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Integrated effect of EGFR and PAR-1 signaling
crosstalk on airway hyperresponsiveness
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Abstract. Among previous genetic studies for asthma, incon-
sistent findings were often reported. We used a new approach to
examine an integrated effect of haplotype blocks, newly termed
‘haplotype cluster’ over two different types of receptors which
share common intracellular pathways on airway hyperrespon-
siveness (AHR). We recruited 165 young atopic adults without
respiratory symptoms and measured airway responsiveness to
methacholine and classified them into two groups, those with
AHR (PC,; <8.0 mg/ml) and without AHR. In addition, we
identified haplotype blocks or cluster tagging single nucleotide
polymorphisms (SNPs) through two genes, epidermal growth
factor receptor (EGFR) and protease activated receptor (PAR)-1,
in all subjects, and compared the frequencies of haplotype block
or cluster between subject groups. Significant differences in the
frequencies were observed in the haplotype blocks within the
EGFR gene (rs4947972, 1512718945 and rs2072454; rs4947972,
rs12718945 and rs2227983; and rs4947972, rs12718945 and
1s2293347) and the PAR-1 gene (rs37243 and rs253072). An
integrated effect was also observed in one haplotype cluster
consisting of both regions of the EGFR gene (1rs2293347) and
the PAR-1 gene (rs253072) (P=0.0426). Our results suggest
the possibility that the integrated effect of functionally-related
EGFR and PAR-1 genes (haplotype cluster) is associated with
susceptibility to AHR.

Introduction

Bronchial asthma is a chronic lung inflammatory disease that
affects increasing numbers of people worldwide. Based on
evidence of familial concordance of asthma (1), considerable
efforts have been put into the search for genes predisposing to
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asthma over the last few decades. Various genetic studies have
so far identified more than 40 candidate genes (2) by candidate
gene approach [tumor necrosis factor (TNF)-a, interleukin
(IL)-4, glutathione S-transferase t 1 (GSTP1)], by positional
cloning or positional candidate gene approach [disintegrin and
metalloproteinase (ADAM)-33, Fc fragment of high affinity
immunoglobulin-E receptor-1f subunit (FCERIB)], and by
Genome Wide Association Studies (GWAS) (ORMDL3)
(3-10). However, these analyses were often hampered by
inconsistent results among studies. In most investigations, the
asthma phenotype was considered to be present if it had been
diagnosed by a physician. Because there are no common and
absolute standard of asthma diagnosis, the diagnosis tends to
be up to physicians who make their own clinical judgment.
In addition, the characteristics of study subjects are likely to
vary among studies because of diverse clinical features of
asthma. It is thus important to select a simple and absolute
phenotype alone for accurate analysis. In this regards, airway
hyperresponsiveness (AHR) is one of the most important
phenotypes that asthmatic patients exhibit in common. AHR
is defined as an increase in sensitivity to a wide variety of
inhaled agents such as methacholine and histamine which
induce bronchoconstriction. Measurements of AHR are more
objective than clinical judgments by individual physicians.
Indeed, protocadherin 1 gene (PCDHI) was recently identified
as one of the susceptibility genes for AHR in adults and in
children diagnosed with asthma (11).

The analysis of single nucleotide polymorphism (SNP)
and haplotype has provided evidence that multiple molecules
are involved in the pathophysiology of phenotypic traits of
interest. However, it should be noted that many of these biolog-
ical molecules are unlikely to produce only a simple additive
effect on the development of the asthma phenotype but they
appear to be mutually interrelated and to generate synergistic
or antagonistic effects through crosstalk network mechanisms.
Accordingly, it is more beneficial to examine such coordinated
effects of multiple genetic factors. Previous studies have
demonstrated that the expression of epidermal growth factor
receptor (EGFR) is up-regulated in the damaged epithelium
of the asthmatic airways (12). Furthermore, we previously
reported the possible association of EGFR polymorphisms
with asymptomatic AHR in young atopic adults (13). The
protease activated receptor family (PAR-1, -2, -3 and -4) has
also received attention in studies of allergic diseases, and
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particularly PAR-1 has been shown to induce diverse biological
functions, such as tissue remodeling, mediated by thrombin in
numerous cells and tissues in airways (14). Previous studies
have shown that the signal pathways of PAR-1 can share those
of EGFR through intracellular crosstalk (referred to as PAR-1-
induced EGFR transactivation) (15). Thus, combined genetic
analysis of these two separate molecules may shed light on the
pathophysiology of AHR. Daly and coworkers (16) suggested
that a genomic region could be largely divided into discrete
portions with several markers of SNPs (haplotype blocks). A
haplotype block contains several common SNPs, and each
block has limited patterns of SNP sequences, which appear to
arise from common historical recombination events. However,
beyond a single haplotype block with historical and material
linkage on a single chromosome, it might be useful to perform
a multiple-gene investigation to determine integrated effects of
functionally-related genes, newly termed ‘haplotype clusters’,
over a large range of genomic regions and chromosomes.

