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Association of a haplotype block spanning
SDAD1 gene and CXC chemokine genes with

allergic rhinitis

Jian Zhang, MD,? Emiko Noguchi, MD, PhD,*P Ohsuke Migita, MD,*® Yukako
Yokouchi, MD, PhD,?® Junko Nakayama, MD, PhD,?® Masanao Shibasaki, MD, PhD,°
and Tadao Arinami, MD, PhD? Tsukuba City, Japan

Background: Seasonal allergic rhinitis (SAR) is a common
allergic disorder characterized by episodes of sneezing,
rhinorrhea, and swelling of the nasal mucosa. Although the
pathogenesis of SAR remains unclear, there does appear to be
a genetic predisposition to development of SAR. We previously
identified regions of chromosomes 1p, 4q, and 9q linked to SAR
in 48 families (188 members) identified through children with
SAR against orchard grass pollens.

Objective: The aim of the current study was to identify
susceptibility genes for SAR on 4q.

Methods: We screened for markers associated with SAR on
4q with 17 microsatellite markers and then for mutations in
11 genes. We genotyped 44 single nucleotide polymorphisms
(SNPs) in 48 SAR families and performed haplotype-based
haplotype relative risk statistics implemented in the
UNPHASED program. We also examined expression of genes
with human multiple tissue and immune system cDNA panels.
Results: We found that 1 microsatellite marker, D4S3042, was
associated with SAR (P = .034). The haplotype-based haplotype
relative risk approach revealed that SNPs in SDA1 domain
containing 1; chemokine, CXC motif, ligand (CXCL)-9;
CXCLI10; and CXCLI11 were associated with SAR (P =.001-.04).
These SNPs made up a haplotype block, and the most common
haplotype of this block was transmitted preferentially to
affected offspring (P =.002).

Conclusion: Our results suggests that genetic variations in

a haplotype block spanning the SDA1 domain containing 1 and
CXC chemokine genes on 4q21 may contribute to development
of SAR in the Japanese population. (J Allergy Clin Immunol
2005;115:548-54.)

Key words: Seasonal allergic rhinitis, linkage, HHRR, CXC chemo-
kine, SDAD1

From “the Department of Medical Genetics and "the Department of Pediatrics,
Majors of Medical Sciences, Graduate School of Comprehensive Human
Sciences, University of Tsukuba; and ‘the Department of Pediatrics,
Tsukuba College of Technology.

Supported by scientific research grants (12204001 and 12024201) from the
Ministry of Education, Science and Culture of Japan.

Received for publication September 8, 2004; revised November 11, 2004;
accepted for publication November 12, 2004.

Available online January 31, 2005.

Reprint requests: Emiko Noguchi, MD, PhD, Department of Medical Genetics,
Majors of Medical Sciences, Graduate School of Comprehensive Human
Sciences, University of Tsukuba, Laboratory of Advanced Research D,
1-1-1 Tennodai, Tsukuba, Ibaraki, 305-8577, Japan. E-mail: enoguchi@
md.tsukuba.ac.jp.

0091-6749/$30.00

© 2005 American Academy of Allergy, Asthma and Immunology

doi:10.1016/j.jaci.2004.11.034

548

Abbreviations used
CXCL: Chemokine, CXC motif, ligand
HHRR: Haplotype-based haplotype relative risk

