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Abstract Several studies have shown linkage of chro-
mosome region 12q13–24 to bronchial asthma and
related phenotypes in ethnically diverse populations. In
the Japanese population, a genome-wide study failed

to show strong evidence of linkage of this region.
Chromosome 12 genes that showed association with the
disease in at least one report include: the signal trans-
ducer and activator of transcription 6 gene (STAT6),
the nitrogen oxide synthetase 1 gene (NOS1), the inter-
feron c gene (IFNG), and the activation-induced cytidine
deaminase gene (AICDA). To evaluate the linkage
between chromosome 12 and childhood asthma in the
Japanese population, we performed sib-pair linkage
analysis on childhood asthma families using 18 micro-
satellite markers on chromosome 12. To investigate
association between chromosome 12 candidate genes
and asthma, distributions of alleles and genotypes of
repeat polymorphisms of STAT6, NOS1, and IFNG
were compared between controls and patients. Single
nucleotide polymorphism of AICDA was also investi-
gated. Chromosome region 12q24.23–q24.33 showed
suggestive linkage to asthma. The NOS1 intron 2 GT
repeat and STAT6 exon 1 GT repeat were associated
with asthma. Neither the IFNG intron 1 CA repeat nor
465C/T of AICDA showed any association with asthma.
Our results suggest that NOS1 and STAT6 are asthma-
susceptibility genes and that chromosome region
12q24.23–q24.33 contains other susceptibility gene(s).

Keywords Childhood asthma Æ Linkage Æ Association Æ
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Introduction

Bronchial asthma is an inflammatory disease of the
airways characterized by airway obstruction and
increased airway responsiveness. Asthma is an etiologi-
cally complex disease and develops by the interaction of
multiple genes and environmental factors. Genome-wide
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linkage studies have identified a number of autosomal
regions providing evidence of linkage to asthma, atopy,
eosinophilia, and/or other associated phenotypes
(CSGA 1997; Daniels et al. 1996; Dizier et al. 2000;
Haagerup et al. 2002; Hakonarson et al. 2002; Laitinen
et al. 2001; Ober et al. 2000; Wjst et al. 1999; Xu et al.
2001a; Xu et al. 2000; Xu et al. 2001b; Yokouchi
et al. 2000). Some of these studies (CSGA 1997; Dizier
et al. 2000; Haagerup et al. 2002; Wjst et al. 1999;
Xu et al. 2001a; Xu et al. 2000; Yokouchi et al. 2000)
and those focused on a single chromosome (Barnes et al.
1999; Barnes et al. 1996; Kruglyak et al. 1996; Malerba
et al. 2000; Nickel et al. 1997; Wilkinson et al. 1998;
Raby et al. 2003) suggested linkage of chromosome 12q
regions to asthma or related phenotypes in diverse
populations.

In a genome-wide linkage analysis of mite-sensitive
Japanese childhood asthma, the 110–145 cM region
from the pter (the telomere of the short arm) showed
maximum logarithm of odds score (MLS) more than 1.0
with the highest MLS of 1.92 at 111.9–125.3 cM (Yo-
kouchi et al. 2000). The highest MLS did not reach the
value of ‘‘significant’’ (MLS=3.6) or ‘‘suggestive’’
(MLS=2.2) linkage to the disease (Lander and Krugl-
yak 1995). The region in which MLS exceeded 1.0 was
roughly overlapped by those of studies on Afro-Carib-
bean, French, and British populations (Barnes et al.
1996; Dizier et al. 2000; Wilkinson et al. 1998). To
establish the linkage between asthma and chromosome
12 region, evidence of the suggestive linkage must be
replicated using a different set of samples from the same
population (Lander and Kruglyak 1995).

Candidate genes of chromosome 12q15–q24 include
the signal transducer and activator of transcription 6
gene (STAT6), interferon-c (IFNG), stem cell factor
(SFC), leukotriene A4 hydrolase (LTA4H), insulin-like
growth factor (IGF1), b-subunit of nuclear factor-Y
(NFYB), B-cell translocation gene 1 (BTG1), and nitro-
gen oxide synthetase 1 (NOS1) (Barnes et al. 1996; Di-
zier et al. 2000; Wjst et al. 1999). Of these, STAT6,
NOS1, and IFNG were investigated with case-control
studies and showed positive association with asthma in
at least one study. Gao et al. (2000b) demonstrated the
association of the single nucleotide polymorphism (SNP)
2964G/A of STAT6 with adult asthma in Japanese
populations. However, this association was not repli-
cated in later studies on German/Swedish (Duetsch et al.
2002) or Japanese populations (Tamura et al. 2001).
Instead, a GT repeat polymorphism in exon 1 was
associated with eosinophil count in the German/Swedish
study and with allergic diseases in the Japanese study. A
dinucleotide repeat marker in NOS1 was also reported
to be associated with the disease in the British popula-
tion (Gao et al. 2000a). An association between a SNP in
NOS1 and eosinophil count was also shown in German/
Swedish patients (Immervoll et al. 2001). Hyden et al.
(1997) reported that no polymorphism in the IFNG was
associated with atopic asthma, whereas an associa-
tion between the GT repeat in intron 1 of IFNG and