Our hypothesis was that polymorphisms in the gene region
of PAR-1 (chromosome 5q13) and EGFR (chromosome 7p12)
affect the expression of these molecules and also modify
PAR-1-induced EGFR transactivation, resulting in individual
differences in the epithelial repair processes which contribute
to increased airway response to methacholine provocation.
To test this hypothesis, we performed combined analysis of
polymorphisms of these two separate genes independent
of previous studies (13), by examining the difference in the
frequencies of a haplotype cluster as well as haplotype block
on these gene regions between cases (young asymptomatic
adults with AHR) and controls (those without AHR). The
purpose and rationale for the design of the present study is
quite different from those in large-scaled studies.

Materials and methods

Participants. Participants were recruited randomly from
a list of university students, and only individuals who had
never smoked were asked to participate in the study. All of
the participants were asked to complete questionnaires that
examined their past and current experience of the following
events: respiratory symptoms including wheezing episodes,
diagnosed asthma, other respiratory illness, allergic diseases
and medication use. All participants underwent physical
examinations and blood sampling. First, only individuals
without respiratory symptoms who met at least one of the
following criteria were included in the present study as study
subjects: i) current or past history of allergic diseases, such as
hay fever and atopic dermatitis, that had been diagnosed by
specialists; ii) total serum IgE levels of >250 IU/ml; or iii) one
or more specific IgE levels of >0.34 UA/ml to common aeroal-
lergens, including house dust mites, animal dander, and cedar
pollen, as determined by a radioallergosorbent test (RAST)
using UniCAP IgE fluoroenzyme immunoassays (Sweden
Diagnostics, Uppsala, Sweden).

A spirometer (Chestac-25F; Chest Co., Tokyo, Japan) was
used to obtain all spirometric measurements. The methacholine
provocation test with conventional pulmonary measures was
performed as recommended by American Thoracic Society
(ATS) guidelines (17). Subjects who had used any medication,
or had a respiratory infection or a transient exacerbation of

any allergic disease within 4 weeks prior to the methacholine
provocation, were excluded to avoid confounding effects.
Subjects were challenged with normal saline diluent and
then with a range of available concentrations of methacholine
(0.3 to 16.0 mg/ml) from DeVilbiss 646 nebulizer (DeVilbiss
Co., Somerset, PA, USA). The airway responsiveness of each
participant was expressed as the concentration of methacho-
line causing a 20% fall in forced expiratory volume in 1 sec
(FEV,) from the baseline FEV, (PC,). If the PC,, <8.0 mg/
ml, the subject was categorised as having AHR. Statistical
analyses of subject background data were performed using
SPSS ver. 18 for Windows (SPSS Inc., Chicago, IL). The
background data are expressed as medians (25th and 75th
percentiles). However, the spirometric data, which were
normally distributed, are presented as mean + SD. Serum total
IgE levels were transferred to a logarithmic function to yield
normally skewed data during the analyses. The age, blood
eosinophils and serum specific IgE levels of the subject groups
were compared using the Mann-Whitney U test between
subjects with AHR and those without AHR. The spirometric
data and the log values of serum total IgE were compared
using as unpaired t-test between the two subject groups. The
categorical data were compared between subject groups using
¥’ tests. P-values <0.05 were indicated statistically significant.

