and kinetic binding studies yielded a rank order
of potency for CYSLTRI of zafirlukast = mont-
elukast > pranlukast (15).

Studies have indicated that polymorphisms in
genes encoding proteins of the leukotriene syn-
thetic pathway contribute to intra-patient varia-
tions in clinical responses to CYSLTRI
antagonists. CYSLTs are synthesized through
the S-lipoxygenase (5-LO, ALOXS5) pathway of
arachidonic acid metabolism. ALOXS is the first
committed enzyme in the biosynthetic pathway
leading to production of the leukotrienes (16).
ALOXS5 gene promoter polymorphism has been
shown to be associated with altered responses to
treatment with antileukotriene drugs (17, 18) and
airway hyper-responsiveness to methacholine
(19). Another member of the pathway, LTC4
synthase (LTC4S), is a terminal enzyme that
catalyzes the conjugation of unstable LTA4 with
reduced glutathione to form LTC4. The 444A/C
polymorphism in LTC4S is predictive of the
clinical response to pranlukast in a Japanese
population (20).

These findings suggest that CYSLTRI may
be a good candidate gene for asthma and
allergic rhinitis. A recent screen of the NCBI
database (http://www.ncbi.nlm.nih.gov) revealed
that CYSLTRI contains three exons, but the
genomic structure and regulatory region of
CYSLTRI have not been fully characterized.
To date, there has been only one study to
examine possible associations of allergic diseases
with CYSLTRI polymorphisms. 927C/T poly-
morphism in CYSLTRI was examined with
asthma in 585 Japanese asthmatic patients and
323 controls, but no association was observed
(21). In the present study, we characterized the
genomic structure of human CYSLTRI and
performed association studies of asthma/allergic
rhinitis with CYSLTR! polymorphisms in a
Japanese population. '

Methods
Subjects

Probands of asthmatic families were mite-sensi-
tive asthmatic children who visited the Pediatric
Allergy Clinic of the University Hospital of
Tsukuba. A full verbal and written explanation
of the study was given to all family members
interviewed, and 137 families (466 members),
including 45 families used for our previous
genome-wide screening (22), gave informed con-
sent and participated in this study. Criteria used
for the diagnosis of asthma were as described
previously (22).

CYSLTRI and atopic diseases

Probands of the allergic rhinitis families were
children with allergic rhinitis who were recruited
from three elementary schools and a junior high
school in Matsukawa, a farming community in
central Japan where orchard grass pollens are
thought to be a major cause of seasonal allergic
rhinitis. Children with allergic rhinitis were iden-
tified through a questionnaire, and diagnosis was
made by physicians. Other family members were
contacted, and a total of 48 families (188 individ-
uals) who gave informed consent participated in
this study. Criteria used for the diagnosis of
seasonal allergic rhinitis were as described previ-
ously (23). This study was approved by the
Committee of Ethics of the University of Tsukuba.

Mutation screening and genotyping

All exons and exon—intron junctions and the 5’
flanking region of CYSLTRI were amplified by
polymerase chain reaction (PCR) from genomic
DNAs of 24 unrelated Japanese females with
seasonal allergic rhinitis. Genotyping was carried
out with the Big Dye Terminator Cycle Sequen-
cing Ready Reaction Kit (Applied Biosystems,
Foster City, CA, USA) on an ABI 3100 autos-
equencer (Applied Biosystems).

5’ rapid amplification of cDNA end

We carried out 5’ rapid amplification of cDNA
end (5 RACE) experiments using commercially
available RACE-ready human leukocyte and
spleen cDNAs (Marathon Ready cDNA; BD
Biosciences/Clontech, Palo Alto, CA, USA)
according to the manufacturer’s instructions.
Primers used for the amplification were: 5'-
GCCATTGCCAAAGAAGCCTACAACAG-%
and 5-CCATCCTAATACGACTCACTATAG-
GGC-3(AP1) for the first round PCR, and 5'-
TGCCTCTTTCTGGCACTGGAGTACCTT-3’
and 5-ACTCACTATAGGGCTCGAGCGGC-
3’ (AP2) for the nested PCR. The amplified
RACE product was cloned in pCR2.1 TOPO-TA
cloning vector (Invitrogen, San Diego, CA,
USA). Each white (positive) clone was isolated
and grown in Luria—Bertani medium with amp-
icillin overnight. Plasmids were purified by col-
umn chromatography (Invisorb Spin Plasmid
Mini Kit; Invitek GmbH, Berlin, Germany) and
subjected to direct sequencing with M 13 primers.

Expression of CYSLTAT in tissues

Human multiple tissue, human immune system,
and human blood fraction c¢cDNA panels
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Table 1. Sequence of primers used in reverse transcriptase-polymerase chain
{RT-PCR} reaction and plasmid constructs

AT-PCR
Primer pair -1t

Forward 5-AGAGAACACTCGTCCCTGCT-3

Reverse 5-CTTGATTGCGGAAGTCATCA-3
Primer pair II-11l

Forward 5-AGCGTGGGCTTCCTCTAATA-3

Reverse &-CTTGATTGCGGAAGTCATCA-3
Plasmid constructs
24 bp

Forward 5’-ATTATAAGCTTAAGCAGGGACGAGTGTTCTCTCTT-3

Reverse 5’-ATTATAGATCTAAGAGAGAACACTCGTCCCTGCTT-3
—-30 bp

Forward 5'-ATTATAAGCTTAAGCAGGGACGAGTGTTCTCTCTT

CAGCTTAGTTCTC-3"
Reverse 5-ATTATAGATCTCTCACAGTCACAGAAATCACAGAG
AACTAAGCTGAAG-3’

-108 bp

Forward 5’-ATTATAAGCTTAAGCAGGGACGAGTGTTCTC-3

Reverse 5’-AATTATAGATCTTCAAGTTTCACATAATGCCAGTT-3
-345 bp

Reverse 5’-AATTATAGATCTTTCCAACACAGGACCATTGA-3
—665 bp

Reverse 5-AATTATAGATCTGGCTACTGCTGGGCTCATATT-3
—1253 bp

Reverse 5-AATTATAGATCTTGTTGTGCTGGGGTATGGTA-3
—1604 bp

Reverse 5-AATTATAGATCTAGGGGAGTGTAGCAGAGCAA-3

The forward primer for the constructs of —345 bp, —665 bp, 1253 bp and
-1604 bp is the same as that of —108 bp.

(Clontech) were used to analyze expression of
CYSLTRI in various tissues. PCR primers are
listed in Table 1. Resting CD14+ (monocytes),
CD4+ (T helper/inducer cells), CD8+ (T sup-
pressor/cytotoxic cells) and CD19+ (B lympho-
cytes) cells were positively selected from
mononuclear cells produced by healthy donors
by immunomagnetic separation with Dynabeads
M-450 (Dynal, Oslo, Norway). Cells were acti-
vated with pokeweed mitogen (PWM; Invitrogen)
and concanavalin A (ConA; ICN, Costa Mesa,
CA, USA) by standard methods, and the degree
of activation of lymphocytes was estimated on the

basis of morphological criteria (blast morphology .

and mitoses) and expression of two activation
markers, CD25 (interleukin-2 receptor) and
CD71 (transferrin receptor). We used glycerol-3-
phosphate dehydrogenase (G3PDH) as an inter-
nal control for PCR. Amplification conditions
were an initial denaturation step at 94°C for
10 min followed by 40, 34 and 30 cycles of
denaturation at 94°C for 30 s, annealing at 60°C
for 30 s and extension at 72°C for 30 s for primer
pairs I-1II, TI-TIT and G3PDH, respectively.

RNA preparation and reverse transcriptase-PCR analysis

Lymphocytes from peripheral blood were isola-
ted by Ficoll-Paque gradient centrifugation
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(Amersham Biosciences, Piscataway, NJ, USA).
Total RNA was isolated from lymphocytes with
RNeasy® MiNi Kit (Qiagen, San Diego, MD,
USA) and ¢cDNA was prepared with Tagman
reverse transcription (RT) reagents (Applied
Biosystems) at 25°C for 10 min, 48°C for
30 min, and 95°C for 5 min. Amplification con-
dition consisted of an initial denaturing step of
95°C for 10 min, followed by 38 cycles of 94°C
for 30 s, 60°C for 30 s, 72°C for 30 s, with a final
incubation at 72°C for 3 min. PCR products
were separated by electrophoresis on 15% poly-
acrylamide gel at 4°C overnight. Bands were
excised from the gels and purified with QIA® 11
Gel Extraction Kit (Qiagen). PCR products were
then cloned in pCR2.1 TOPO-TA cloning vector
(Invitrogen). Direct sequencing was carried out
with the Big Dye Terminator Cycle Sequencing
Ready Reaction Kit (Applied Biosystems) on an
ABI 3100 autosequencer (Applied Biosystems).