childhood asthma was suggested in the Japanese popu-
lation (Nakao et al. 2001). Heinzmann et al. (2000a)
screened polymorphisms in SCF, STAT6, TR2 (thyroid
receptor 2), and LTA4H and found two polymorphisms
in SCF and one in TR2 in the German population. They
found no evidence of linkage or association of these
genes with atopy.

All of the above-mentioned studies were based on
case-control design. On the other hand, using the
transmission disequilibrium test (TDT), Noguchi et al.
(2001) reported that the activation-induced cytidine
deaminase gene (AICDA) was associated with childhood
asthma in the Japanese population. The AICDA gene is
located in the short arm of chromosome 12, where
linkage has never been suggested. They selected this gene
as a candidate gene for asthma because deficiency of
AICDA resulted in low IgE production, thereby the
variations of the gene might be responsive to atopy.
More recently, Isidoro-Garcı́a et al. (2003) reported a
case-control study on the same SNP of AICDA gene in
the Spanish population. They failed to show the asso-
ciation of this SNP with the disease.

Among candidate genes of chromosome region
12q15–q24, STAT6, IFNG, and NOS1 have been sug-
gested to be associated with asthma in at least one study.
Although the locus was not a suspected linkage to
asthma, the AICDA gene showed a positive result in one
study. As often seen in genetic analyses of a complex
disease (Ioannidis et al. 2001), inconsistencies were no-
ticed between the studies of chromosome 12 candidate
genes for asthma. Studying other sets of samples in the
same population is necessary to conclude whether a
particular gene is truly associated with this complex
disease.

In the present study, we investigated linkage of
markers on chromosome 12 to childhood asthma in the
Japanese population. We also investigated association of
four candidate genes, AIDCA, STAT6, NOS1, and
IFNG, with Japanese childhood asthma.

Materials and methods

Families and individuals

For linkage analysis, 18 families with affected sib pairs and one
family with an affected sib trio were recruited. For the association
study, 184 controls and 115 patients were genotyped. One hun-
dred control subjects were selected in the Osaka area, Japan, as
previously described (Heinzmann et al. 2000b; Mao et al. 1996),
and 84 controls were selected from adult staff and student vol-
unteers from Tohoku University School of Medicine in Sendai,
Japan. Individuals with a history of treatment for asthma or ec-
zema were excluded from controls. Forty-two patients were
diagnosed at hospitals in the Sendai area, which included patients
from 19 families for linkage analysis. For an association study,
one patient per family was selected. Other patients were recruited
as described (Heinzmann et al. 2000b; Mao et al. 1996). None of
the samples were previously analyzed for chromosome 12 linkage
markers, NOS1, IFNG, STAT6, or AICDA. Diagnosis of asthma
of probands was made by pediatricians specializing in allergic
diseases.
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The criteria of asthma were two or more episodes of wheezing
and shortness of breath and reversibility of the wheezing and
dyspnea, either spontaneously or by bronchodilator treatment. The
definition of ‘‘childhood’’ asthma was asthma with onset before age
15 years. Diagnosis of other family members was based on the
modified ATS-DLD questionnaire (Ferris 1978). Total serum IgE
was regarded as high when the level was 250 IU/ml or higher. The
specific IgE against house dust mite [Dermatophagoides pteronys-
sinus (Dp)] was judged positive when the RAST score against Dp
was 2 (0.70 UA/ml) or higher. ‘‘Atopy’’ was defined as either having
high total IgE and/or positive Dp-specific IgE. Eighteen families
had an affected sibpair and one family had an affected sib trio. All
patients with childhood asthma were atopic. All affected sibs and
their parents were genotyped.

This study was approved by the ethics committee of Tohoku
University School of Medicine.