LD: Linkage disequilibrium

LOD: Logarithm of the odds
Mb: Megabase
OG: Orchard grass

SAR: Seasonal allergic rhinitis

SDADI: SDA1 domain containing 1
SNP: Single nucleotide polymorphism

Atopic diseases such as asthma, allergic rhinitis, and
atopic eczema are major causes of morbidity in developed
countries and have been increasing in frequency.'” The
prevalence of rhinitis in various countries ranges from 3%
to 19%.>* Allergic rhinitis is characterized by mucosal
inflammation in response to allergen exposure and is
a common disease of complex inheritance. Twin and
family studies have confirmed the existence of a genetic
predisposition to the development of allergic diseases,””’
although a clear Mendelian pattern of inheritance has not
been established. Several genome-wide screens for genes
associated with allergic diseases have been conducted.
Ten genome-wide screens for asthma,®'” 3 for atopic
dermatitis,'®?° and 2 for allergic thinitis?"**?> have been
reported. Haagerup et al*' performed a genome-wide
screen of 33 Danish families with sibling pairs affected by
rhinitis caused by common environmental allergens; they
found 1 major candidate region on chromosome 4q24-q27
(logarithm of the odds [LOD]=2.83) and 8 minor
candidate regions on 2q12-q33, 3ql3, 4p15-q12, 5q13-
ql5, 6p24-p23, 12p13, 22q13, and Xp21 (LOD = 1.04-
1.63) that were associated with allergic rhinitis. In our
genome-wide screen for seasonal allergic rhinitis (SAR)
triggered by orchard grass (OG),*? we found evidence for
linkage of marker D4S392 at 4q13 to SAR (maximum
LOD score = 2.01; P =.001), indicating that the chromo-
some 4q is one of the regions that contain susceptibility
genes for SAR.

In the current study, we screened for mutations in 11
genes located in the 4q linkage region to identify genetic
variations associated with SAR by haplotype-based hap-
lotype relative risk (HHRR) statistics.
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METHODS
Subjects

Probands of the allergic rhinitis families were children with
allergic rhinitis who were recruited from 3 elementary schools and
a junior high school in Matsukawa, a farming community in central
Japan where OG pollens are thought to be a major cause of SAR.
Children with rhinitis were identified by means of a questionnaire,
and diagnosis was confirmed by physicians. Other family members
were contacted, and a total of 48 families (188 individuals) who gave
informed consent participated in this study. The diagnostic criteria for
SAR induced by exposure to OG included hay fever or persistent
nasal symptoms, associated itching of the eyes or nose, and/or
watering or redness of the eyes; regular occurrence of any symptom
only between April and June; and positive position prick test or
radioallergosorbent test reactivity to OG antigen (Torii, Tokyo,
Japan).?? OG-specific IgE levels and total serum IgE level were
determined for all participants with the Pharmacia CAP system
(Pfizer, New York, NY). To achieve homogeneity of the patients with
SAR, only subjects with OG-specific IgE levels higher than 3.5 U,/
mL were included as affected subjects. Characteristics of the families
with SAR are shown in Table I. This study was approved by the
Committee of Ethics of the University of Tsukuba.

Microsatellite marker screening, single
nucleotide polymorphism discovery,
and genotyping

We genotyped 17 microsatellite markers between D452638 and
D453042 spanning 18.8 megabase (MDb) to screen for association with
SAR. The map location and distances between markers were obtained
from the Marshfield Human Genetic Map (http://marshmed.org/
genetics/). Because we observed a possible association of D453042
with SAR, 11 genes around D453042 and spanning 586 kb were
selected for mutation screening. All exons, exon-intron junctions, and
the 5'-flanking region of each gene were amplified by PCR from
genomic DNASs isolated from 24 unrelated patients, and the products
were subjected to direct sequencing with a Big-Dye Terminator Kit
(Applied Biosystems, Foster City, Calif). Genotyping of single
nucleotide polymorphisms (SNPs) was performed by RFLP analysis,
Tagman Assay-on-Demand SNP typing (Applied Biosystems), or
direct sequencing.