All volunteers were recruited into our study under informed
written consent, and performance of the study was approved
by the Ethics Committee of Osaka City University Medical
School, Japan. All procedures were performed according to
the research ethics of the Declaration of Helsinki (18).

Analysis of polymorphism in the EGFR and PAR-1 genes. We
selected twelve SNPs in the EGFR gene and seven SNPs in the
PAR-1 gene (Table I) from the SNP data list available from the
website of the National Center for Biotechnology Information
(NCBI). These lists can be accessed by entering the keywords
for ‘EGFR’ or ‘F2R (an official symbol for PAR-1)’ in the dbSNP
Database of the NCBI website, in which a corresponding ‘rs’
number is assigned to each SNP locus. The criteria for selection
of the SNP loci were as follows: loci at even intervals between
neighboring SNPs (whole gene length of EGFR and PAR-1;
about 200,000 and 20,000 bases, respectively) irrespective
of the region (intron or exon) and function (synonymous or
missense) in order to use these SNPs simply as markers on the
gene map and to identify gene region(s) (haplotype block or
cluster) involved in the difference in the phenotype between
the two subject groups. Next, we obtained DNA sequence data
around the SNP locus of interest from each SNP database.
Then, each fragment of two gene regions was polymerase
chain reaction (PCR)-amplified by cycle sequencing analysis
as described below. In the present study, numbering, e.g. +456,
was relative to the transcription start codon.

Genomic DNA was extracted from leukocytes by
Genomic, a kit for DNA extraction from blood (Talent MD,
Trieste, Italy). The regions of the primer pairs used for the
sequencing of the EGFR and PAR-1 regions of interest in the
present study are listed in Table I. The PCR reactions were
run on PTC-225 DNA Engine Tetrad Thermal Cyclers (Bio-
Rad, Hercules, CA), using HotStarTaq polymerase (Qiagen
GmbH, Hilden, Germany). PCR products were purified using
ExoSAP-IT (USB Corp., Cleveland, OH). Subsequently,
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sequencing was performed on PTC-225 DNA Engine Tetrad
Thermal Cyclers (Bio-Rad), using the BigDye Terminator v3.1
Cycle Sequencing kit (Applied Biosystems, Foster City, CA)
according to the manufacturer's instructions. After removal of
excess dye terminators by ethanol precipitation, the product
interrogation was performed using the ABI 3730x] DNA
analyzer (Applied Biosystems). The products were analyzed
with the aid of the Sequencher 4.2 software (Gene Codes
Corporation, Ann Arbor, MI).

Inferring phase relationships and haplotype blocks. It is impos-
sible to interpret individual multilocus genotypes (haplotypes)
solely by the DNA sequence data above because gametic phase
of multiple-site heterozygous diploids cannot be determined.
Expectation-maximization (EM) algorithm (19) has been
suggested to be adapted for the problem of inferring phase rela-
tionships in haplotypes (20). One of the groups described the
EM algorithm as it applied to the problem of inferring haplo-
type frequencies under that assumption of a Hardy-Weinberg
equilibrium (21). The converged value of the EM algorithm
based upon the maximum likelihood depends on initial values
except when there is no local maximum. ‘Haplotype blocks’ are
selected as blocks of strong LD (linkage disequilibrium) which
are stable among various initial values (22,23). After defining
haplotype blocks, we estimated haplotype frequencies. These
blocks can be thought of as a unit of inheritance.

The diplotype/diplotype frequency for each subject was
estimated using the following likelihood function, L(®) (23):
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where n is the number of polymorphic loci of interest on the
EGFR and PAR-1 gene (n=1 to 19), and all number of possible
haplotypes is 2". 0; is the frequency of the ith haplotype, and
O is the vector of all haplotype frequencies. g, is a sequence of
SNP data set consisting of observed (paired, unphased) alleles
on 7 loci for the kth subject in all 165 subjects. P (g, 10) is the
probability of diplotype corresponding to the unphased data
g,. Thus,
P(g,|0)= Y 6i6),
(i.j)eQk

L©)=11P(g,|0)=11 ¥ 0ij
(i.j)=0k
O, is a set of all possible pair permutation (i, j) consisting of
two haplotype elements in the data set g,.