Genotyping

DNA was extracted from peripheral blood leukocytes using the
Genomic DNA purification kit (Promega, Madison, WI, USA).
Chromosome 12 microsatellite markers of the Human GenePairs
Primers version 9 (Invitrogen, Carlsland, CA, USA) were used for
the linkage analysis. The 18 markers genotyped in this study are
shown in Table 1. Information on marker order and position was
obtained from LDB2000: Sequence-based Integrated Maps of the
Human Genome (http://cedar.genetics.soton.ac.uk/public_html/
LDB2000.html) (Wilkinson et al. 1998). The location of AICDA
was not cited in this database and was estimated using the NCBI
Human Map Viewer.

In chromosome 12 microsatellite marker analyses, PCR mix-
tures contained 10 mM Tris/HCl, pH 9.0, 50 mM KCl, 1.5 mM
MgCl2, 0.1% Triton X-100, 200 lM each of deoxynucleotide tri-
phosphate (dNTPs), 0.25 U of rTaq DNA polymerase (TAKARA,
Tokyo, Japan), 5 lM of each primer, and 10 ng of template DNA
in a total volume of 10 ll. The cycle conditions were 94�C for
3 min, followed by 30 cycles of 94�C for 45 s, 57�C for 45 s, and
72�C for 1 min, with a final extension of 72�C for 10 min. The size
of the PCR products was estimated using a 373XL DNA sequencer

(Applied Biosystems, Foster City, CA, USA). GeneScan 500XL
TAMRA labeled standard (Applied Biosystems) was used for
estimation of fragment lengths.

Primers for the NOS1 intron 2 GT repeat were as described
previously (Gao et al. 2000a). One of the primers, 5’-ATA-
GAGCCTGTGCTGAGCCTTC, was 6-FAM labeled. The PCR
mixture contained 10 mM Tris/HCl, pH 9.0, 50 mM KCl, 1.5 mM
MgCl2, 0.1% Triton X-100, 250 lM each of dNTPs, 0.5 U of rTaq
DNA polymerase, 200 lM of each primer, and 10 ng of template
DNA in a total volume of 15 ll. The cycle conditions were 94�C for
3 min, followed by 30 cycles of 94�C for 30 s, 57�C for 30 s, and
72�C for 40 s, with a final extension of 72�C for 10 min.

The primers for the STAT6 exon 1 GT repeat were 5’-GGA-
GAAGCCGGAAACAGCGG and 5’-GTTCAAGGCTGGCCC-
TGCTAGC (6-FAM labeled). The PCR mixture was the same as
for of NOS1. The cycle conditions were 94�C for 3 min, followed
by 30 cycles of 94�C for 45 s, 57�C for 45 s, and 72�C for 1 min,
with a final extension of 72�C for 10 min.

Primers for the IFNG intron 2 CA repeat were as previously
described (Nakao et al. 2001). The PCR mixture was the same as
for NOS1, except that 0.25 U of rTaq and 600 lM of each primer
were used. The cycle conditions were 95�C for 5 min, followed by
25–34 cycles of 95�C for 30 s, 56�C for 30 s, and 72�C for 1 min,
with a final extension of 72�C for 5 min.

The 467C/T (His155His) polymorphism of AICDA (GeneBank
AB040430) was the same polymorphism reported by Noguchi et al.
(2001), where they designated this polymorphism as 7888C/T. This
was genotyped using a modified TaqMan PCR method employing
allele-specific amplification (Fujii et al. 2000). The common for-
ward primer was 5’-GGCCCCGAGGAAATGAGAAAAT. The
reverse primers were 5’-TCCCAGGCTTTGAAAGTTCTTTAG
for the C allele and 5’-TCCCAGGCTTTGAAAGTTCTTTGA for
the T allele. The TaqMan probe was 5’-FAM-AGAAGACA-
GTTCAGGTTCCAAATCGAGG- TAMRA )3’. The PCR mix-
ture contained 7.5 ll of 2X TaqMan Universal PCR Master Mix
(Applied Biosystems), 400 lM of each PCR primer, 0.12 lM of
TaqMan probe, and 5 ng of template DNA in a final volume of
15 ll. The cycle conditions were 50�C for 2 min, 95�C for 3 min,
followed by 45 cycles of 95�C for 15 s and 60�C for 1 min.