PCR screening of multiple tissue
cDNA panels

We used human multiple tissue and human immune system cDNA
panels (BD Biosciences/Clontech, Palo Alto, Calif) to analyze
expression of SDA1 domain containing 1 (SDADI); chemokine,
CXC motif, ligand (CXCL)-9; CXCLI0; and CXCLII in various
tissues by PCR. Primers were 5'-TGGCCCAAATGAGAAAA-
GAA-3" and 5'-TCTTTTTCAAAAGTGCATCTCG-3’ for SDADI;
5'-TTTTCCTCTTGGGCATCATC-3’ and 5'-GCTTTTTCTTTT-
GGCTGACC-3" for CXCL9; 5'-ACCGTACGCTGTACCTGCAT-
3" and 5'-GCTCCCCTCTGGTTTTAAGG-3" for CXCLI0; and
5'-GCCTTGGCTGTGATATTGTG-3" and 5'-AGATGCCCTTTT-
CCAGGACT-3" for CXCLI1. Amplification conditions were an
initial denaturation step at 94°C for 2 minutes followed by de-
naturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds,
and extension at 72°C for 30 seconds. Samples were removed after
a total of 26, 30, 34, and 38 cycles, and products were checked by
electrophoresing in 2% agarose gel. Expected product sizes were 295
bp, 276 bp, 233 bp, and 299 bp for SDADI, CXCL9, CXCLI0, and
CXCLI1, respectively.
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TABLE I. Characteristics of families with SAR*

Children (n) 123
Mean age (y) 14.1 £ 44
Sex ratio (M:F) 66:57

Log (total IgE [Ua/mL]) 2.6 = 0.55 (398.11)
Log (OG-RAST IgE [Us/mL]) 1.3 £ 0.54 (20.51)
Affected children (n) 104
Affected sibling pairs (n) 67

*Log (total IgE) and log (OG specific IgE) were means * SDs. The values
in parentheses were geometric means.

Statistical analysis

Deviation from predicted Hardy-Weinberg frequencies was
examined by x> test. Family-based association study by HHRR
statistics was performed with the TDTPHASE command imple-
mented in UNPHASED program version 2.43 (available at http://
www.hgmp.mrc.ac.uk/~fdudbrid/software/unphased/).”> EM and
droprare options were used. Linkage disequilibrium between poly-
morphisms and haplotype block structures was evaluated by
Haploview software version 2.05 (available at http://www.broad.
mit.edu/mpg/haploview/index.php).>* Haplotype blocks were gener-
ated by the default algorithm of Gabriel et al.>

RESULTS

In our genome-wide screen, we reported that a region
of 4q was linked to SAR triggered by OG with a max-
imum LOD score of 2.01 at D45392.** We genotyped
17 microsatellite markers between 4q12 (D452638) and
4921 (D4S3042). HHRR analysis revealed that D4S3042
is associated with SAR (P =.034 for global test).

We then screened for mutations in 11 genes around
D4S§3042 that span approximately 583 kb (Fig 1). Forty-
seven SNPs were identified and genotyped in DNAs from
48 unrelated patients to evaluate allele frequencies and
linkage disequilibrium (LD). Forty-four SNPs with minor
allele frequencies greater than 0.05 were genotyped in 188
members of 48 families with SAR. The LD map
constructed from 25 SNPs with minor allele frequencies
greater than 0.2 is shown in Fig 2. LD was divided into
3 blocks. D453042 was located in block 1, spanning
81.7 kb. There are 4 genes in the LD region: SDADI,
CXCL9, CXCLI0, and CXCLI1.

Haplotype-based haplotype relative risk revealed that
SNPs in SDADI, CXCL9, CXCLI10, and CXCLI1 were
associated with SAR (Table II); however, none was
a nonsynonymous polymorphism. Because these poly-
morphisms were in 1 LD block, we evaluated haplotype
associations with SAR. Only 2 common haplotypes had
frequencies greater than 0.1, and the most common
haplotypes were transmitted preferentially to the affected
offspring (Table III). Selected haplotype tag SNPs
(rs271528C/T and rs3733239T/G in SDAD1) also showed
this association.

