorphisms and all asthma, that is child and adult
asthma combined, significant associations were observed for the same
genes as in adult asthma. TNF and ADAM33 Met764Thr remained
positively associated with asthma in the allele frequency, codominant
and dominant models alike in the single adult asthma group compari-
son, The association of NOS? variants became weaker with significance
only in allele frequency model. Additional significant association was
observed only for ADAM33 13236C>T in the allele frequency model.
Conditioned by the inherent characteristics of our case and control
samples, we extended our analysis further (Table 2). In our child
contro] group, we recognize the potential presence of asthma suscep-
tibility gene variants carriers who might become asthmatics later in
life, and consequently, to become a source of bias. Addressing this
issue, we tested childhood asthmatics also with adult controls, con-
sidering the later ones as more reliable asthma ‘free’ subjects. Para-
doxically, the previous significant associations found in the
comparison for child asthma vs child control disappeared; instead,
TNF, IL4RA, ADAM33, GSTM1, AAA1 and NOSI showed significant
results. The substantial difference in results between childhood asthma
vs child control and childhood asthma vs adult control tests might be
due to some confounding effects of hidden genetic and environmental
heterogeneities between child and adult control groups.
Furthermore, as the natural history of asthma in some adults starts
during childhood, we characterized the association results after
stratifying adult asthma cases by age at the onset (Table 2). Using
the same cutoff age (<16 years) as for discerning childhood asthma

from adult asthma, we obtained 118 adults (32% of adult asthma),
who have reported physician diagnosed asthma during their child-
hood, and 249 adults with newly onset bronchial asthma. To elucidate
the genes associated with differential onset of asthma in children, we
merged the child-onset adult subgroup with childhood asthma group
(all L16 adult atopic asthma (BA)) and tested with either child or
adult controls by applying the same strategy as used in the non-
stratified adult asthma. In the association test with child control,
besides the previously detected gene variants in the comparison of
child asthma vs child control, TNF showed at least one significant
association in four association tests, whereas the significance of CCL5
disappeared. When the combined child-onset asthma group was
compared with adult controls, the observed associations in child
asthma vs adult control comparison could be confirmed for only
IL4RA 1le50Val and ADAM33 13236C>T polymorphisms. We next
examined the new-onset adult asthma, in which TNF and ADAM33
Met764Thr have retained their significant associations found with the
onset nonstratified adult asthma. In addition, IL13, IL4RA and
GSTMI have emerged as genes associated with asthma establishment
during adulthood. Interestingly, the two ADAM33 polymorphisms
were associated with different asthma phenotypes when comparisons
were carried out with adult control. ADAM33 Met764Thr was
significantly associated with adult asthma, whereas ADAM33
13236C>T variant was significantly more frequent in childhood
asthma and all child-onset asthma groups.

We also compared the distribution of polymorphisms between the
two control groups; it showed a relative homogeneity with significant

w
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Table 2 Summaty of the association results between polymorphisms and asthma when case and control groups were compared in various

combinations
Two group comparison
Child BAvs Child BAvs Adult BAvs AllLI6BAvs AllL16 BAvs M16 adult BA ChildCOvs  Child BA vs
Gene Polymorphism child CO adutt CO aduit CO child GO aduft CO vs adult CO adult CO aduit BA
Group 1
IL13 Arg110GIn x X x X x x
-1112C>T e X x ° X ° ° x
TNF ~1037C>T x ° ° o X o X x
IL4RA 1le50Val X ° x e e x X
GIn551Arg x X X x x x @
ADAM33 Met764Thr X X o X o X 0
13236C>T X ° X 3 o X X o
Group 2
GST™MI Ins/del X ° x x x o x N
IL10 571C>A X X X x x X X o
LTC4s —444A>C ° X x o X X 0 x
AAAL 522363G>C X o x x X X X e
NOS1 GTrepeat (187 allele) x 0 ° x X X x o
GT repeat (183 allele) X X o X X X X X
CCLs -28C>G e x x X X % X x
Group 3
MMP9 2127G>T x o X X o ° x
5546G>A X o x ° x o x
iL1zs -6415ins/del ° e X o X X o
1146 C> A o ¢ X o 0 X X °
c3 Block 2 (haplotype 6)? o x o L x x x
Block 4 {haplotype 1)? x ° o 9 X x x
S0CS1 —1478CA>del X X ° e X X x

Abbreviations: Child BA, childhood atopic asthma; child CO, child controls; adult BA, adult atopic asthma; adult CO, adult controls; all L16 adult BA, childhoad atopic asthma and adult atopic

asthma at onset age <16 years combined; M16 adult BA, adult atopic asthma at onset age >16.
aFor haplotype description please refer Inoue et al.11

Polymorphisms with a P-value >0.05 in all association tests of the four genetic models are not shown.