O=arg max L(®),

e

d, = argrgg.?(P(dk |©)

@ is maximal likelihood estimate of ©. cAlk denotes the most
probable diplotype for the kth subject. In other words, O is the
converged value for @ (initial value) and cAik is the converged
value for d, (initial value), respectively.

Significance test for independence. To identify genetic markers
at the region of interest, including single alleles (SNPs) or the
combination of these markers (haplotype) within haplotype
blocks, which is more or less frequent among individuals

with AHR (cases) than among those without AHR (controls),
a case-control analysis was performed with a 2 (cases and
controls) x k (k, the number of haplotypes within a block
for cases and controls) contingency table. After estimating
haplotype frequencies in blocks, we performed case-control
analysis for haplotype frequencies within a block. Here, the
null hypothesis to be tested is that haplotype frequencies for
cases and controls in the haplotype block are equal. Thus, this
is one significant test for each haplotype block (hypothesis),
and does not require multiple comparison correction like
Bonferroni. But, this contingency table may have <5 in a cell
because some haplotypes are not so common for all samples.
We calculated the P-value directly using the Fisher's exact test.
The haplotype blocks in which significance levels <5% (two-
tailed) were selected.
The Pearson y statistic value can also be estimated by

—2n 1-k(P,;, — Py, )2
‘ Zf:l P,+Py ~
where the n, and n, are the sample sizes of cases and controls,
respectively. P, and P,, are the observed frequencies of the /th
haplotype in the cases and controls, respectively.

In addition to the estimation of P-values and Pearson's 7’
statistic values for each block, we calculated P-values as a case-
control analysis with a 2 (cases and controls) x 2 (e.g. C-T-A vs.
non-C-T-A) contingency table in each haplotype within a haplo-
type block to infer whether the haplotype or haplotypes (e.g.
C-T-A) cause the significance in the block. We calculated the
P-value for each haplotype by the Fisher's exact test. In addition,
we also calculated the odds ratio (OR) and risk ratio (RR) with
those of 95% confidence interval (CI). If the lower limit was
higher than 1.0, it was taken to devote significant differences.
Although the case-control test was performed, it is reasonable to
show the RR as well as the OR. While OR tends to be weighted
when the frequency of interest is close to 0.0 and 1.0, RR has
a trend to be weighted when the frequency of interest is lower.

n=ny+nm

Inferring haplotype cluster between two haplotype blocks.
Furthermore, in the exact similar manner as described above,
we calculated the P-value, Pearson's 7 statistical value for the
integrated two haplotype blocks (haplotype cluster) and then,
also estimated the P-values as a case-control analysis with a 2
(cases and controls) x 2 (e.g. C-T-A vs. non-C-T-A) contingency
table in each haplotype within a haplotype cluster.

If the haplotype blocks are defined well, cAlk (the most prob-
able diplotype frequency for kth subject) is expected to be
1.00. In this condition, the maximum likelihood estimation of
the diplotype combination (haplotype cluster) becomes simple.
In other words, when the diplotype of the kth subject on haplo-
type block 1 and 2 are d1=h1/h2 and d2=h3/h4 respectively,
the possible haplotype clusters and diplotype cluster are either
dcl=h1h3/h2h4 or dc2=h1h4/h2h3. Then we can estimate the
haplotype cluster/diplotype cluster of each subject.

The diplotype/diplotype frequency for each subject are
estimated using following likelihood function, L(®) (23) in the
same way as described above but more simply:
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Table I. Frequencies of each SNP in the EGFR and PAR-1 genes.