Plasmid construction and transfection, and luciferase assay

Genomic fragments of the 5° flanking region of
exon 1 of CYSLTRI were amplified with the
primers listed in Table 1. PCR products were
digested with Bg/ll and Hindlll overnight at
37°C and then subcloned in pGL3-Basic vector
(Promega, Madison, WI, USA) digested with
Bglll and Hindlll. U937cells (Cell Resource
Center for Biomedical Research, Tohoku Uni-
versity, Miyagi, Japan) were resuspended in
RPMI 1640 (Sigma-Aldrich Co., St Louis, MO,
USA) supplemented with 10% fetal calf serum
(Sigma-Aldrich). Approximately 1x 107 cells
were cotransfected with 30 ug of test construct
and 150 ng of pRL-TK (Promega) by electro-
poration with a Gene Pulsar II (Bio-Rad, Her-
cules, CA, USA) set at 350 V and 950 uF for
U937. Transfected cells were harvested 5 h after
transfection. Cells were lysed by the addition of
200 ul of lysis buffer (Promega). A volume of
20 ul of each lysate was used for the luciferase
assay with the Dual-Luciferase Reporter Assay
System (Promega). The firefly luciferase values
were normalized to the Renilla luciferase values
of pRL-TK, which were determined at the same
time. Reporter activity is presented as the mean
of at least three independent measurements.

Statistical analysis

Transmission disequilibrium test (TDT)-chromo-
some X was analyzed with the UNPHASED package
(http://www litbio.org/access.htm) (24). Differ-
ences in transcriptional activity in reporter assays
were analyzed with the Wilcoxon test.



Results

Isolation of 5" full-length CYSLTRT transcripts and structure of
the human CYSLTRT gene

Current information in the NCBI database
(http://www.ncbi.nlm.nih.gov) indicates that
CYSLTRI is composed of three exons and two
introns, and the cDNA is 1537 bp long
(NM_006639). Our present 5 RACE experi-
ments with cDNAs derived from human leuko-
cytes and spleen were successful and added an
additional 225 bp of sequence to the 5 side of the
available sequence (Fig. 1a, b). No additional
novel exons were detected.

Tissue expression of CYSLTR1

Splice variants of CYSLTRI were examined with
cDNA derived from lymphocytes. Five splice
variants were detected, and the structure of each
variant is shown in Fig. 2. Variants A and C were
the dominant transcripts in lymphocytes. Variant

(a)

CYSLTRI and atopic diseases

A was the longest transcript, whereas variant C
lacked a part of exon 1. Variant B lacked all of
exon 2, and both variant D and variant E lacked
a part of exon 1 and all of exon 2. Expression of -
CYSLTRI in various human tissues was ana-
lyzed with a PCR-based method (Fig. 3a—c). We
designed primers to amplify the regions between
exons 1 and 3 (expected product size 691 bp,
primer pair I-1II) and between exons 2 and 3
(expected product size 189 bp, primer pair II-1II)
(Fig. 1a). Transcripts including exons 2 and 3
were observed in most tissues analyzed. We
observed multiple splice variants in the tran-
scripts including exons 1, 2 and 3. Variant A was
the major product in lung, and several splice
variants were observed in brain, placenta, liver,
kidney and pancreas (Fig. 3a). Variants A and C
were observed in tonsil, leukocytes, spleen and
lymph node. Variant C was expressed weakly in
thymus and bone marrow (Fig. 3b). Variant A

- was present in resting CD4+, CD14+, CD8 +

and CD19+ cells, and in activated CD4 + cells

56kb

€.-618-434T/C C.-‘61 8-136G/A

927CT |

" |
— =~

Exon1

Exon2 Exon3
c-61 8'275C/A <Primer pair 15> CDS
<«€——— Primer pair |-!ll >
Exon1 Intron1 Exon2
Fig. 1. Genomic structure and AAGTTAGCAG/gtaaggagac - - - (44kb) - - - atgatttcag/CGTGGGCTTC
Exon2 Intron2 Exon3

cDNA sequence of human cy-
steinyl leukotriene receptor 1

(CYSLTRI). (a) Top, genomic
structure of human CYSLTRI
gene. Boxes mark the positions

(b)

CCAGAAAGAG/gtatacctga - - - (9.6kb) - - - titattatag/GCACAAAGCA

™ Exonl

of exons 1-3. The open box is -625 GCTGAAGAGAGAACACTCGTCCCTGCTTCCCATCTTAGAGCAGCTGAATA
the region we extended in our 5’ -575 ATTTCCTGAGAATTCTATTCCTGAAGCTAGGAAGAAAAGTTTATTTATAC
rapid amplification of cDNA -525 ATACACGCAACCTGCAAGTCTCCAGTTTCTATTCTTCCTTCCTCTTTGAC
end (5 RACE) experiment. variant C and D donor site
CYSLTRI contains three exons, —475 CCTTCCCCTCCCCCACTTTECACCAGAGAAGTCAGACTCCGGGAGTGCTT
and the _Cﬁdmg sequence (C_Dg) variant E donor site
cs:tiai?ihvzl;oczioor:]:.o?:}rlgwsoin - -425 TAACAGTTTGAAGGCTAATCTGAAAGAGGAAGAAGAATCTGTATATCTGT
morphisms, The positionIs) ofy -375 ATATATTGGCTAGCAAATGTGCCCTGCTCTCTCCCCTCTTAAAAATAGCA

. A -325 GCAACCCATCTTTGCAAAGAAGCTTGCCTATAGAGCAGGCACTCTGTGAA
primer pairs I-IIT and II-III are T
shown. Bottom, genomic se- -275 TGGACTGTGCTTTTACGACCCTACAGGGTATCAAGATACTGTGCAGCTCG
quences of exon-intron junc- variant C and D acceptor site
tions in CYSLTRI. (b) Sequence -225 CCAACAAGGATTAATTGCAAGGACTGGTAGATCGAATTTACTGAAGACTT
of the human CYSLTRI cDNA. -175 GGAGCTTGCTTCTGAGAACAAACGCAAAAGGACAGTAAACTGTGGACCTT
Numbers are relative to the Exon2
translation initiation site. -125 GAAGTTAGCAGCGTGGGCTTCCTCTAATATTACACCGTAAAAGGCATTGA
Boundaries between exons are . 3
N, " xon
indicated by arrows. The 5 -75 TCACCATAAGAAGGAACATTTGTGAAGGTACTCCAGTGCCAGAAAGAGGC
RACE extended sequence is » CDS
italicized. Splice sites for vari- -25 ACAAAGCAGACATTCGTAGAGAAACATGGATGAAACAGGAAATCTGACAG
ants C and D are indicated with M D E T & N L T v
closed triang) i

triangles, and the splice 26 TATCTTCTGCCACATGCCATGACACTATTGATGACTTCCGCAATCAAGTG

site for variant E is shown with
an open triangle.
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(a) | 1] 1}

691bp (A)
604bp (B)
436bp (C)

349bp (D)

276bp (E)

(b) cDS
1 2 | 3

[ 511 | 87 ] 1141 |
—> -«—
Primer pair I-lll

A |__s04 |87]100]

B | 504 | [100 |

¢ [114] [13s]87]100]

D [114] [135] | 100 |

E

Fig. 2. Splice variants of cysteinyl leukotriene receptor 1
(CYSLTRI). There are five CYSLTRI wvariants in
lymphocytes (a) and the structure of each variant is shown
in (b). The size in bp of each exon is indicated in the box.
CDS and arrows indicate the start site of the coding
sequence.

and monocytes, but was not expressed in activa-
ted CD8+ cells (Fig. 3c). We could not find a
human sequence corresponding to band X, which
was observed in kidney, fetal liver, tonsil and
leukocytes (Fig. 3a, b), by BLAST search with
human genome sequence database (http://
www.ncbi.nlm.nih.gov/BLAST/), therefore, we
considered band X as PCR artifact.

Polymorphism search and TDT analysis

We screened for polymorphisms in DNAs from 32
unrelated female subjects and found four poly-
morphisms ¢.-618-334T/C (rs321029), c.-618-
275C/A (rs2637204), c.-618-136G/A (rs2806489)
and 927C/T (rs20995), in CYSLTRI (Fig. la).
We numbered these according to the recommen-
dation of nomenclature system published previ-
ously (25). These four polymorphisms are in
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Fig. 3. Expression of cysteinyl leukotriene receptor 1
(CYSLTRI) in human multiple tissue panels. Results of
polymerase chain reaction amplification of body organs (a),
immune system (b), and blood fractions (c) are shown.
Glycerol-3-phosphate dehydrogenase is included as an
internal control. Mono, monocytes; r, resting; a, activated;
NC, no-template control. Four bands (A, B, X and C) were
observed, and the splice structures of bands A, B and C are
depicted in Fig. 2b.

omplete linkage disequilibrium with each other
(r* = 1). We performed TDT analysis of chro-
mosome X, and none of the polymorphisms was
associated with asthma or allergic rhinitis
(CAAT haplotype: transmitted 26, not transmit-
ted 26, p = 1.0 for asthma; and transmitted 12,
not transmitted 10, p = 0.67 for rhinitis). The
frequency of CAAT haplotype in parents was
56% and that of the TCGC haplotype was 44%.