Statistical analysis

Allele frequencies of microsatellite markers were estimated from
the parental chromosomes. All chromosome 12 markers were as-
sessed by PEDCHECK (version 1.0) (O’Connell et al. 1998) for
pedigree inconsistencies. There was no genotype inconsistency at
any loci in all the families. Multipoint linkage analysis was con-
ducted using GENEHUNTER 2 (Kruglyak et al. 1996). For score
calculations of the sib trio, we used ‘‘all independent pairs of
affected/phenotyped sibs’’ option of the GENEHUNTER 2 pro-
gram where one sib trio yielded two pairs. In all allelic and geno-
typic distribution analyses, Fisher’s exact P values were calculated
using SPSS for Windows version 11.0 J (SPSS Japan, Japan). For
multiallelic markers, the P value of association with the disease of
each allele or genotype was multiplied by the number of the alleles
or genotypes to compensate for multiple testing and expressed as
Pc. The level of significance for the association studies was set at
P(Pc)=0.05.

Results

Linkage analysis of chromosome 12

Thirty-nine sibs with childhood asthma used for the
linkage analysis consisted of 20 males and 19 females.
Ages of the patients ranged from 1 to 14 years with the
average age of 7.3 years. All affected sibs were positive

Table 1 Map locations for chromosome 12 markers and genes

Locus Kb from
pter

Band Male
cM

Female
cM

Averaged
cM

ptr 0 p13.33 0.0 0.0 0.0
D12S372 3761 p13.33 7.5 2.5 5.0
AICDA 8468 p13.31 20.0 9.3 14.7
GATA49D12 8513 p13.31 20.1 9.4 14.7
D12S391 13246 p13.2 26.1 21.4 23.8
D12S373 18347 p12.3 32.8 35.5 34.1
D12S1042 28440 p11.23 36.9 56.2 46.5
cen 39000 q11 38.7 65.0 51.9
D12S1301 46378 q12 39.7 71.3 55.5
D12S398 56808 q13.13 44.4 87.0 65.7
STAT6 61349 q13.13 45.9 92.5 69.2
D12S1294 73218 q14.2 50.4 97.7 74.0
IFNG 73860 q14.2 51.7 100.3 76.0
D12S375 74485 q14.3 52.7 103.0 77.8
D12S1052 80438 q15 57.1 106.9 82.0
D12S1064 96885 q21.33 67.2 120.5 93.8
D12S1300 105918 q23.1 69.8 133.1 101.4
PAH 111421 q23.3 73.5 143.5 108.5
D12S2070 125845 q24.22 81.8 167.6 124.7
NOS1 127541 q24.22 82.8 174.6 128.7
D12S395 130349 q24.23 84.1 184.3 134.2
D12S392 138666 q24.32 91.9 200.3 146.1
D12S2078 140437 q24.33 98.1 201.8 149.9
D12S1045 143552 q24.33 110.7 212.9 161.8
qtr 146025 qtr 119.2 218.4 168.8
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for Dp-specific IgE. Thirty also showed atopic derma-
titis. Results of the linkage analysis of the 18 microsat-
ellite markers of chromosome 12 are shown in Fig. 1. A
broad region from 135 cM to 160 cM exceeded 1.5 in
MLS (Fig. 1A). Two peaks at 140 and 150 cM were
observed, and the latter peak showed a MLS of 2.92,
greater than the suggestive linkage level (Lander and
Kruglyak 1995). Serum total IgE levels were log10
transformed and subjected to sib-pair quantitative locus
(QTL) analysis. The result of maximum likelihood (ML)
QTL variance estimation is shown in Fig. 1B. ML QTL
variance estimation (Kruglyak and Lander 1995) was
performed instead of the traditional Haseman-Elston
(HE) QTL analysis, because the values with HE QTL
analysis were affected greatly by the selection method of
pairs from the sib trio. The highest peak of logarithm of
odds (LOD) score (max=1.02) was observed at 83 cM.
No significant peaks were observed where linkage to
asthma was observed. Nonparametric QTL analysis
(Kruglyak and Lander 1995) showed the highest peak to
be at 80 cM with a Z-score of 1.74 (P=0.082) (Fig. 1C).
The results of QTL analyses did not suggest evidence of
QTL for log10 (total IgE level) on chromosome 12.