SNP locus Region SNP locus PCR primer Allele frequencies (%) Protein residue

EGFR
rs12668421 Intron 1 +22207 +21716 to +22407 A(145)T (85.5) -
rs4947488 Intron 1 +29585 +29220 to +29785 T (14.0) A (86.0) -
rs11766798 Intron 1 +37349 +37149 to +37849 G (10.9) A (89.1) -
1s723527 Intron 1 +47902 +46520 to +48681 G(988)A(1.2) -
159642564 Intron 1 +58364 +58164 to +58564 A (89.7) G (10.3) -
154947972 Intron 1 +74073 +73873 to +74273 C (89.1) G (10.9) -
rs12718945 Intron 1 +105993 +105640 to +106193 G (70.0) T (30.0) -
rs13247687 Intron 1 +114806 +114606 to +115006 A(752)G (24.8) -
rs2072454 Exon 4 +127378 +127178 to +127578 T (27.6)C(724) Asn/Asn
12227983 Exon 13 +142285 +142085 to +142485 G (355)A(64.5) Lys/Arg
rs1050171 Exon 20 +162093 +161893 to +162293 G (76.7) A (23.3) GIn/Gln
1$2293347 Exon 25 +181946 +181746 to +182146 A (40.6) G (59.4) Asp/Asp

PAR-1
1s27135 Intron 1 +711 +456 to +966 G (28.2) A(71.8) -
rs2227750 Intron 1 +1332 +1077 to +1587 G (98.0)C(2.0) -
rs37243 Intron 1 +2187 +1639 to +2387 G(22.1)A 779 -
1s37244 Intron 1 +2979 +2480 to +3544 T (779G (22.1) -
rs253072 Intron 1 +12687 +11177 to +14835 A(482)G(51.8) -
rs153311 Intron 1 +15691 +14929 to +15890 C((779)A22.1) -
rs5893 Exon 2 +16414 +16314 to +16514 A(99.7) G (0.3) Ser/Gly

where n is the number of haplotypes in one haplotype block
of interest on the EGFR gene x the number of haplotypes in
another haplotype block of interest on the PAR-1 gene, and all
number of possible haplotypes in a block is known in the above
calculation. 0, is the frequency of the ith haplotype cluster,
and O is the vector of all haplotype cluster frequencies. g, is
a sequence of diplotype cluster consisting of estimated (paired)
haplotype clusters on n haplotype block for the kth subject in
all 165 subjects. P (g, 10) is the probability of diplotype cluster
corresponding to the data g,. Thus,
P(g,|©)= ) 6ib),
i j)eQk

L(©)=T1P(g,|6)=I1 3 0ij
fi.j)eQk
O, is a set of all possible pair permutation (i, j) consisting of
two haplotype cluster elements in the data set g,.
O= argmax L(O),

-

d, =argmax P(d, | ©)

© is maximal likelihood estimate of ©. aAlk denotes the most prob-
able diplotype cluster for the kth subject. In other words, O is
the converged value for @ (initial value) and cAik is the converged
value for d, (initial value), respectively.

Results

Young adult Japanese subjects (n=165; 54 males, 111 females;
aged 18 to 20 years) participated in the study. Table II presents

the background information on the subjects. Methacholine chal-
lenge tests were performed for all 165 subjects recruited in the
present study. Of 165, 54 subjects were categorized as having
increased airway response (PC,, <8.0 mg/ml) and 111 subjects
as having normal airway response (PC,, =8.0 mg/ml). No
significant differences were observed between these two
subject groups in age, gender, prevalence of allergic rhinitis.
High blood eosinophil counts and serum IgE levels were
observed in samples from subjects with AHR in comparison
to those without AHR (eosinophils; P=0.033, serum IgE;
P=0.012). Serum specific IgE levels did not differ significantly
between samples obtained from subjects with and without
AHR (data not shown). The mean baseline FEV, (% predicted)
values were lower in subjects with AHR compared with those
without AHR (P=0.009).

Table I summarizes the allele frequencies of the inves-
tigated EGFR and PAR-1 gene loci in our study population.
Based on the results, we performed a case-control study. No
difference was observed in the prevalence of any single SNP
between subjects with and without AHR.