Expression of SDAD1, CXCL9, CXCLI0, and CXCLI1
in various tissues was analyzed by PCR-based methods
(Fig 3). CXCL9 was expressed strongly in tonsils, spleen,
lymph nodes, and thymus. CXCLI0 was expressed in
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FIG 1. Genetic map of linkage region for SAR on chromosome 4q. Top, Microsatellite markers used in linkage
study. Middle, Microsatellite markers used for dense mapping around D4S392, in which a maximum LOD
score of 2.01 for SAR was observed in our genome-wide screen. pte, Petit telomere; gte, queue telomere.
Bottom, location of genes around D4S3042. Arrow indicates location of D4S3042. VDP, Vesicle docking
protein p 115; PEF2, protein phosphatase, EF hand calcium-binding domain 2; ASAHL, N-acylsphingosine
amidohydrolase (acid ceramidase)-like; ART, ADP-ribosyltransferase 3; NUP54, nucleoporin 54kDa; SCARB2,
scavenger receptor class B, member 2; GENX-3414, genethonin 1.
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FIG 2. Pairwise linkage disequilibrium between polymorphisms in a 538-kb region as measured by D’ in 188
subjects. LD is divided into 3 blocks. D453042 is located in block 1. The D’ values for LD are color-coded, and

the extent of red indicates the strength of LD.

various organs and immune cells, including placenta,
lung, liver, kidney, pancreas, spleen, lymph nodes, and
thymus (Fig 3, A and B). In the blood fraction panel,
CXCL9 and CXCLIO0 were expressed at higher levels in
activated cells than in resting cells (Fig 3, C). CXCLI1
expression was observed in pancreas, spleen, and lymph
nodes, but expression was very low in samples of the
blood fraction panel. The expression level of SDADI was
very low. It was not observed in samples after 34 cycles of
amplification, but it was detected in most of the tissues
examined after 38 cycles of amplification (Fig 3, A-C).

DISCUSSION

Our data showed that haplotypes of the SDADI,
CXCL9, CXCLI10, and CXCLI11 genes, which are located

consecutively on chromosome 4q21, were associated with
OG-specific SAR. LD is a nonrandom association be-
tween alleles at different loci, and it creates opportunities
as well as difficulties in gene mapping. In our LD analy-
sis with SNPs, 1 LD block was a 81.7-kb region where
polymorphisms in 4 genes showed associations with SAR.
These genes are in strong LD with each other, making it
difficult to determine which SNP in which gene is
associated with susceptibility to SAR. To our knowledge,
the current study is the first to show an association
between genetic variations in CXCL9, CXCLI0, and
CXCLI1]1 and an allergic disease; CXCL9, CXCLI0, and
CXCLI1 are likely to contribute to susceptibility to SAR.

Chemokine, CXC motif, ligand 9 (also called MIG
[monokine induced by IFN-y]); CXCL10 (also called
IP-10 [IFN-y-inducible protein of 10 kDa]); and
CXCL11 (also called IP-9/I-TAC [IFN-y-inducible
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TABLE Il. Results of HHRR in SAR families on chromosome 421