Association studies of genes on chromosome 12

Results of the case-control studies of chromosome 12
candidate genes are shown in Table 2. There were four
types of alleles for the GT repeat of exon 1 of STAT6
with the repeat number varying from 13 to 16 in our

entire series. Comparison of allele frequencies between
patients and controls showed a significant difference in
the whole-allele distribution (P=0.0054). This difference
was primarily derived from the difference in the fre-
quency of allele 3 (15 repeats). The frequency of this
allele was significantly lower in the patients (Pc=0.0044,
odds ratio (OR)=0.71, 95% confidence interval
(95%CI)=0.58–0.87). Other alleles did not show dif-
ference in frequency between controls and patients. Se-
ven genotypes of this GT repeat were observed. The
genotypic distribution differed between patients and
controls (P=0.0054). Homozygotes for allele 3 had a
lower risk of asthma (Pc=0.0035, OR=0.718,
95%CI=0.60–0.86).

We identified six alleles in the GT repeat polymor-
phism of intron 2 of NOS1 (Table 2). The whole-allele
distribution of this polymorphism of patients was sig-
nificantly different from that of controls (P=0.0082).
This difference was primarily due to the difference in
frequency of allele 3 (16 repeats) (Pc=0.049, OR=0.75,
95%CI=0.60–0.93). Eleven genotypes of this GT repeat
were observed. The whole genotypic distribution differed
between patients and controls (P=0.0019). Homozyg-
otes for allele 3 had a lower risk for asthma than the
other genotypes (Pc=0.030, OR=0.53, 95%CI=0.33–
0.84). There was a significant difference in the frequency
of heterozygote for allele 4/5 between controls and pa-
tients (Pc=0.028). The numbers of this genotype is
small (zero in controls and six in patients), and its bio-
logical meaning is difficult to interpret.

Association of asthma was also tested for the CA
repeat of the interferon c gene (IFNG). We identified
seven allele types and 16 genotypes of this polymor-
phism in the Japanese population (Table 2). There was
no evidence of association between this polymorphism
and asthma in our series.

We also investigated the SNP 465C/T of AICDA.
Frequencies of the major allele were almost the same
between controls and patients. Genotype distribution of
controls was in Hardy-Weinberg equilibrium, whereas
that of patients was not (,2=7.17, P=0.027). We re-
genotyped the patients and found no evidence of typing
errors. Patients showed lower CT and higher TT geno-
type frequencies when compared to those of controls.
However, these changes did not reach statistical signifi-
cance in the association study (Table 2).

Discussion

We have found evidence of a suggestive linkage between
12q24.32–33 markers (144–155 cM) and childhood
asthma in the Japanese population. The region identified
was very close to the region reported by Wilkinson et al.
(1998), who investigated linkage to their unique asthma
score in the English population. In the genome-wide
analysis of Japanese mite-sensitive childhood asthma, the
highest MLS (1.92) was observed between D12S78 and
D12S86 (110–132 cM) (Yokouchi et al. 2000). This

Fig. 1A–C Linkage results for asthma and total IgE level. All
calculations were performed by GENEHUNTER 2. A Multipoint
maximum likelihood (ML) estimate of identity by decent sharing
for asthma affection status. B ML quantitative locus (QTL)
variance estimation for log10 (total IgE level). ML QTL variance
estimation (Kruglyak and Lander 1995) is performed instead of
traditional Haseman-Elston (HE) QTL analysis because the values
calculated with HE QTL analysis were affected by selection of sib
pairs from the sib trio. C Nonparametric QTL analysis (Kruglyak
and Lander 1995) for log10 (total IgE level)
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region is a little different from Wilkinson’s and our peak
regions. However, if we compare the region with MLS
exceeding 1.0, the three regions overlap each other—our
data 130–160 cM, Yokouchi et al. 110–150 cM, and
Wilkinson et al. 130–160 cM. In an analysis of the
Danish population, linkage with an MLS of 1.58 to
atopic asthma at D12S392 (146 cM) was reported (Ha-
agerup et al. 2002). More recently, linkage to airway
responsiveness was also suggested at 147 cM by the
Childhood Asthma Management Program (CAMP)
study (Raby et al. 2003). Thus, all these studies shared a
region from 140 to 150 cM. Several studies have reported
linkage between asthma and the different regions
of chromosome 12. The Collaborative Study on the
Genetics of Asthma reported evidence of linkage to
asthma of the 12q22 region. This study analyzed Cau-
casians, African Americans, and Hispanics and found a
linkage peak at D12S2070 (125 cM) in Hispanics (CSGA
1997; Xu et al. 2001a). When the condition of loci of
chromosome 14 was considered, this linkage peak be-
came broader and greater and the region with an LOD
score greater than 1.0 extended from 120 cM to the
telomere (Xu et al. 2001a). The region detected in Bar-
bados families was located at 12q21.1 (90 cM), which is
clearly different from those found in the Japanese and
English (Barnes et al. 1999; Barnes et al. 1996). Linkage
to asthma of this region has also been suggested in
German and Swedish populations (Wjst et al. 1999). A
suggestive linkage (MLS=2.81) for asthma was reported
at a region around D12S390 (65 cM) in the Italian
population (Malerba et al. 2000). The region was close to
the region suggested by a CAMP study (Raby et al.
2003). In a founder population, Hutterites, Ober et al.
(1998) suggested linkage of D12S375 (80 cM) to asthma
in an earlier study, a finding not replicated in a more
recent study (Ober et al. 2000). Chromosome 12 showed
no evidence of linkage to asthma in Finnish families
(Laitinen et al. 2001). A genome-wide study of the
French population failed to detect a linkage to asthma
but detected linkage to eosinophilia around the 130 cM
region (Dizier et al. 2000). There was no evidence of