Significant results were observed in the following haplo-
type block within each gene region: i) 1s4947972, rs12718945
and rs2072454 (block-1 in the EGFR gene), ii) rs4947972,
rs12718945 and rs2227983 (block-2 in the EGFR gene), iii)
rs4947972, rs12718945 and rs2293347 (block-3 in the EGFR
gene), or iv) rs37243 and rs253072 (block-4 in the PAR-1
gene). (The Pearson's %* value and the corresponding P-value
were 13.6 and 0.0183 (block-1), 16.8 and 0.00484 (block-2),
13.1 and 0.0226 (block-3), and 11.9 and 0.00781 (block-4),
respectively) (Table III). In each haplotype block, a higher
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Table II. Subject characteristics.
Subjects
Without AHR (n=111) With AHR (n=54) P-value

Age (years) 19 (19-20) 19 (18-20) 0.260
Gender (M/F) 38/73 16/38 0.554
Allergic rhinitis, n (%) 60 (54.1%) 35 (64.8%) 0.189
Blood eosinophils (/mm?) 129.7 (71.6-199.4) 155.0 (98.0-267.3) 0.033
Serum log,, IgE (total) (IU/ml) 2.240.6 2.5+0.7 0.012
FEV1 (% predicted) 92.0+11.8 87.1+9.9 0.009
Methacholine PC,, (mg/ml) - 4.5 (2.7-6.0) -

All subjects (n=165) were life-long non-smokers and had no current respiratory symptoms. All of them donated blood for SNP studies. During
methacholine testing, subjects inhaled saline (baseline) or methacholine solution (0.3-16 mg/ml) for 2 min by tidal breathing. PC,,, the concentra-
tion of methacholine causing FEV/ to drop by 20%. Airway hyperresponsiveness (AHR) was defined as PC,, <8.0 mg/ml. Age, blood eosinophils,
and methacholine PC,, was not normally distributed and is presented as median (25 and 75 percentile). The data were compared between the two
subject groups by Mann-Whitney U test. Log,, IgE and FEV, (% predicted) were normally distributed and are presented as mean + SD, and these
data were compared between the two subject groups by the unpaired t-test. Categorical data for two subject groups were compared by % test.

frequency of a haplotype, C-T-C (block-1), C-T-A (block-2),
C-T-A (block-3), or G-G (block-4) was observed in subjects
with AHR than in those without AHR. The OR, 95% CI and
the corresponding P-values were 3.88, 1.89-7.98 and 0.000983
for block-1; 4.11, 1.98-8.54 and 0.000397 for block-2; 5.81,
2.29-14.7 and 0.000869 for block-3; or 13.0, 1.54-109.4 and
0.00619 for block-4, respectively (Table IV).

Of note, an integrated effect was also observed in one
haplotype cluster which consists of SNP loci in both EGFR
(rs2293347) and PAR-1 (rs253072) gene regions (cluster-1;
Pearson's y” statistic value=8.17, P=0.0426) (Table III) and
higher frequency of a haplotype A-A was observed in subjects
with AHR than in those without AHR (OR, 2.42; 95% CI,
1.21-4.83; P=0.0216) (Table IV). Our study had adequate
statistical power to detect the association of the haplotype with
the phenotype of interest.

Discussion

The present study showed evidence that parallel gene varia-
tion (haplotype cluster) of EGFR and PAR-1 is related to the
presence or absence of AHR in young adults with atopy. This
is the first genetic study focusing on PAR-1 as well as EGFR
as a new candidate molecule for the development of AHR, and
one of the possible determinants of development of AHR is
the complex gene variation in EGFR and PAR-1, newly termed
‘haplotype cluster’.

AHR is one of the objective and absolute phenotypes
commonly observed in all asthmatic patients (24). The causal
relationship between an individual gene (molecule) and the
phenotype (AHR) may be unclear because of its complex
pathological processes in advanced patients with asthma, such
as airway inflammation and structural remodeling. Besides
the symptomatic patients, prospective studies revealed that
some of the asymptomatic young adults also exhibit AHR (25)
and it is thought to be a possible risk factor for future onset of
asthma (26,27). In addition, associated factors such as atopy
may partly contribute to the relationship (28). Unlike its symp-

tomatic counterpart, only minimal changes in airway structure
have been observed in the atopic subjects with asymptomatic
AHR (29,30). In the present study, we selected a uniform
study phenotype among individual subjects to minimize the
interplay among multiple pathological components as seen
in patients with symptomatic asthma. Thus, we focused on
the simple and absolute phenotype of AHR in asymptomatic
allergic young adults.