°P-value <0.05 in at least one association test of the four genetic models.
*Nane of the P-value in the four genetic models was <0.05.

difference only for IL!3 and LTC4S. It indicates that there would be
little bias created using either sample as a control group for any of the
case groups and justifies our combining of the two control groups to
form a single one in the comparison for all asthma vs all control.
In the comparison test for childhood asthma vs adult asthma,
IL4RA, ADAM33, GSTMLI, IL10, AAA1 and NOSI genes were found
significantly different, which is coherent with the case-control com-
parison results.

Association of the 23 genes with atopy

ADAM33 13236C>T, NOSI GT repeat 183bp allele and TBXAZR
795T>C were significantly associated with atopy in the recessive or
dominant models (Supplementary Table S7). NOSI and TBXA2R also
showed significant association in the allele frequency test, whereas
ADAM33 did not.

Association of the 23 genes with total serum IgE

Supplementary Table S8 summarizes the relationship between the
mean of log;g-transformed total serum IgE level and gene variants.
There was a significant association between GSTP! and total IgE level
as determined by ANOVA that remained significant after adjusting for
age and gender as covariates in linear regression analysis.
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Re-evaluation of the associations previously discovered in our
subjects

We confirmed the association of the IL13, ADAM33, MMP9,
IL12B, C3 and SOCS! polymorphisms with atopic asthma (Tables 1
and 2). The association of TBXA2R with asthma was not replicated;
instead, we identified an association of TBXA2R with atopy
(Supplementary Table S7). Comparatively to our previous studies,
in this study we also investigated the polymorphisms for association
with serum IgE level. Significant results were observed for GSTPI
as described above and for MMP9 5546G>A (Supplementary
Table $8).

Screening of gene-gene interactions

From the 40 genetic polymorphisms, polymorphism pairs with a
P-value for association with the disease of <0.05 and a P-value for
interaction <0.01 are listed in Table 3. A pair of LTA and TNF SNPs
showed a very small P-value; however, these two genes are physically
close and these SNPs are known to be in linkage disequilibrium. Thus,
this combination was omitted from the table. Interactions between
TBXA2R and ADAM33 and between IL4RA and C3 were suggested for
childhood asthma and all asthma. These interactions were our most
robust results.
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Effect of SNP 1 on association

Association between SNP 2 and

between SNP 2 and disease? disease after stratification by SNP 1
SNP 1 SNP I genotype ~ SNP 2 b df. P-value 2 d.f, P-value
Childhood asthma
LTA -735G>A AA IL12B 1146C>A 7.12 1 0.0076 18.1 2 0.00012
IL4RA 1le50Val lleflle C3 block2 (haplotype 6)° 11.63 1 0.00064 13.42 1 0.00025
TBXAZR 924C>T cr ADAM33 313236C>T 9.51 2 0.0086 14.02 2 0.0009
SPINKS5 Lys420Glu G/G ADAM33 313236C>T 12.93 2 0.0016 12.24 2 0.0022
AAA1 522363G>C c/C L4 33C>T 10.98 2 0.0041 8.88 2 0.012
AAA1 522363G>C CiC L4 -590T>C 9.31 2 0.0095 7.67 2 0.022
CCLS -28C>G G/G /L13 Arg110GIn 7.2 1 0.0073 469 1 0.03
CD14 -550C>T T JL10-571C>A 7.1 1 0.0077 4.11 1 0.043
Adult asthma
SOCS1-1478CA>del  CA/del CTLA4 -318C>T 7.38 1 0.0066 6.36 1 0.012
TNF-1037C>T T CCL5 -403A>G 8.51 1 0.0035 5.25 1 0.022
LTA-753G>A AA SPINK5 Lys420Glu 8.65 1 0.0033 6.95 2 0.031
CD14 -550C>T T 1L4-590T>C 11.01 2 0.0041 6.45 2 0.04
All asthma
TBXAZR 924C>T cm ADAM33 313236C>T 12.76 2 0.0017 11.83 2 0.0027
{L4RA lle50Val lle/lle C3 block2 (haplotype 6)° 7.29 1 0.0069 6.62 1 0.01
ADAM33313236C>T CIT TBXAZ2R 924C>T 8.05 1 0.0046 8.99 2 0.011
TNF-1037C>T il CD14 -159C>T 7.04 1 0.008 7.34 2 0.026
STAT6 GT repeat 172/172 CC16 38A>G 11.01 2 0.0041 6.9 2 0.036