Transcriptional activities of 5" flanking region of CYSLTR1

To examine the transcriptional activity in the 5
flanking region of CYSLTRI, we constructed
plasmids that contained sequences from —1604,
—-1235, -665, —-345, —-108, and -30 to +24
relative to the transcription initiation site. The
primers used for plasmid construction are listed
in Table 1. The expression of CYSLTRI in U937
cells was confirmed by RT-PCR (data not
shown). These constructs were then transiently
transfected into U937 cells. Deletion analysis
revealed that the region driving maximal reporter



gene expression in U937 cells was located
—-665 bp proximal to the transcription initiation
site (Fig. 4). Two larger constructs, one from
-1604 and the other from -1235, have lower
luciferase activities than construct —665, suggest-
ing that negative regulatory sites may be present
in this region.

To determine whether the c.-618-434T/C, c.-
618-275C/A, and c¢.-618-136G/A polymorphisms
are functional, we generated luciferase reporter
gene constructs that contained the 5 flanking
region of CYSLTRI! from exon 1 to —665 bp,
and differed from wildtype only with c.-618-
434C, ¢.-618-275A, and c.-618-136A. The three
polymorphisms in the promoter (c.-618-434T/C
c.-618-275C/A, and c.-618-136G/A) and 927C/T
are in complete linkage disequilibrium (r> = 1)
with each other, so only two promoter haplo-
types (TCG and CAA) exist in the population.
The construct containing the TCG haplotype had
higher transcriptional activity than that contain-
ing the CAA haplotype (p = 0.049), suggesting
that the TCG and CAA haplotypes have differ-
ent transcriptional activities and may contribute
to altered expression of CYSLTRI (Fig. 5).

-1604bp

r)
uc
~1235bp > {Duc
—665bp E
-345bp m’
-108bp | i ‘Im
—30bp Tuc]

+240p4{Toc]
pGL3 [Lic]

I

oo

Reverse
1 1 i 1 1 i

05 10 16 20 25 30
Relative luciferase activity

Fig. 4. Reporter activity in U937 cells. Each construct was
transfected into U937 cell as described in Methods. Lucif-
erase activity is presented relative to Renilla activity, and all
values are the mean + s.d. of at least three independent
experiments.

+1

O Eom
]

p=0.04

— - m e F

1 1 l 1 i 1
05 10 15 20 25 30
Relative luciferase activity

Fig. 5. Effect of the three polymorphisms on cysteinyl leu-
kotriene receptor | (CYSLTRI) promoter activity. Lucif-
erase activity is presented relative to Renilla activity, and
values are the mean + s.d. of at least three independent
experiments. :

CYSLTRI and atopic diseases

Discussion

In the present study, we investigated the genomic
structure and transcriptional activity of CYS-
LTRI] and examined possible associations of
CYSLTRI polymorphisms with asthma/rhinitis.
We isolated the full-length genomic region of
CYSLTR! and characterized the promoter
region of CYSLTRI. We found four polymor-
phisms in CYSLTRI, but none was associated
with asthma or allergic rhinitis by TDT.

Our 5 RACE analysis revealed that CYS-
LTRI contains three exons and extended the
previous sequence data by 225 bp on the 5 side.
Exons 1 and 2 are non-coding, and the entire
open reading frame is located in exon 3. We
found that there are five different CYSLTRI
transcripts in lymphocytes. These transcripts do
not change the putative open reading frame; all
variants are predicted to encode identical pro-
teins. However, it is possible that the differences
in the transcripts influence the stability or
secondary structure of the mRNA, which alters
translation of the transcript to protein.

Genome-wide analyses of alternative splicing
indicate that 40-60% of human genes have
alternative splice forms, suggesting that alternat-
ive splicing is one of the most significant
components of the functional complexity of the
human genome (26). Recent studies showed that
a majority of alternative splices change the
protein product (26, 27). However, in the present
study, the alternative splicing sites in the variants
occurred outside of the coding region. This
suggests that a strict conformation of the CYS-
LTRI1 protein is essential for its function in
leukotriene signaling.

Tissue distribution of CYSLTRI has been
examined extensively. Northern blot analysis
revealed the highest level of expression in per-
ipheral blood leukocytes, followed by spleen,
lung, pancreas, small intestine and other tissues
(10, 11). RT-PCR and in situ hybridization
showed expression in eosinophils, neutrophils,
B cells, T cells, mast cells, and CD14+, CD19+
and CD34+ cells (12, 28, 29). In the present
study, we examined expression of the different
transcripts in many tissues. Transcripts including
exons 2 and 3 were observed in most tissues
tested. However, expression of transcripts ori-
ginating from exon 1 varied significantly in
different tissues. Our data suggest that transcripts
originating from exon 2 are the dominant tran-
scripts in some tissues, such as thymus and bone
marrow. Interestingly, transcripts from exon 1
were observed in resting CD8+ cells but not in
activated CD8 + cells, suggesting that expression
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¢-618434TIC ¢

-475 gccccaggcttcaatcagcacataccagactgctatgtcecTtttcteca
~-425 gaagccatattgagcaccccacagctctaacacctcagagectagecaaa
-375 ggccaagaacacttgcctgatcccccaaatttccaacacaggaccattga
-325 cagcaagcccagtcattccagatcatcttcagtgggacaaaaaaagaaa_a

a ¢.-618-275C/A

-275 Caacagttttaatccaatggaggcaatttattgttatgaagatttcagga
—_—
GATA
-225 aacaaagctcaaaaaggaaccagaaaggaaaaggctttttagaatgtgga

c-618-136G/A »

-175 tagagccacaagtgtcattaaggagagagagagagaaacGgagagatgaa
v-Myb

-125 atttatgttacttaagatcaagtttcacataatgccagttatattagcat

=75 atactggcaggattatctttcecccacctacaaatagtctaatgacctcac

Transcription start
-25 agtcacagaaatcacagagaactaagctgaagagagaacactcgtcectyg

Fig. 6. In silico analysis of putative transcription factor
binding to the polymorphic sites. The numbers are relative
to the transcription initiation site. The polymorphisms are
shown as bold, upper case. The transcription start site is
indicated as an arrow, and transcribed sequences are ital-
icized.

of transcripts from exon 1 is influenced by
activation status. We found that CYSLTRI is
expressed in CD14+ and CD19+ cells, which is
consistent with previous results (12).

Our present TDT results were consistent with
those of the previous study (21), suggesting that
polymorphisms in CYSLTRI are unlikely to be
involved in asthma. Case—control studies are the
commonly used methods for genetic association
studies. However, case—control studies are prone
to a special form of confounding called popula-
tion stratification, whenever the existence of one
or more subpopulations may lead to a false
association, be it positive or negative. TDT is one
strategy for overcoming the problem of popula-
tion stratification. However, our present sample
size is not large (137 asthmatic families and 48
rhinitis families), and the possibility of a type 11
error cannot be excluded.

In the present study, we first identified the
CYSLTRI promoter region, which is located
—665 bp relative to the transcription initiation
site, and showed that the TCG and CAA
promoter haplotypes influence transcriptional
activity. In silico analysis (http://www.cbrc.jp/
research/db/TFSEARCH.html) revealed that
several transcription factors could bind to the
polymorphic sites in the CYSLTRI promoter. C
to A substitution in the c¢.-618-275C/A site would
affect the binding affinity of GATA-binding
protein to this site (Fig. 6). The G to A change
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in the ¢.-618-136G/A could decrease the affinity
of biding of the v-Myb transcription factor to
this site (Fig. 6). Therefore, it is possible that
changes in expression of CYSLTRI due to these
haplotypes may affect individual responsiveness
to CYSLTRI antagonists. Further, studies of
different populations are needed to clarify the
roles of CYSLTRI polymorphisms in the devel-
opment of atopic diseases.
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Functional SNPs in the distal promoter of the
ST2 gene are associated with atopic dermatitis

Makiko Shimizu'2, Akira Matsuda’*, Ken Yanagisawa®, Tomomitsu Hirota',

Mitsuteru Akahoshi', Naoko Inomata?, Kouji Ebe*, Keiko Tanaka®, Hisashi Sugiura®,

Kazuko Nakashima'®, Mayumi Tamari', Naomi Takahashi', Kazuhiko Obara', Tadao Enomoto’,
Yoshimichi Okayama®, Pei-Song Gao®, Shau-Ku Huang®, Shin-ichi Tominaga®, Zenro lkezawa?
and Taro Shirakawa'-®

Laboratory for Genetics of Allergic Diseases, SNP Research Center, RIKEN, Yokohama, Japan, “Department of
Dermatology, Yokohama City University School of Medicine, Yokohama, Japan, 3Department of Biochemistry, Jichi
Medical School, Tochigi, Japan, “Takao Hospital, Kyoto, Japan, “Department of Dermatology, Shiga Medical School,
Shiga, Japan, ®Department of Health Promotion and Human Behavior, Kyoto University Graduate School of Public Health,
Kyoto, Japan, "Department of Otolaryngology, Japanese Red Cross Society, Wakayama Medical Center, Wakayama,
Japan, 8Laboratory of Allergy Transcriptome, Research Center for Allergy and Immunology, RIKEN, Yokohama, Japan
and %Johns Hopkins Asthma and Allergy Center, Johns Hopkins University School of Medicine, Baltimore, MD, USA

Received June 15, 2005; Revised and Accepted August 18, 2005

Atopic dermatitis (AD) is a common inflammatory .skin disease associated with the local infiltration of T
helper type 2 (Th2) cells. The ST2 gene encodes both membrane-bound ST2L and soluble ST2 (sST2) proteins
by alternative splicing. The orphan receptor ST2L is functionally indispensable for Th2 cells. We found a sig-
nificant genetic association between AD and the —26999G/A single nucleotide polymorphism (SNP) (x>-test,
raw P-value = 0.000007, odds ratio 1.86) in the distal promoter region of the ST2 gene (chromosome 2q12) in
a study of 452 AD patients and 636 healthy controls. The —26999A allele common among AD patients posi-
tively regulates the transcriptional activity of the ST2 gene. In addition, having at least one —26999A allele
correlated with high sST2 concentrations and high total IgE levels in the sera from AD patients. Thus, the
—26999A allele is correlated with an increased risk for AD. We also found that the —26999G/A SNP predomi-
nantly affected the transcriptional activity of hematopoietic cells. Inmunochistochemical staining of a skin
biopsy specimen from an AD patient in the acute stage showed ST2 staining in the keratinocytes as well
as in the infiltrating cells in the dermal layer. Our data show that functional SNPs in the ST2 distal promoter
region regulate ST2 expression which induces preferential activation of the Th2 response. Our flndmgs will
contribute to the evaluation of one of the genetic risk factors for AD.