EGFR is a member of the ErbB family of receptor tyrosine
kinase (RTK). EGFR activation promotes epithelial repair (31)
in damaged airways, and the increased expression contributes to
repair of damaged epithelium in asthmatic airways (12). In line
with this, it seems plausible that, similar to symptomatic asthma,
EGFR activation may play a role in the onset and progres-
sion of AHR in the airways of the asymptomatic adults with
atopy. Indeed, we previously reported the possible association
of EGFR polymorphisms with asymptomatic AHR in young
atopic adults (13), and a similar association of haplotype block-1
(rs4947972, rs12718945 and rs2072454), block-2 (rs4947972,
rs12718945 and rs2227983) and block-3 (rs4947972, rs12718945
and 1s2293347) on the EGFR gene with the phenotype of AHR
was repeatedly shown in the present study.

The PAR receptor family (mainly PAR-1 and -2) has been
intensively studied for its role in various types of inflammatory
disorders (14), including allergic asthma. In contrast to EGFR,
PARs are 7-transmembrane G protein-coupled receptors
(GPCRs) stimulated by serine proteases such as tryptase and
thrombin. Although many studies have focused on the roles
of PAR-2 and tryptase released from mast cells in allergic
asthma (32), PAR-1 is also important in the pathogenesis of
asthma. PAR-1 is widely expressed on leukocytes and airway
cells in epithelium, smooth muscle, and blood vessels (33).
The PAR-1-specific serine protease is thrombin, expres-
sion of which has been shown to be increased in asthmatic
airways (34). A previous study demonstrated that a-thrombin
stimulates contraction of human bronchial rings by activation
of PAR-1 (35). Furthermore, it has been demonstrated that
thrombin-induced stimulation of PAR-1 promotes fibroblast



46 YOSHIKAWA and KANAZAWA: HAPLOTYPE CLUSTER, EGFR, PAR-1 AND AIRWAY HYPERRESPONSIVENESS

Table III. Significant results of combination of SNPs in both genes of EGFR and PAR-1.

Block

SNP loci 1 2 3 4 Cluster 1
EGFR

rs12668421 1 A/T

rs4947488 2 T/A

rs11766798 3 G/A

rs723527 4 G/A

rs9642564 5 A/G

rs4947972 6 C/G

rs12718945 7 G/T

rs13247687 8 A/G

rs2072454 9 T/C °

rs2227983 10 G/A °

rs1050171 11 G/A

1s2293347 12 A/G ° °
PAR-1

rs27135 13 G/A

rs2227750 14 G/C

rs37243 15 G/A °

rs37244 16 T/G

rs253072 17 A/G ° °

rs153311 18 C/A

rs5893 19 A/G
P-value by Fisher's exact test* 0.0183 0.00484 0.0226 0.00781 0.0426
Pearson's ¢ statistic value® 13.6 16.8 13.1 11.9 8.17

“In 2 x k contingency table (k, the number of haplotypes for cases and controls).

proliferation and collagen production (36). Accordingly,
PAR-1 appears to be a new candidate factor for explaining the
persistence of airway remodeling and the bronchoconstrictive
response in asthmatic airways.

Recent accumulating evidence indicates that EGFR
activation mediates PAR-1 mitogenic signaling through intra-
cellular signaling crosstalk (15). For example, binding of the
ligands to EGFR activates receptor and non-receptor tyrosine
kinases which play a role in regulating small G proteins, such
as p21™. The p21™ subsequently activates the MAP kinase
pathway, resulting in consequent upregulation of transcrip-
tion factors and immediate early genes that regulate growth.
As for PAR-1, the receptor couples several G proteins, which
can activate various pathways that merge with the receptor
tyrosine pathway at different levels. In particular, thrombin is
known to activate non-receptor tyrosine kinase Src and Fyn.
Collectively, it is likely that thrombin-PAR-1 systems and the
EGFR pathway may synergistically lead to repair or remod-
eling of the airway epithelium. To the best of our knowledge,
this is a novel genetic study which was designed to investigate
an integrated effect of two different types of receptor genes
which share an intracellular signaling interface system.