Gene SNPs* Location(NCBI Biuld 34) Major allele T/NTt Minor allele Minor allele freqactency P value
VDP 1 rs3853184 77128575 C 118/120 T 0.024 47
2 18905954 77194606 T 105/102 C 0.122 .56
PPEF2 3 152280100 77267964 C 67/69 T 0.495 .80
ASAHL 4 183733233 77305546 T 71/65 A 0.446 42
5 1811732759 77314835 T 109/111 C 0.086 .58
SDAD1 6 133796482 77330701 A 62/74 G 0.463 13
7 133796483 77331079 T 68/72 C 0.43 .61
8 13796484 77332909 A 75/58 T 0.423 .03
9 152242470 77337083 C 75/58 T 0.423 .03
10 152242471 77337111 C 114/115 G 0.077 78
11 152242742 77337122 C 113/112 G 0.048 .82
12 1VS18+44C/T 77337325 C 114/115 T 0.074 78
13 152242473 77337351 A 114/115 G 0.074 78
14  1415C/A 77339749 C 106/108 A 0.165 .69
15 1VS16-47A/G 77339787 G 61/78 A 0.455 .03
16 rs4859577 77339796 A 75/56 G 0.423 .01
17 1s1857821 77340374 T 75/58 C 0.423 .03
18  rs2271527 77343818 A 61/78 G 0.455 .03
19 1s2271528 77347231 C 77/56 T 0.426 .007
20 1s3733238 77361134 T 77/56 C 0.426 .006
21 183733239 77361170 T 56/73 G 0.452 .03
22 183733240 77361370 A 120/107 G 0.048 .001
23 rs10008757 77361431 C 115/116 T 0.079 .79
24 1510021434 77361690 C 44/65 G 0.421 .006
25 156838162 77370623 C 58/72 G 0.484 .07
CXCL9 26 152869460 77380209 T 60/44 C 0.447 .04
27 1510336 77381383 G 114/115 A 0.08 78
28 152276886 77386823 C 75/56 T 0.423 014
CXCLI10 29 152869462 77393114 C 75/58 G 0.432 .03
30 rs4859588 77402072 A 114/115 G 0.08 78
31 rs4241578 77402886 C 115/116 T 0.079 .79
CXCLI1 32 rs13130221 77414018 A 115/116 G 0.079 .79
33 rs6532111 77414309 T 115/116 C 0.079 .79
34 rs12649185 77414574 G 75/58 G 0.423 .03
35 rs4241580 77414583 C 115/116 T 0.079 .79
36 rs4859415 77414923 A 115/116 G 0.079 .79
37 IVS1+25T/C 77415572 T 115/116 C 0.079 .79
ART3 38 rs10017484 77443331 T 107/109 G 0.152 .68
39 156829592 77477967 A 56/66 G 0.481 18
NUP54 40 HCVI158575 77487361 G 76/69 A 0.414 .36
SCARB22 41 HCV7919722 77522909 T 94/103 C 0.239 .14
42 15999361 77575969 G 66/53 A 0.487 .09
GENX3414 43 15736634 77648664 T 58/74 C 0.457 .03
44 151036788 77659882 T 75/66 C 0.417 23

*Name of SNPs are according to reference SNP numbers (http://www.ncbi.nlm.nih.gov/SNP/), Celera discovery system (http://www.celeradiscoverysystem.

com/), or gene nomenclature systems.
TNumber of transmitted/nontransmitted alleles.

T cell a-chemoattractant]) are IFN-y—inducible chemo-
kines that preferentially attract Ty1 lymphocytes through
the CXC chemokine receptor, which is a G protein—
coupled receptor expressed at high levels on Tyl lym-
phocytes.%'29 Although these chemokines activate the
same receptor and are functionally and structurally related,
CXCL9 and CXCL10 differ in their patterns of expression
in response to inducers such as Plasmodium yoelii,
Toxoplasma gondii, and vaccinia virus, suggesting spe-
cific roles in vivo.*® In human inflammatory skin diseases,
CXCLI0 and CXCLII were expressed mainly by basal
keratinocytes, whereas CXCL9 mRNA was expressed

predominantly in dermal infiltrates.*’ Monoclonal anti-
body neutralization revealed that CXCL10 is required
for survival of mice after infection with Toxoplasma
gondii and can not be compensated for by other CXCR3
ligands.32 These data support the idea that these chemo-
kines have different functional roles.

Allergic rhinitis is considered a Ty2-type disease like
asthma or atopic dermatitis. The proportion of IL-4—
producing lymphocytes increases significantly at the peak
of the birch pollen season in comparison with the pro-
portion outside the pollen season in patients with allergic
rhinitis, whereas this trend is not observed in nonallergic
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TABLE lll. Haplotype association*
Haplotype Freq T Freq-T NT Freq-NT OR X2 Individual Global
ACAATGCTGGGTCCG 0.397 54 0.5 32 0.2963 4.125 9.432 0.002132 0.02
TTGGCATCTCCCTGA 0.389 35 0.3241 48 0.4444 1.782 3.317 0.06856
ACGATACTTGCCCCG 0.078 10 0.0926 0.05556 4.074 1.091 0.2963
Haplotype tag SNP (1s2271528C/T-rs3733239T/G) (SDADI)
————— C-G----- 0.4438 60.99 0.5258 41.97 0.3618 1 6.353 0.01172 0.007
----- T-T----- 0.4265 39.99 0.3447 58.97 0.5083 0.467 6.384 0.01152
————— C-T----- 0.1123 14.01 0.1121 12.03 0.1124 0.686 0.17 0.6802

Freq, Frequency of haplotypes; freq-T(NT), frequency of transmitted (nontransmitted) haplotypes; 7' (NT), number of transmitted (nontransmitted)

haplotypes; OR, odds ratio.