INTRODUCTION

Atopic dermatitis (AD) is a chronic inflammatory skin disease
associated with the local infiltration of T helper type 2 (Th2)
cells that secrete interleukin (IL)-4, IL-5 and IL-13 in the
acute stage followed by the infiltration of T helper type 1
(Th1) cells, which is responsible for the chronicity of AD
lesions (1). Genetic susceptibility to AD has been suggested
by epidemiological and genetic studies (2—4). In one study,

monozygotic twin pairs had a concordance rate of 0.72 and
dizygotic twin pairs had one of 0.23 for AD (5). The IL-1
receptor (IL1R) gene cluster (2q12—14) has many immuno-
regulatory genes including ILIR1, ILIR2, ILI8R1 and
IL18RAP. We and others reported some genetic association
studies of atopic diseases investigating this region (6-—8).
We carried out detailed genetic association studies of the
ILIR region and found that genetic polymorphisms within the
ST2 (IL1RL1) gene region had a strong association with AD.
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ST2 was originally reported as a gene induced by serum in
mouse fibroblasts (9). There are three altemnatively spliced var-
iants in ST2 in mammals, membrane-bound ST2L (10),
soluble ST2 (sST2) (9) and ST2V (11). ST2L is an orphan
receptor which has a conserved cytosolic domain called as
the Toll-IL1R (TIR) domain. The functional role of ST2L is
relevant to AD because ST2L is expressed in Th2 cells but
not in Th1 cells (12), it has critical roles in Th2 effector functions
(13) and is considered as a functional marker for Th2 cells. In
addition, ST2L expression was also reported in mast cells
(14), effector cells in the acute stage of AD (15). In contrast to
other members of the TIR family that activate NF-kB signaling
pathways (16), ST2L negatively regulates IL1R1 and toll-like
receptor (TLR)-4 signals by sequestrating MyD88 and Mal
signals (17). In this study, we found single nucleotide poly-
morphisms (SNPs) associated with increased risk for AD in
the promoter region of the S72 gene. The high-risk SNPs
showed higher ST2 promoter activity and hence increased
serum sST2 as well as total IgE levels in AD patients.

RESULTS

Identification of genetic polymorphisms
in ST2 and intragenic LD

We discovered 67 genetic variants in the ST2 region (Supple-
mentary Material, Table S2) by resequencing DNA samples
from 24 Japanese individuals (12 AD patients and 12 con-
trols). Among the 67 genetic polymorphisms, 34 variants
had estimated minor allele frequencies (MAF) of >10%
(based on the sequencing of 24 DNA samples). We calculated
r* as the statistical value for pairwise linkage disequilibrium
(LD) between the SNPs (Supplementary Material, Fig. S1).
On the basis of location and LD with other sites, we selected
seven haplotype tagging SNPs as representative SNPs
(Fig. 1A and Table 1) from the 34 common SNPs. Two SNPs
(—27639A/G and —26999G/A) were in the 5'-genomic region
for exon la, one SNP (744C/A) in exon 3 and four SNPs
(2992C/T, 5283G/A, 5860C/A, 11147C/T) in the introns. Posi-
tions are numbered according to their positions relative to
the published S72 gene sequence (GenBank accession no.
AC007248), and position I is the adenine of the first methionine.

Case—control study

A summary of the case—control association study with repre-
sentative SNPs is shown in Table 1. All seven SNPs were in
Hardy—Weinberg equilibrium in both AD and control groups
(P > 0.05). One —26999G/A SNP showed a significant associ-
ation under a dominant model [ —26999GG versus G/A + A/A,
raw P-value = 0.000007, P = 0.000049 after Bonferroni
correction, odds ratio (OR) = 1.86] (Table 2). The association
became stronger (raw P-value = 0.000000038, corrected P=
0.00000027, OR = 2.55) for the AD patients with very high
serum total IgE levels (IgE > 1700 [U/ml, n = 290) (Table 2).
Weak association was also observed at —27639A/G SNP
(—27639AA versus A/G + G/G, raw P-value = 0.0001, correc-
ted P-value = 0.0007). The —27084G/C SNP was also fully
genotyped and we found that the —27084G/C and —26999A/G
SNPs were in a state of complete LD.

_(mean).

Haplotype analysis

We also tested the distribution of two- and seven-locus haplo-
types in AD and control samples. Among the two-locus
haplotypes of the promoter region SNPs (—27639A/G
and —26999G/A), haplotype —27639G/ — 26999A showed
an increased risk for AD (Table 3, G, A versus others;
P =0.0004, OR = 1.41). We also analyzed the haplotypes
of the seven representative SNPs and found that haplotype-A
was associated with AD (Table 4, haplotype-A versus
others; P = 0.000028, OR = 1.45). However, none of these
associations was stronger than those observed for the single
locus (—26999G/A).

Reporter gene analysis

We made a construct for haplotype-1 (the major haplotype:
—27639A, —27084G and —26999G) and haplotype-2 (the
common haplotype among AD patients: —27639G,
—27084C and —26999A) with pGL3 basic vector. The
assay was performed in triplicate, and a representative result
of three independent experiments is shown as mean + SD in
Fig. 1B, right. The relative strengths of luciferase activity
were 1517 + 41 (mean + SD) for haplotype-1 and 3226 + 84
for haplotype-2, 267+7 for distal-A355 (—27639A clone).
The distal-A355 clone with the —27639G allele showed a
result similar to that for the —27639A allele (data not shown).
Haplotype-2 induced stronger ST2 promoter activity than

haplotype-1.

RT-PCR analysis with a panel of hematopoietic cells,
keratinocytes and dermal fibroblasts

For analysis of differential promoter usage, we made specific
primer sets to distinguish each promoter and subtype of ST?2
expression and performed RT-PCR with ¢cDNA from a
human mast cell line (LAD2), human keratinocytes (KC)
cultured with serum-free medium and dermal fibroblasts
cultured with 10% fetal bovine serum (FBS). For some
studies, KC were stimulated with 10% FBS for 24 h. The
results showed that only mast cells used both distal and prox-
imal promoters. The other cells (skin fibroblasts and KC)
used the proximal promoter exclusively (Fig. 1C). LAD2
cells could express sST2 mRNA using both promoters and
ST2L mRNA using the distal promoter, whereas skin fibro-
blasts and KC could only express sST2 using the proximal
promoter (Fig. 1C).

Quantification of sST2 protein and total IgE
using the sera from AD patients

The concentration of sST2 in the sera of 124 AD patients was
measured with ELISA. The sST2 concentration of the serum
of patients with the —26999G/G genotype was 0.225 ng/ml
For the —26999G/A + A/A genotype, it was
0.365 ng/m! (Supplementary Material, Fig. S4A). The sera
from —26999G/G genotype patients showed a significantly
lower ST2 concentration than those from —26999G/A + A/
A patients (P = 0.0000008 by Mann—Whitney U-test). All
measurements were performed in duplicate. We carried out
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Figure 1. ST2 gene structures and the roles of promoters in the induction of ST2 transcripts. (A) ST2 (ILIRLI) locus SNP map in the genomic region. The
complete coding region of ST2, intron/exon boundaries, ~3 kb of §'-genomic DNA, is shown. The longer variant (ST2L) has 11 exons and the shorter
variant (sST2) has eight exons. These exons are indicated by closed rectangles. (B) Comparison of allelic variants of the ST2 distal promoter region analyzed
by luciferase activity. Allelic differences in luciferase activity were examined using human mast (LAD2) cells. The constructs of the reporter plasmids are shown
on the left. Five hundred nanograms of each plasmid was transfected with 10 ng of pRL-TK vector. Transcriptional activity was determined by assaying the
firefly luciferase activity of cellar extracts prepared 24 h after transfection. Data show the mean + SD relative activity from a representative experiment
done in triplicate, *£ = 0.004 by Student’s r-test. (C) RT-PCR with cDNA from various cells in skin using specific primer sets for distinguishing each promoter
and subtype (ST2L/sST2) expression. (Top left) Forward primer: exon la (distal promoter), reverse primer: sST2 specific region. (Top right) Forward: exon la,
reverse: ST2L-specific region. (Bottom left) Forward: exon 1b (proximal promoter), reverse: sST2, (Bottom right) Forward: exon 1b, Reverse: ST2L. Lane |:
LAD2 (mast cells), lane 2: KC cultured with serum-free medium (SFM), lane 3: KC cultured with SFM + 10% FBS for 24 h, lane 4: dermal fibroblasts. M1: | kb
molecular marker, M2: 100 bp molecular marker.
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Table 1. Genotype frequencies for ST2 SNPs and AD susceptibility