Abbreviations: d.f., degree of freedom; SNP, single-nucleotide polymorphism.

#Polymarphism combination that demonstrates the interactions with P<0.01 and an association with P<0.05 are shown.

bFar haplotype description please refer Inoue et af.!!

DISCUSSION

We conducted our study in three phases. We first, under the assump-
tion of the common disease-common variant hypothesis, investigated
whether the 23 most promising asthma/atopy candidate genes
retained their association in a Japanese population set. We considered
the gene as the unit of our replication, and the gene was judged as
positively replicated if demonstrated a statistically significant associa-
tion with one or more phenotypes (atopic asthma, atopy and total
serum IgE level) in at least one of four genetic models. In our samples,
among the highly replicated genes (> 10 positive associations), IL13,
TNE, IL4RA and ADAM33 maintained their reputation as robust
asthma and asthma-related candidate genes. From the genes with a
lower replication rate (6-10), we confirmed the associations of
GSTM1, GSTPI, LTC4S, AAAl, NOS1, CCL5 and TBXAZ2R. In the
second phase of the study, we screened our initial significant asthma
associations to IL13, TBXA2R, GSTP1, ADAM33, MMP9, IL12B, C3
and SOCSI. These associations were replicated for all genes, except for
TBXA2R and GSTPI, which were associated with atopy and total
serum IgE level, respectively. In the final phase, we explored the
potential multigenic effect of all 27 candidate genes (the three groups
of genes combined) in the expression of asthma phenotypes based on
a pairwise method.

If we summarize our findings from the replication study, interesting
patterns of associations could be observed. Except for IL13 and IL4RA,
we found no association for the prominent genes implicated in innate
immunity and immunoregulation with asthma or asthma-related
phenotypes, that is, CD14, IL10 and TGFBI as well as the Th2
cytokines and their receptors represented by IL4, STAT6 and
MS4A2. Instead, the genes secreted from airway epithelial cells (for

example, CCL5 and AAA1), and genes known to affect lung function,
mediate inflammatory conditions and participate in airway remodel-
ing (for example, TNF, ADAM33, GSTMI, GSTP1, LTC4$, NOSI and
TBXA2R) demonstrated statistically significant associations. This
observation may indicate the relatively higher predisposing effect
that these two groups of genes exert on the development of asthma-
related phenotypes in the Japanese population. Our postulation is
supported by the hypothesis that not the dysregulated immune
response, but the inherently abnormal respiratory epithelium of
asthmatics and the reactivation of the epithelial-mesenchymal trophic
unit leading to pathological airway wall remodeling has a major role in
the disease.'6!7 Another interesting finding was the distinct partition
of genes between adult and child asthma. The association of LTC4S,
AAAT and CCLS specifically in the child samples might reflect the
differing etiopathogenetic background of childhood asthma.!®!® For
example, CCL5 is a key chemokine recruiting Thl and Th2 proin-
flammatory cells, and its expression in epithelial cells is induced by the
respiratory syncytial virus (RSV).2%2! This is in line with the evidences
that the epithelial barrier in young asthmatics is inherently abnormal??
and that RSV bronchiolitis is a more important risk factor for the
development of asthma and atopy up to the age of 7 years than
heredity or environmental factors.””> Moreover, the candidate genes
showing significant association with both the phenotypes, when the
case groups were compared with adult controls separately (childhood
asthma vs adult control and adult asthma vs adult control), were the
same as those observed in the combined analysis (all asthma vs all
controls). Thus, TNF, ADAM33 and NOSI might represent the
common susceptibility gene for adult and childhood asthma. When
we categorized asthma cases by the age at onset, the number of shared
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