Table 2 Association study of the genes on chromosome 12

Controls
(frequency %)

Asthma
(frequency %)

Significance
level*

STAT6 exon 1 GT repeat
Allelic distribution
Allele 1 (13 repeat) 77 (22.4) 72 (31.6) Pc=0.061
Allele 2 (14 repeat) 1 (0.3) 4 (1.4) Pc=0.34
Allele 3 (15 repeat) 233 (67.7) 123 (53.8) Pc=0.0044
Allele 4 (16 repeat) 33 (9.6) 29 (12.7) Pc>1.0
Overall 344 (100.0) 228 (100.0) P=0.0032

Genotypic distribution
Allele 1/allele 1 14 (8.1) 12 (10.5) Pc>1.0
Allele 1/allele 3 46 (26.7) 41 (36.5) Pc=0.81
Allele 1/allele 4 3 (1.7) 7 (6.1) Pc=0.67
Allele 2/allele 3 1 (0.6) 4 (3.5) Pc=0.59
Allele 3/allele 3 81 (47.1) 30 (26.3) Pc=0.0035
Allele 3/allele 4 24 (14.0) 18 (15.8) Pc>1.0
Allele 4/allele 4 3 (1.7) 2 (1.8) Pc>1.0
Overall 172 (100.0) 114 (100.0) P=0.0054

NOS1 intron 2 GT repeat
Allelic distribution
Allele 1 (14 repeat) 2 (0.5) 1 (0.5) Pc>1.0
Allele 2 (15 repeat) 11 (3.0) 2 (0.9) Pc=0.88
Allele 3 (16 repeat) 189 (51.4) 88 (40.0) Pc=0.049
Allele 4 (17 repeat) 3 (0.8) 7 (3.2) Pc=0.27
Allele 5 (18 repeat) 126 (34.2) 97 (44.1) Pc=0.11
Allele 6 (19 repeat) 37 (10.1) 25 (11.4) Pc>1.0
Overall 368 (100.0) 220 (100.0) P=0.0082

Genotypic distribution
Allele 1/allele 3 2 (1.1) 1 (0.9) Pc>1.0
Allele 2/allele 3 10 (5.4) 2 (1.8) Pc>1.0
Allele 2/allele 5 1 (0.5) 0 (0.0) Pc>1.0
Allele 3/allele 3 53 (28.8) 15 (13.6) Pc=0.030
Allele 3/allele 4 3 (1.6) 1 (0.9) Pc>1.0
Allele 3/allele 5 50 (27.2) 43 (39.1) Pc=0.42
Allele 3/allele 6 18 (9.8) 11 (10.0) Pc>1.0
Allele 4/allele 5 0 (0.0) 6 (5.5) Pc=0.028
Allele 5/allele 5 28 (15.2) 18 (16.4) Pc>1.0
Allele 5/allele 6 19 (10.3) 12 (10.9) Pc>1.0
Allele 6/allele 6 0 (0.0) 1 (0.9) Pc>1.0
Overall 184 (100.0) 110 (100.0) P=0.0019

IFNG intron 1 CA repeat
Allelic distribution
Allele 1 (12 repeat) 39 (11.0) 24 (10.6) Pc>1.0
Allele 2 (13 repeat) 209 (58.7) 110 (48.7) P=0.12
Allele 3 (14 repeat) 6 (1.7) 7 (3.1) Pc>1.0
Allele 4 (15 repeat) 91 (25.6) 78 (34.5) P=0.17
Allele 5 (16 repeat) 7 (2.0) 3 (1.3) Pc>1.0
Allele 6 (17 repeat) 0 (0.0) 1 (0.4) Pc>1.0
Allele 7 (18 repeat) 4 (1.1) 3 (1.3) Pc>1.0
Overall 356 (100.0) 226 (100.0) P=0.12