Control (n = 636)

SNP Location AD (n =452) P-value*  P-value® P-value®
number 1 2 3 Sum  Minorallele 1 2 3 Sum  Minor allele
frequency frequency
114 —27639A/G 205 295 124 624 0.44 99 235 115 449 0.2 0.0026*  0.0007¢ NS
2 18 —26999G/A 223 279 112 614 0.41 106 240 106 452 050 0.00024°  0.000049° NS
3 4 744C/A 415 182 28 625 0.19 313123 9 445 0.6 NS NS NS
4 49 2992C/T 221 286 113 620 0.41 183 205 57 445 036 NS NS NS
5 51 5283G/A 272 273 79 624 0.35 204 195 48 447 033 NS NS NS
6 57 5860C/A 225 284 110 619 0.41 187 205 56 448 035 NS NS NS
7 67 11147C/T 251 280 91 622 0.37 209 189 47 445 032 NS NS NS
NS, not significant.
?Allele!l versus allele2.
"Genotypel 1 versus 12 4 22.
‘Genotypel |l + 12 versus 22.
dP-value statistically significant after Bonferroni correction (raw P-values were multiplied by 7).
Table 2. Association between ST2-26999 G/A SNP and AD
Controls AD X OR AD total . X OR
(n=614) (n =452) (P-value) (95% CI) [gE> 1700 (n = 290) (P-value) (95% CI)
—26999G/A GG:others GG:others
GG 223 106 20.20 1.86 53 30.23 2.55
GA 279 240 (0.0000070) (1.42-2.45) 166 (0.000000038) (1.81-3.58)
AA 112 106 (0.000049)° 71 (0.00000027)°

*Raw P-value.
bP_value after Bonferroni correction.

Table 3. Haplotype structures and frequencies in ST2 distal promoter

5

Haplotype Haplotype frequency X P-value  OR
—27639, —26999 Case Control

A, G 0.56 0.48 13.00  0.0012 1.37
G A 0.41 0.50 15.14  0.0004 1.41
G, G 0.025 0.019 085 035 1.32

two separate experiments and the results were similar. The
total IgE concentration in the sera of 428 AD patients was
measured with the fluorescence-enzyme immunoassay
(FEIA) (Supplementary Material, Fig. S4B). The total IgE
concentrations were 5371.9 IU/ml (mean) for the sera from
—26999G/G genotype patients and 7898.7 IlU/ml for those
from —26999 G/A + A/A genotype patients. The serum con-
centration of total IgE was significantly. lower in the sera
of —26999G/G patients (P = 0.0024 by Mann—Whitney
U-test). The correlation between the sST2 and the total IgE
concentration was examined among —26999A/A genotype
patients (Supplementary Material, Fig. S4C); Pearson’s corre-
lation coefficient was 0.28.

ST2L protein expression on the surface of human
mast cells

Immunoprecipitation (IP) and subsequent western blotting
using LAD2 cell lysate showed a positive band around

90kDa in the IP samples with an anti-ST2 antibody
(clone2AS). Deglycosylation with PNGaseF showed a shift
of the band to lower molecular weight, corresponding to the
molecular weight of non-glycosylated ST2L protein
(Fig. 2A). To further demonstrate the. surface expression of
ST2L protein, non-stimulated LAD2 cells were stained with
the anti-ST2 antibody (with FITC) and analyzed by FACS.
The histogram showed a positive shift of the mean FITC inten-
sity of ST2 staining (dotted line, Fig. 2B) compared with that
of isotype-matched mouse IgG.

Immunohistochemistry

A paraffin section of the skin biopsy sample from an AD
patient in the acute stage was stained with an anti-ST2 mono-
clonal antibody (clone HB12). Positive staining was observed
on the cell surface of KC in the suprabasal layer and infiltrat-
ing cells in the dermal layer (Fig. 3A and C). ST2-positive
staining was observed only with the infiltrating cells in the
dermal layer of the skin of another AD patient in the
chronic stage (Fig. 3B). Immunostaining with control mouse
IgG, did not show positive signals (data not shown).

DISCUSSION

We found an SNP in the distal promoter region of ST2
(—26999G/A) that showed a significant association with AD
during our series of genetic association studies within the
ILIR gene cluster. This is the first association study for the
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Table 4. Haplotype structures and frequencies in ST2
HaplotypelD Haplotype frequency —27639 —26999 744 2992 5283 5860 11147

Case Control

Haplotype A 0.41 05 G A C T A C C
Haplotype B 0.33 0.32 A G C c G A T
Haplotype C 0.13 0.12 A G A T A C C
Haplotypel/others: x = 17.5; P = 0.000028; OR = 1.45.
Haplotype2/others: xf =0.15; P=10.703; OR = 1.04.
Haplotype3/others: x™ = 0.57; P=0.451; OR = L.1.

ST2 gene and the results are intriguing, because the SNPs
directly affect the expression level of Th2 cell marker ST2.
Recent studies have clearly shown essential functional roles
of ST2L protein for Th2-mediated immune responses
(13,18,19), so it seems reasonable to investigate ST2 genetic
polymorphism as a candidate for conferring susceptibility to
AD. The result of case—control association studies of seven
representative  SNPs (Table 1) and haplotype analysis
(Tables 3 and 4) showed that the highest association with
AD was observed with the —26999G/A SNP as a single
locus. There were four other SNPs in the ST2 genomic
region that showed tight LD with the —26999G/A SNP.
Three SNPs were located distal to the —26999G/A SNP in
the distal promoter region. Two SNPs (—28214T/C; 3258 bp
distal from the transcription starting site and —29778C/A,
1694 bp distal from the site) were not included in the func-
tional analysis because our series of 5-deletion promoter
assays showed that the critical region for ST2 distal promoter
activity was located within 300-500 bp from the transcrip-
tional starting point (20); therefore, these two SNPs seemed
to be less functional. Of the remaining two SNPs, one SNP
(—27084G/C) was located at 85 bp distal to the —26999G/A
SNP (236 bp distal 1o the transcriptional starting site); there-
fore, we decided to analyze these two SNPs together by repor-
ter gene assay. The last SNP (—2874A/G) in tight LD with
—26999G/A, located in the proximal promoter region of
the S72 gene, did not affect the proximal promoter activity
(Supplementary Material, Fig. S2).

The distal promoter reporter gene assay was performed with
two 1132 bp distal promoter constructs, including two major
haplotypes —27639A/—27084G/—26999G and —27639G/
—27084C/—26999A covering >97% of haplotype frequency
(Table 3). In addition to the two SNPs in the state of complete
LD, (—27084/ — 26999), another SNP (—27639 A/G) that
also showed a weak association with AD (Table 1) was
included for analysis. We have reported that a GATA
element commonly observed in both human and mouse S72
gene distal promoter region was indispensable for the acti-
vation of the promoter activity in Th2 cells (20,21). Therefore,
we made another set of promoter assay constructs (Distal-
A355) deprived of the GATA binding site and two SNP
sites, which showed abrogated transcriptional activity
(Fig. 1B). From these results, we concluded that this 356 bp
region was essential for ST2 transcription and that the two
SNPs (—27084G/C and —26999G/A) had major influences
on the distal promoter activity among the SNPs with signifi-
cant associations.

For further analysis of the roles of the genetic polymor-
phisms, we measured the serum concentrations of sST2 and
total IgE and sorted the results by the genotype in the
distal promoter. As the association study showed the most
significant result under a dominant model (Tables | and 2),
we compared the results by the genotype —26999G/G (low
risk for AD) versus —26999A/G + A/A (high risk for AD).
The results matched the results of the reporter gene assay
and the association study. Furthermore, the genetic associ-
ation between the —26999G/A SNP and AD patients for
very high serum total IgE (IgE > 1700 IU/ml) became stron-
ger (Table 2). These results suggested that having at least
one allele of —26999A was correlated with a high sST2
level and a high total IgE concentration and an increased
risk for AD. There is some controversy over the role of
IgE in the pathogenesis of AD (22); therefore, it will be
useful to genotype intrinsic AD (1) patients in the future.

We found a weak correlation (r = 0.28) between the serum
sST2 level and the total IgE concentration with the genotype
—26999AA patients. This finding was consistent with the
recent report that the increase of food-specific IgE is paralleled
by elevated sST2 levels, not by serum IL-4, IL-13 and inter-
feron gamma levels (23). These results suggested possible
effects of sST2 in IgE production, so further studies seem to
be essential.