For this purpose, we newly proposed the concept of ‘haplo-
type cluster’ for genomic analysis. While the present study

demonstrated that some haplotype blocks within each single
gene (block-1, -2, -3 and -4) were associated with the presence
of AHR, the findings also showed an integrated effect of haplo-
type cluster (cluster-1) over two genomic regions, providing
novel insight into a role of gene interaction between these two
receptors with signaling crosstalk in development of AHR.
In addition, lower baseline FEV, (% predicted) was observed
in subjects with AHR in comparison to those without AHR.
This additional observation raises an intriguing suggestion
that reduced airway caliber (albeit within normal range) might
represent an occult repair process caused by the integrated
effect of one haplotype cluster. Beyond the pair of EGFR
and PAR-1, it is likely that the presence of AHR might partly
arise from integrated effects of two or more genes in other
various molecules which are synergistically involved in airway
inflammatory and structural changes or airway smooth muscle
contractibility per se. In the present study, we first termed
such functionally-related genomic regions ‘haplotype cluster’.
This seems to be a novel and useful approach in future genetic
studies to examine systematically such integrated effects of the
numerous types of molecules in multifactorial disorders.

The limitation of the present study is the small number
of subjects recruited. Despite such a small sample size, the
present study approach is novel. We made sure that our study
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Table I'V. Haplotype frequencies in EGFR and PAR-1 genes.

Without AHR With AHR
Haplotype (n=111), % (n=54), % P-value
rs4947972,rs12718945 and rs2072454*
C-G-C 112 69.0 31.0 0.687
C-T-T 121 734 26.6 0.351
C-T-C 122 40.0 60.0 0.000983
OR, 3.88 (1.89-7.98); RR, 3.32 (1.76-6.28)
G-G-C 212 73.3 26.7 0.563
C-G-T 111 66.7 333 1.000
G-G-T 211 83.3 16.7 0.671
rs4947972, rs12718945 and rs2227983°
C-G-A 112 68.8 31.2 0.732
C-T-G 121 75.0 25.0 0.230
C-G-G 111 68.3 31.7% 1.000
C-T-A 122 37.1 62.9 0.000397
OR,4.11 (1.98-8.54); RR, 3.48 (1.82-6.64)
G-G-A 212 70.8 29.2 0.830
G-G-G 211 83.3 16.7 0.359
14947972, rs12718945 and rs2293347°¢
C-G-G 112 69.8 30.2 0.607
C-G-A 111 674 32.6 1.000
C-T-G 122 70.1 299 0.629
G-G-A 211 739 26.1 0.658
C-T-A 121 31.8 68.2 0.000869
OR,5.81(2.29-14.7); RR,5.14 (2.16-12.2)
G-G-G 212 76.9 23.1 0.566
rs37243 and rs253072¢
A-G 22 68.9 31.1 0.678
A-A 21 624 37.6 0.321
G-A 11 75.8 24.2 0.151
G-G 12 143 85.7 0.00619
OR, 13.0 (1.54-109.4); RR, 12.3 (1.50-101.2)
rs2293347 and rs253072°
G-A 21 73.8 26.2 0.147
A-G 12 68.0 320 0914
G-G 22 64.9 35.1 0.710
A-A 11 48.6 514 0.0216

OR,2.42 (1.21-4.83); RR, 2.17 (1.19-3.96)

By 2x2 contingency table. OR, odds ratio; RR, risk ratio. Airway hyperresponsiveness (AHR) was defined as PC,;, <8.0 mg/ml. Statistical

power was %0.928,°0.962, ©0.922, 90.787 and 0.703.

had adequate statistical power to detect the association of the
haplotype with the phenotype. Considering the diversity of func-
tionally-interrelated molecules in the pathogenesis of asthma, it
seems crucial to accumulate evidence to determine the potential
haplotype cluster over a large range of genomic regions as well
as to recruit and collect as many as possible study participants.
In summary, the results of the present study suggest the
importance of integrated genetic variations of EGFR and
PAR-1 (haplotype cluster) which share common intracellular
signaling pathways in the development of AHR even at the

early stage of disease progression. Similar types of approaches
as the present study using genomic analysis by identifying
haplotype cluster in order to examine integrated effects of
multiple genes will be needed in future studies.
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