Genotypic distribution
Allele 1/allele 1 6 (3.4) 3 (2.7) Pc>1.0
Allele 1/allele 2 19 (10.7) 8 (7.1) Pc>1.0
Allele 1/allele 3 0 (0.0) 1 (0.9) Pc>1.0
Allele 1/allele 4 8 (4.5) 9 (8.0) Pc>1.0
Allele 2/allele 2 62 (34.8) 32 (28.3) Pc>1.0
Allele 2/allele 3 3 (1.7) 0 (0.0) Pc>1.0
Allele 2/allele 4 54 (30.3) 35 (31.0) Pc>1.0
Allele 2/allele 5 6 (3.4) 2 (1.8) Pc>1.0
Allele 2/allele 7 3 (1.7) 1 (0.9) Pc>1.0
Allele 3/allele 3 0 (0.0) 2 (1.8) Pc>1.0
Allele 3/allele 4 2 (1.1) 1 (0.9) Pc>1.0
Allele 3/allele 7 1 (0.6) 1 (0.9) Pc>1.0
Allele 4/allele 4 13 (7.3) 15 (13.3) Pc>1.0
Allele 4/allele 5 1 (0.6) 1 (0.9) Pc>1.0
Allele 4/allele 6 0 (0.0) 1 (0.9) Pc>1.0
Allele 4/allele 7 0 (0.0) 1 (0.9) Pc>1.0
Overall 178 (100.0) 113 (100.0) P=0.289

Table 2 (Continued)

Controls
(frequency %)

Asthma
(frequency %)

Significance
level*

AICDA 465C/T
Allelic distribution
C 214 (58.8) 119 (57.8)
T 150 (41.2) 87 (42.2)
Overall 364 (100.0) 206 (100.0) P=0.860

Genotypic distribution
C/C 63 (34.6) 41 (39.8)
C/T 88 (48.4) 37 (35.9)
T/T 31 (17.0) 25 (24.3)
Overall 182 (100.0) 103 (100.0) P=0.099

* All significance levels were calculated by Fisher’s exact methods.
In allele-by-allele or genotype-by-genotype comparison, the P value
was corrected by multiplying the number of alleles or genotypes
and expressed as Pc
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linkage to asthma-related phenotypes of chromosome 12
markers in the Chinese population, which is ethnically
close to the Japanese population (Xu et al. 2001b).

In combination, the results of our and previous
studies suggest that several genes located in 12q24–q33
are likely to be responsible for susceptibility to asthma.
Some susceptibility genes of this region may be shared
by several populations, and others may not. The MLS at
the position of NOS1 (128 cM), an association with
which was detected in this study, was less than 1.0. The
NOS1 locus was 20 cM apart from the peak of the MLS.
Thus, the region we detected in the present study most
likely contains other asthma-susceptibility gene(s). In
the 12q24 region, more than a hundred genes are listed
in the Human Genome Map. Narrowing down the
linked region by dense mapping and an intensive survey
of SNPs in this region will be required to identify new
susceptibility genes.

We investigated the existence of QTL for total IgE on
chromosome 12 using asthma sib pairs. No region on
chromosome 12 showed significant linkage to total IgE.
Although type-2 error (false negative) could not be ex-
cluded due to the relatively small sample size, we spec-
ulate that loci in 12q22–q23 are asthma-susceptibility
loci rather than QTLs that affect the total IgE level in
the Japanese population. Using HE sib-pair QTL ap-
proaches, Barnes et al. (1996) reported that markers
from 107 to 135 cM showed evidence of linkage to log
(total IgE) in Barbados and Amish families. Xu et al.
(2000) suggested linkage (LOD score=2.73) to log(total
IgE) of the region from PAH (108 cM) and D12S2070
(125 cM) in the Danish population using variance-
component linkage analysis. Analysis of total IgE as a
dichotomous trait (high versus normal IgE) was also
performed by Nickel et al. (1997). They performed TDT
in German children and presented evidence of associa-
tion between markers located from 75 to 108 cM and
high total IgE. On the other hand, many studies have
shown negative linkage for total IgE. These include
studies of the Australian population by Daniels et al.
(1996), the Germans by Heinzmann et al. (2000a), the
Germans and Swedish by Wjst et al. (1999), the Hutte-
rites by Ober et al. (2000), the Chinese by Xu et al.
(2001b), the French by Dizier et al. (2000), the Finnish
by Leitinen et al. (2001), the Italians by Malerba et al.
(2000), and the Danish by Haagerup et al. (2002). This
inconstancy suggests that the relative importance of
chromosome 12 loci in controlling total IgE varies from
population to population.