We reported sST2 concentrations of 200 healthy controls
and 56 asthmatic patients previously (24). The sST2 con-
centration of healthy controls was 0-1.65ng/ml (mean
0.415 ng/ml) and that of asthmatic patients was 0—2.40 ng/ml
(mean 0.493 ng/ml). A differential rise of the serum ST2
level that correlated well with the severity of asthma exacer-
bation was observed (24). The serum concentration of sST2
in AD patients [0-1.02 ng/ml (mean 0.326 ng/ml)] was not
significantly higher or lower than that of healthy controls or
asthmatics; nonetheless, there was a correlation between the
ST2 genotype and the sST2 concentration. We are now inves-
tigating the changes of the sST2 concentration during the
clinical stages of AD, and the results might further clarify
the role of sST2 in AD.

It has been reported that the usage of two different promo-
ters (distal and proximal) depends on the type of cell for the
human S72 gene (21). Consistent with this report, we showed
that only hematopoietic cells utilized the distal promoter and
that ST2 transcription of other skin cells (KC, dermal fibro-
blasts) was initiated from the proximal promoter (Fig. 1C).
These results suggested that the significant association of
SNPs —27084 and —26999 in the ST2 distal promoter
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Figure 2. ST2L expression in LAD2 cells. (A) LAD2 cell lysate samples were
immunoprecipitated with either an anti-ST2 IgG antibody (2A5) or an isotype-
matched control antibody. The immunoprecipitated samples were electro-
phoresed and immunoblotted with an anti-ST2 IgM antibody (clone: G7).
Duplicated samples after IP were treated with PNGaseF for 1 h and then immuno-
blotted simultaneously. Lane 1: anti-ST2-IP, lane 2: control antibody-IP, lane 3:
control antibody-IP-PNGaseF-treated, lane 4: anti-ST2-1P-PNGaseF-treated.
(B) Cell surface ST2L protein expression in LAD2 was analyzed with a
FACS Calibur. FcR of LAD2 cells were blocked and then stained with an
anti-ST2 antibody (2A5). FITC-goat anti-mouse 1gG1 was used as the second-
ary antibody. Staining with control mouse IgG1 is shown with a black line and
the anti-ST2 antibody is shown with the dotted red line.

region predominantly affected hematopoietic cells. We found
that both ST2L and sST2 mRNAs were expressed most
abundantly in mast cells (Supplementary Material, Fig. S3)
and confirmed ST2L expression on mast cells at the
protein level by western blotting (Fig. 2A) and FACS analy-
sis (Fig. 2B). Moritz et al. (14) reported that ST2L was
selectively expressed during the development of mast cell
lineage, and very recently Chen e al. (25) showed that

Figure 3. Immunohistochemical staining of human skin samples obtained
from AD patients with anti-ST2 monoclonal antibody. Paraffin sections of
AD skin biopsies were immunostained with an anti-ST2 antibody (HB12).
(A) Skin biopsy from acute stage AD. Suprabasal layers of KC show membra-
nous ST2-positive staining. Sporadic positive staining in the dermal region
was also observed. (B) Skin biopsy from chronic stage AD. Some of the
infiltrating cells in the dermal layer show positive ST2 staining. (C) High
magnification of anti-ST2 immunostaining with acute stage AD. The arrow-
heads indicate the limit of basement membrane. Bar = 200 pm.

ST2L could be one of the markers for mast cell progenitors
in adult mice. These results suggested that abundant ST2L
expression might positively affect the number of mature
mast cells in the skin, as observed in the AD skin region



(26). The functional roles of ST2L in mast cells will be clari-
fied with an ST2L overexpression system (10), and a study is
ongoing.

The positive immunostaining around the cell membrane of
suprabasal KC in the acute stage of AD (Fig. 3A and C)
reflects the accumulated sST2 in intercellular space because
ST2L. mRNA expression in KC was not observed in experi-
ments in vitro. This is consistent with a previous study that
showed intense ST2 protein accumnulation in mouse epidermis
(27), and we think that serum extravasation during the acute
stage of AD may induce sST2 expression in KC as observed
in our in vitro study (Fig. 1C) (Supplementary Material,
Fig. S3). On the other hand, a histological sample from the
chronic phase of AD showed slight ST2 staining (Fig. 3B).
This might be a reflection of the shift toward the Thl dominant
[immunological character observed in the chronic stage of AD
(1,28).

Another clinical feature of AD is a reduced skin innate
immune response (l). ST2L expression could inhibit the
TLR-dependent innate response by sequestering the adaptor
molecules Myd88 and Mal (17). Several reports showed
that both anti-ST2 antibodies and ST2-immunoglobulin
fusion protein could abrogate the Th2 immune response
and eosinophilic responses (18,29). Therefore, we consider
that sST2/ST2L will be a good therapeutic target of AD
and that understanding of the genetic predisposition for
high ST2 promoter activity may contribute to the prevention
of severe AD. '

MATERIALS AND METHODS
Antibodies and cell lines

Anti-ST2 monoclonal antibodies (mouse IgGl; clones 2A5
and HB12) were purchased from MBL (Nagoya, Japan), and
an anti-ST2 monoclonal antibody (mouse IgM; clone G7)
was generated as previously described (30). Human mast cell
line LAD2 was kindly provided by Dr Amold Kirshenbaum
(NITAID, NIH) and maintained as previously described (31).
Human neonatal skin fibroblasts were obtained from RIKEN
cell bank (Tsukuba, Japan), immortalized human normal
keratinocyte cells (PHK16-06b) were obtained from the
Japanese Collection of Research Bioresources (JCRB) cell
bank (Osaka, Japan).

Subjects

All subjects with AD were diagnosed according to the criteria
of Hanifin and Rajka (32). Peripheral blood was obtained from
452 AD patients (mean age 30.0, 11—-64 years old at enrollment
of the study; mean age 7.1, 0—45 years old at the onset of AD;
236 males and 216 females) from Takao Hospital, Shiga
Medical College Hospital and Yokohama City University
Hospital. Sera for sST2 ELISA assay were also obtained
from some of the patients enrolled in this genetic study. As
a control group, we analyzed 636 randomly selected
population-based individuals (mean age 42.2, 18-70 years).
We excluded the presence of asthma, AD and nasal allergy
in the control population via careful interview by physicians.
All individuals were Japanese and gave written informed
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consent to participate in the study (or, for individuals less
than 16 years old, their parents gave consent), according to
the rules of the process committee at SNP Research Center,
RIKEN.

Screening for genetic polymorphisms

The ST2 genomic region targeted for SNP discovery included
a 2.5kb continuous region 5’ to exon la (distal promoter
region) and a 2.5 kb continuous region 5’ to exon 1b (proximal
promoter region) and 11 exons, each with a minimum of 200
bases of flanking intronic sequences (Fig. 1A). Primer sets
(Supplementary Material, Table S1) were designed on the
basis of the ST2 genomic sequence (GenBank accession no.
ACO007248). Each polymerase chain reaction (PCR) was
carried out with 5 ng of genomic DNA from 24 individuals.
Sequence reaction was performed with Big Dye Terminator
v3.1 using an ABI 3700 DNA analyzer. *

Genotyping

We genotyped a total of seven representative SNPs in the S72
gene selected on the basis of the allele frequency
(MAF > 10%) and LD (Table 1) (Supplementary Material,
Table S2 and Fig. S1). Additional typing was carried out for
some SNPs, in relation to the functional assay for ST72
genes. The SNP typing was carried out either with the
invader assay (33) or with the Tagman genotyping assay
using an ABI PRISM 7700 sequence detection system.
Invader assay was performed with multiplex PCR products
as the template. Tagman genotyping ‘assay was carried out
according to the manufacturer’s protocol.

Statistical analysis

Allele frequencies in AD cases and controls were compared by
the contingency x>-test. A P-value of less than 0.01, also in the
case of multiple comparisons after Bonferroni adjustment, was
considered to be statistically significant. ORs and 95% confi-
dence intervals (95% CI) were calculated. Pairwise LD coeffi-
cients were calculated and expressed as +?. Intragenic LD and
haplotype analyses were performed using SNPAlyze v2.0
(DYNACOM, Chiba, Japan) as recommended by the manu-
facturer. We estimated haplotype frequencies using the expec-
tation—maximization algorithm. Comparison in reporter gene
assay was performed with Student’s f-test. The association
between the serum sST2 level or total IgE concentration and
the genotype was evaluated by the Mann—Whitney U-test.
A P-value of less than 0.05 was considered to be statistically
significant.

Reporter gene assay

We subcloned 1131 bpdistal promoter sequences continuous to
exon la into pGL3 basic vector (Promega Corporation,
Madison, WI, USA). Two SNPs in this region (—27084G/C
and —26999G/A) were in the state of complete LD. We made
two haplotype clones 1 (—27639A, —27084G, —26999G) and
2 (—27639G, —27084C, —26999A). Another set of constructs
was made by deleting a 355bp long promoter sequence
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between two Pstl sites, which contained the —27084G/C and
—26999G/A SNPs as well as two putative GATA binding
sequences (named distal-A355). All subcloned plasmids were
verified by direct sequencing. We transfected the pGL3-ST2
promoter plasmid and pRL-TK renilla luciferase vector
(Promega) as an intemal control for transfection efficiency into
human cell line LAD2 with DMRIE-C (Invitrogen, Carlsbad,
CA, USA). After 24 h, luciferase activity was measured with a
Dual Luciferase Reporter Assay Kit (Promega).