*The order of the SNPs in haplotype is as follows: rs3796484, rs224270, IVS16-47A/G, rs4859577, rs1857821, rs2271527, rs2271528, rs3733238, rs3733239,
rs10021434, rs6838162 (SDAD1)/rs2869460, 152276886 (CXCL9)/rs2869462 (CXCL10)/rs12649185 (CXCLI11).
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FIG 3. Expression of SDAD1, CXCL9, CXCL10, and CXCL11 in human multiple tissue panels. PCR
amplifications of cDNA from (A) body organs, (B) immune system, and (C) blood fractions are shown.
G3PDH was used as internal control. a, Activated; GADPH, glyceraldehyde-3-phosphate dehydrogenase;

mono, monocyte; NC, nontemplate control; r, resting.

controls.** CXCL9, CXCL10, and CXCL11 are Tyl-
type chemokines induced by IFN-y stimulation and are
expressed in various Ty 1-type diseases such as psoriasis**
and multiple sclerosis.*> There are conflicting data sug-
gesting that Tyl inflammation can both augment*®?’
and attenuate®®? allergic inflammation.

Expression of CXCL9, CXCLI0, and CXCLII in-
creases during the inflammatory phase of allergic con-
tact dermatitis.*® On the contrary, CXCL9 levels in the
plasma of subjects with allergy decrease from the pre-
season to the grass pollen season.*! Airway neutralization
of CXCL9 at the time of allergen challenge significantly
increases airway hyperreactivity, airway eosinophil accu-
mulation, and IL-4 levels in bronchoalveolar lavage
fluid and significantly decreases airway levels of IL-12.
In contrast, introduction of exogenous CXCL9 into the
airway at the time of allergen challenge dramatically
reduces airway hyperreactivity and eosinophil accumula-
tion.*” CXCL9 is expressed at high levels in vernal
keratoconjunctivitis.*?

The increased level of CXCL10 in the plasma of
patients with atopic dermatitis could be associated with
increased activity of skin fibroblasts.** Production of
CXCLI0 is increased in allergic pulmonary inflammation

in a mouse model of asthma.*’ Keratinocytes contribute
to the vigorous immigration by sequential expression
of monocyte chemoattractant protein 1, RANTES, and
CXCL10 induced by CXCL9, indicating that differential
and sequential expression of multiple chemokines occurs
during allergic contact hypersensitivity.*® CXCL10 and
CXCL9 are expressed in allergic patch test reactions.*’

Compared with the CXCLs, less is known about the
function of SDAD1. SDADI was initially identified in
fetal liver at 22 weeks of gestation.*® Relatively constant
expression of SDAD] is observed in organs and immune
systems; however, the expression levels are weaker than
those of CXCLs. However, in the current study, the strongest
genetic association with SAR was observed in SNPs in
SDAD1. Therefore, the relation between the function of
SDADI and allergic diseases warrants further study.

We screened 17 microsatellite markers in the region
spanning 18.8 Mb from 4q12 to 4q21 for association with
SAR. We used all of the microsatellite markers listed in the
Marshfield database for this region, and the distances
between markers ranged from 17 kb to 3.2 Mb. Therefore,
it is possible that genetic variations in regions of 4q12-q21
other than the D4S3042 region examined in the current
study are associated with SAR.
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In conclusion, our data showed that genes in the

haplotype block containing CXCL9, CXCLI10, CXCLI1,
and SDADI may be associated with SAR. Although the
exact relations between CXCLs and SDADI and SAR
remain to be elucidated, our data may contribute to a better
understanding of the pathophysiology underlying allergic
rhinitis.

We thank Mrs Shirota, who helped collect samples, and all family

members who participated in this study.
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