We detected association of STAT6 exon 1 GT repeat
with Japanese childhood asthma. Our results clearly
show association of the 15-repeat allele (allele 3) and
asthma by allelic and genotypic distribution analyses. In
Tamura’s study using fewer samples than the present
study, the number of heterozygote of allele 1 and allele 3
was significantly higher in patients with ‘‘allergic dis-
eases’’ and that of homozygotes of allele 3 was lower in
the patients with marginal statistical significance (Tam-
ura et al. 2001). This observation was further confirmed

by our present results: a change in the frequency of allele
3 homozygotes is more essential than that in the fre-
quency of allele 1/allele 3 heterozygotes. Allele 3 appears
to be a protective allele against the development of
asthma in Japanese childhood asthma.

We also investigated the 2964G/A polymorphism in
the 3’-UTR that was reported to be associated with
adult asthma by Gao et al. (2000b) but failed to detect
association in our samples (data not shown). Similar
results were reported by Deutsch et al. (2002). These
observations suggest that the STAT-6 exon 1 GT repeat,
but not 2964 G/A, is an asthma-susceptibility poly-
morphism. Further study is necessary to establish whe-
ther the polymorphism is functionally relevant to disease
development or only a marker for the true functional
polymorphism(s).

Association of the NOS1 intron 2 GT repeat with
asthma was also demonstrated in this study. Another
study also describing the association of this polymor-
phism with asthma was carried out in the British pop-
ulation (Gao et al. 2000a). The 16-repeat allele of NOS1
is a protective allele against asthma development in both
British and Japanese populations, suggesting that this
allele represents an old protective haplotype that evoked
before the division of races. It is therefore possible that
this polymorphism is associated with the disease in many
ethnic groups. Moreover, Grasemann et al. (2000) have
shown that NOS1 exon 29 CA repeat in the 3’-UTR was
associated with asthma in the US population. This is
additional evidence that NOS1 is a susceptibility gene
for asthma in diverse populations. Again, further study
is required to conclude whether these known polymor-
phisms are functionally relevant to the disease develop-
ment or only markers for the true functional
polymorphism(s).

We were unable to detect any association between
IFNG and asthma in our series. Nakao et al. (2001) re-
ported that allele frequency distribution differed between
their 218 controls and 158 patients with atopic asthma in
the Japanese population. Deviation of the distribution
was primarily derived from the difference in frequency of
allele 5 (P=0.0069, Pc=0.048). Frequencies in controls
and patients of this allele were 4.8% and 1.3% respec-
tively. In our study, the corresponding frequencies were
2.0% and 1.3% respectively. If we combine Nakao’s and
our data, P values become 0.012, which is not statisti-
cally significant after correction for the number of alleles
(Pc=0.083). More subjects are required to evaluate the
significance of the association. Even if the association
was confirmed, allele 5 would affect less than 5% of the
population, i.e., the attributable fraction of this poly-
morphism would be low.

Although association of AICDA 465C/T (His155His)
and asthma was suggested by TDT (Noguchi et al.
2001), our case-control study failed to prove the asso-
ciation of this polymorphism with asthma in the same
population. In allelic distribution, allele frequency was
essentially the same between the patient and control
groups. Genotype distribution of the patients was not in
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Hardy-Weinberg equilibrium. This did not result in
significant difference in the genotype frequency between
cases and controls. The data suggest that case samples
were not well representative of the homogeneous pop-
ulation. We genotyped another set of 94 cases with this
SNP. Genotypes CC, CT, and TT were 25, 50, and 19
cases respectively. Genotype frequency of the new set of
patients was in Hardy-Weinberg equilibrium and not
significantly different from the control value. Although
we cannot exclude AICDA completely as a candidate
gene for asthma, the effect of the 465C/T polymorphism
on susceptibility to asthma was not as strong as the re-
peat polymorphisms of STAT6 or NOS1.

In conclusion, we demonstrated that STAT6 and
NOS1 loci are associated with childhood asthma in the
Japanese population and showed evidence of ‘‘sugges-
tive’’ linkage between region 12q24.23–q24.33 and
asthma. This chromosome region most likely contains as
yet unidentified asthma susceptibility gene(s).
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