Measurement of sST2 protein and total IgE

The protein level of sST2 in the sera of AD patients was
measured using human ST2 ELISA kits (MBL) following
the manufacturer’s protocol. The total IgE concentration in
serum was measured by the FEIA method in a commercial
laboratory.

RT-PCR analysis for differential promoter usage

mRNA was isolated from cultured cells (LAD2, KC and
human dermal fibroblasts) with a Quick Prep micro-mRNA
purification kit (Amersham Bioscience, Little Chalfont, UK).
cDNA was made with the Super Script Il First-Strand
Synthesis System (Invitrogen) using oligo(dT),y primer. To
distinguish promoter usage for specific cell types and subtypes
(sST2/ST2L) of mRNA, we made sets of specific primers and
performed RT-PCR as previously described (21).

1P and western blotting analysis

First, 1 x 10" LAD2 cells were solublized with lysis buffer
[1% Triton X-100 in 20 mm Tris—HCI, pH 7.6, 150 mm
NaCl with Complete Mini protease inhibitor cocktail tablets
(Roche, Penzberg, Germany)]. The cell lysate was centrifuged
at 20 000g for 15 min at 4°C. The supernatant was taken and
pre-cleared with Protein-A Sepharose (Amersham) for 30 min.
The sample was reacted with 2 pg of the anti-ST2 antibody
(2A5) or control mouse IgGl for 1 h and then Protein-A
Sepharose was added. After 3 h rotation at 4°C, the Sepharose
was washed with the lysis buffer and finally suspended with
SDS sample buffer (50 mm Tris—HCl, pH 6.8, 2% SDS,
20% glycerol, 0.4% bromophenol blue, 50 mm DTT). To
check the glycosylation status of ST2L protein, aliquots of
the IP samples were treated with PNGaseF (New England Bio-
laboratory, Bevery, MA, USA). SDS—PAGE and subsequent
immunoblotting were essentially performed as previously
described (34). In brief, samples were subjected to SDS~
PAGE using 4-20% Tris—glycine polyacrylamide gels and
then electrophoretically transferred onto a PVDF membrane
(Millipore). The membrane was incubated with the mouse
anti-human ST2 IgM antibody (G7) ovemnight at 4°C. After
washing with PBS, the membrane was reacted with a horse-
radish peroxidase (HRP)-conjugated anti-mouse IgM antibody
for 30 min. The membrane was developed onto X-ray film
with ECL plus (Amersham).

Flow cytometric analysis

Flow cytometric analysis was carried out using the anti-ST2
monoclonal antibody (2A5). LAD2 cells were washed with

PBS, and Fc receptors (FcR) were blocked with FcR blocking
reagent (Miltenyi Biotec, Gladbach, Germany). Cells were
reacted with 4 g of the anti-ST2 IgG monoclonal antibody
in a volume of 40 wl for 15 min at room temperature. As a
control, an isotype-matched mouse IgGl antibody was used.
After washing with PBS, the cells were reacted with an
FITC-conjugated anti-mouse IgG antibody (Dako Japan,
Kyoto). The stained cells were analyzed with a FACS
Caliber (BD Japan).

Immunohistochemistry

ST2 irhmunohistochemistry was performed essentially as
described previously (35). In brief, formaldehyde-fixed
paraffin sections of the skin biopsies from AD patients were
deparaffinized, then the endogenous peroxidase activity was
quenched with 0.3% H,0, in methanol for 20 min. Non-
specific staining was blocked with blocking buffer (10%
normal goat serum, 1% BSA in PBS) for 30 min. The anti-
ST2 monoclonal antibody (clone HBI2) was applied and
reacted overnight at 4°C. After washing with PBS, slides
were incubated with HRP-conjugated anti-mouse IgG for
30 min. The slides were developed with DAB (Dojindo,
Kumamoto, Japan).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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Association of the IL12RB1 promoter
polymorphisms with increased risk of atopic
dermatitis and other allergic phenotypes
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Atopic dermatitis (AD) is frequently associated with eosinophilia, highly elevated immunoglobulin E (IgE)
levels and increased levels of T-helper 2-type (Th2) cytokines in skin lesions due to infiltrating T cells.
Interleukin-12 (IL-12), in combination with interferon-y (IFN-v), inhibits IgE synthesis and Th2 cell function.
As the IFN-y-inducing cytokines IL-12 and IL-23 utilize IL-12RB1 as part of their receptors, it is possible
that polymorphic variants of the IL-12Rp1 (/L12RB1) gene might determine an individual’s susceptibility to
AD. Here, we carried out a systemic search for genetic variants of the human IL12RB1 in Japanese subjects
and identified 48 genetic variants. In a case-control association study, we found that promoter polymorph-
isms —111A/T and —2C/T were significantly associated with an increased risk of AD under a recessive
model. The —111T-allele frequency in the independent population of child asthmatics was also much
higher than that in the control group. In addition, the —111T/T genotype was progressively more common
in AD with high total serum IgE levels in an IgE-level-dependent manner. Deletion analysis of the IL12RB1
promoter suggested that the —265 to —104 region that contained the —111A/T polymorphic site harbored
an important regulatory element. Furthermore, we showed that the —111A/T substitution appeared to
cause decreased gene transcriptional activity such that cells from —111A/A individuals exhibited higher
IL12RB1 mRNA levels than those from —111T allele carriers. Our results suggested that in individuals with
the —111T/T genotype, reduced IL-12RB1 expression may lead to increased Th2 cytokine production in
the skin and contribute to the development of AD and other subsequent allergic diseases.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic inflammatory skin disease
primarily occurring in infants and children, which is character-
ized by pruritic and eczematous skin lesions at characteristic
locations (1). Although its prevalence has increased 2-3-
fold during the past three decades in industrialized countries,
wide variations in prevalence rates have been observed
within countries inhabited by groups with similar genetic
backgrounds, suggesting that environmental factors may be
critical in determining AD onset (2,3). Nonetheless, it is
widely accepted that AD has a genetic component responsible
for its high familial occurrence. Twin studies of AD have
shown concordance rates of 72-86% in monozygotic and
21-23% in dizygotic twin pairs (4,5) such that genetic
factors also play an important role in AD development.
Taken together, it appears that changes in environmental
exposure in utero and during the early years of life may
lead to the manifestation of AD in genetically predisposed
individuals (6).

AD is frequently associated with blood eosinophilia and
highly elevated immunoglobulin E (IgE) levels. Biopsies
from clinically unaffected skin from AD patients demonstrate
increased number of T-helper 2-type (Th2) cells that express
interleukin-4 (IL-4) and IL-13, but not interferon-y (IFN-v),
mRNA when compared with normal non-atopic skin (7,8).
When compared with normal or uninvolved AD skin, acute
AD skin lesions exhibit significantly increased number of
IL-4, IL-5 and IL-13 mRNA-expressing cells. Furthermore,
transgenic mice genetically engineered to over express IL-4
in their skin and to develop inflammatory pruritic skin
lesions similar to AD, which suggests that local skin
expression of Th2 cytokines plays a critical role in AD (9).

IL-12, primarily produced by antigen-presenting cells, is a
heterodimeric cytokine consists of two disulfide-linked
subunits designated as p35 and p40. It plays a central role in
regulating Thl differentiation and in promoting cell-mediated
immunity (10). Conversely, IL-12, in combination with IFN-y,
inhibits IgE synthesis and antagonizes Th2 differentiation,
including the production of Th2 cytokines such as IL-4 (11).
The IL-12 receptor (IL-12R) consists of at least two distinct
subunits, 31 and B2, and is primarily expressed on activated
T and NK cells (12). Co-expression of human IL-12R81
and IL-12RB2 is required for the formation of high-affinity
IL-12 binding sites, and analysis of IL-12R-deficient mice
showed that both subunits were essential for IL-12R function
(13,14). Recently, it was reported that IL-12RB1 is also a com-
ponent of the receptor complex for another IFN-y-inducing
cytokine, 1L-23 (15).

To date, case—control association studies have found sig-
nificant associations between AD and gene polymorphisms
in IL4, IL4R, IL13, RANTES (CCL5), TGFBI, GMCSF
(CSF2), CARDIS, FCERIB (MS§4A42), SPINKS and IL12B
(3,16—18). Although few studies have examined the associ-
ation between Thl-related genes and the development of
AD, there have been recent epidemiological studies showing
an inverse relationship between AD and Thl-associated
phenotypes. For example, AD was inversely associated with
insulin-dependent diabetes mellitus, a Thl-biased autoimmune
disorder (19). Moreover, a strong inverse association was also

found between positive tuberculin responses and a range of
atopic symptoms, including AD (20). Therefore, we hypo-
thesized that functional single nucleotide polymorphisms
(SNPs) in Thl-related genes encoding the IL-12 family of
cytokines and cytokine receptors might also contribute to
AD susceptibility. To test this hypothesis and to assess the
role of IL-12/IL-12R and IL-23/IL-23R systems in AD, we
examined the influence of IL-1281 (JLI2RBI) gene poly-
morphisms in AD susceptibility in the Japanese population.

RESULTS
Identification of sequence variants in ILI2RBI

Direct DNA sequencing revealed 48 /LI2RB] variants, which
included previously reported variants (21-24) and 10 novel
variants (-3966C/A, -2163C/T, —-1973C/T, -355G/A,
3377C/A, 5854G/A, 9354G/T, 10129G/A, 18205C/T and
20228G/A) in Japanese (Table 1). We identified nine variants
in the 5'-flanking region, nine in the coding region (seven non-
synonymous and two synonymous), one in the 5'-untranslated
region (UTR), one in the 3/-UTR, 21 within introns and seven
at the 3’ end. Twelve of the 48 variants had estimated minor
allele frequencies (MAFs) of <10% (on the basis of the
sequencing of 24 DNA samples). Nucleotide position one
(+1) was defined as the first adenine of the initiation codon
(ATG) and positions for other SNPs were described relative
to the ATG on genome contig AC020904. A graphical over-
view of the structure of the human /L/2RBI gene with the
location of the 36 common polymorphisms (MAF > 10%)
identified in this study is shown in Figure 1A.

LD and case—control comparisons

For the successfully genotyped 35 of 36 common variants, we
calculated both D' and #? as statistical values for pair-wise
linkage disequilibrium (LD) analysis between SNPs. The LD
block structure defined by the 35 genotyped SNPs is shown
in Figure IB. Strong LD was detected across the /LI2RB]
region, although at least two historical recombination events
seem to have occurred, which divided the region into three
strongly correlated LD blocks. Next, on the basis of location
and LD with other sites (r? < 0.9), we selected eight represen-
tative SNPs (-1 1 1A/T, -2C/T, 4443C/T, 5970G/C, 17183T/C,
17369C/T, 25748T/C and 27637A/T) from the 36 common
polymorphisms for further genotyping and association
studies in our AD population. The distribution of all eight
SNPs was in Hardy—Weinberg equilibrium in both AD and
control groups (P > 0.05).

For the case—control association study, we genotyped the
eight selected SNPs in a set of 382 unrelated individuals
with AD and 658 population-based controls. The clinical
characteristics of our AD patients are summarized in
Table 2. Allele and genotype frequencies of each selected
SNP were compared between the patients and the normal con-
trols using the x* test under different association models. We
found a significant association between two promoter SNPs at
—111and —2 (= 111A/T and —2C/T) and AD in our Japanese
cohort under a recessive model (—111AA + AT versus TT,
P = 0.00044; —2CC + CT versus TT, P = 0.00075; Table 3).
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Table 1. Overview of ILI2RB] variants identified in Japanese
Number RefSNP ID JSNP ID Position Variation Location Amino acid Minor allele Genotyping Primers®
change frequency® method

1 Novel — —-3966 C/A S'g — 0.021°¢ FIRI

2 rs374326 — —3633 A/G S'g — 0.043° F2R2

3 rs845331 — —2252 G/T 5'g — 0.167 F4R4

4 Novel — —2163 o2y S'g — 0.042°¢ F4R4

5 rs447259 — —2060 A/G 5'g — 0.167 F4R4

6 rs845329 — —2004 A/G 5'g — 0.167 F4R4

7 Novel — -1973 C/T S'g — 0.042° F4R4

8 Novel — -355 G/A S'eg — 0.042¢ F7R7

9 rs393548 063138 -1114 A/T S'g — 0.167 Invader F8R8
10 rs436857 063137 -2 (2] §-UTR — 0.146 [nvader F8R8

1 Novel — 3377 C/A Exon 2 P37T 0.022¢ F9R9
12 rs2305743 063136 44434 CIT Intron 2 — 0.188 Invader FIOR10
13 Novel — 5854 G/A Exon 4 A9IT 0.024¢ FIIRI1
14 rs11086087 — 5970¢ G/IC Exon 4 VI29v 0.188 TagMan F1IR11
15 rs2305742 063135 6193 T/G Intron 4 — 0.139 FI1IR11
16 rs17880761 — 8895 T/C Intron 4 — 0.229 FI2R12
17 Novel — 9354 G/T Intron 5 — 0.022° F12R12
18 rs382634 — 10072 C/T Intron 5 — 0.375 F13R13
19 Novel — 10129 G/A Intron 5 — 0.208 F13R13
20 rs17885316 — 10809 Ins A Intron 6 — 0217 F13R13
21 rs429774 — 10882 A/G Intron 6 — 0.375 F13R13
22 rsl 1575934 — 11016 A/G Exon 7 Q214R 0.375 FI13R13
23 — — 11059 C/T Exon 7 P228P 0.375 F13R13
24 rs3761041 114595 13717 G/A Intron 8 — 0.229 F14R14
25 rs391410 — 16988 C/T Intron 9 — 0.348 FI6R16
26 rs375947 063134 171834 T/C Exon 10 M365T 0.375 Invader FI6R16
27 rs401502 063133 17221 G/IC Exon 10 G378R 0.375 FI6R16
28 rs17882636 063132 173694 /T Intron 10 — 0.146 TaqMan FI6R16
29 2305740 063131 17398 T/C Intron 10 — 0.146 F16R16
30 rs2305739 063130 17440 C/T Intron 10 — 0.146 FI6R16
31 rs12150884 — 17661 CIT Intron 10 — 0.146 FI6R16
32 Novel e 18205 C/T Intron 10 — 0.021° F17R17
33 Novel — 20228 G/A Exon 12 — 0.021¢ F18R18
34 — — 22903 G/A Exon 13 — 0.021°¢ FI9R19
35 rs17878533 — 24793 T/C Intron 14 — 0.146 F20R20
36 rs383483 — 257489 T/C Intron 15 —_ 0.438 TagMan F21R21
37 rs17882370 — 26460 T/C Intron 15 — 0.063° F22R22
38 rs1 870063 114596 26672 G/A Intron 15 — 0.125 F22R22
39 — — 26954 (o) Intron 15 — 0.125 F22R22
40 — — 26977 G/IT Intron 15 — 0.125 F22R22
41 rs3746190 097709 27250 (o) Exon 17 3-UTR 0.125 F23R23
42 rs3833286 097710 27366 Ins G 3g — 0.479 F23R23
43 1s404733 097711 27637¢ T/A 3g — 0.458 [nvader F24R24
44 rs11307847 — 28184 G/T g — 0.167 F25R25
45 rs5014130 — 28189 C/G e — 0.438 F25R25
46 rs5827394 — 28191 Del G g — 0.438 F25R25
47 rs445521 — 28320 A/C g — 0.438 F25R25
48 rs382410 — 28960 T/IC 3'g - 0.354 F25R25

?On the basis of the sequencing of 24 DNA samples.

Primer sequences are listed in Supplementary Material, Table S1.
“Variations with MAF of <10%.

9SNPs genotyped in a larger populaton.

The result for each SNP remained significant after correction
for multiple tests (corrected P: P, = 0.0035 for — 111A/T and
P.=0.006 for —2C/T). Homozygotes for the —111T or
—2T alleles were significantly more common in AD patients
when compared with controls. Odds ratios (ORs) of developing
AD with respect to positions — 111 and —2 were 2.46 (95%CI
1.47-4.13) and 2.60 (95%CI 1.46—-4.61), respectively. Geno-
type frequencies in Japanese AD cases and controls for —111
and —2 SNPs were shown in Table 4.

In further analyses of patient subgroups, we observed strong
associations between the presence of high total serum IgE,
early age of disease onset (<3) and peripheral blood eosino-
philia (>500/pl), as well as history of childhood asthma and
allergic rhinitis (Table 5). No significant differences were
observed for the other clinical features tested (data not
shown). Notably, the —111T/T genotype was progressively
more common in AD with high total serum IgE levels in an
IgE-level-dependent manner. Interestingly, when we analyzed
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Figure 1. (A) A

graphical overview of the 36 identified SNPs in relation to the exon/intron structure of the human /L/2RB1 gene. Nucleotide position one (+1)

is the first adenine of the initiation codon (ATG) such that SNP positions are given relative to the ATG. The 17 coding exons are shown by black boxes and the

5'- and 3’-UTRs by white blocks. Asterisks indicate SNPs that were genotyped in a larger population. (B) Pair-wise LD, as measured by [’ and ”

, was Lalculated

for 35 common polymorphisms (MAF > 10%) identified in 24 sequenced samples. Two measures of LD are shown: ¥ in the lower left trtange and r? in the
upper right triangle. The markers are plotted equidistantly. Scales for both LD measures are provided below. Asterisks indicate SNPs that were genotyped in a

larger population.

the —111A/T SNP in the independent population of physician-
diagnosed asthma, the —111T/T genotype frequency in 304
child asthmatics aged 4—15 years (9.2%) tended to be much
higher than that in the control group (4.2%). Then, to further
confirm the influence of the — 111 genotype on IgE regulation,
we compared total serum IgE levels in AD patients according
to genotype. Although the results for AD patients were not
statistically significant, we observed the same

trend of

increasing total serum IgE levels with increasing occurrence
of the —111T allele (Fig. 2).

Haplotype analysis

Among eight representative SNPs, SNPs located out of the
first LD block were not in strong LD with the —111
and —2 SNPs (r’ <0.6). We analyzed the distribution of



