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GENETICS
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Background. The discoidin domain receptor tyrosine kinase 1 (DDR1) is positioned within the major histocompatibility complex (MHC) region
which plays an important role in the immune system. In addition, DDR1 has been elucidated to be downregulated during the epithelial–
mesenchymal transition of bronchial epithelium. Objective. To investigate the potential genetic associations between DDR1 and aspirin-
exacerbated respiratory disease (AERD), this study conducted association studies of DDR1 single nucleotide polymorphisms (SNPs) with
AERD and the obstructive symptom of forced expiratory volume in 1 s (FEV1) decline after aspirin provocation. Methods. Nine common SNPs
were genotyped in 93 AERD patients and 96 aspirin-tolerant asthma (ATA) controls. The genotype distributions of all loci were in Hardy–
Weinberg equilibrium (HWE; p > .05). Results. In the results of logistic analyses using age, sex, smoking status, and atopy as covariates, DDR1
rs1264320 in the intronic region showed a potent association signal with FEV1 decline by aspirin provocation in asthmatics of this study even after
corrections for multiple testing (p¼ .003 and corrected p¼ .01). However, the variants of DDR1were not significantly associated with the AERD
development (corrected p > .05). On further comparison of FEV1 decline by aspirin provocation between AERD and ATA, the variant rs1264320
was found to be associated with the FEV1 decline of ATA rather than AERD. Conclusion. Despite the need for further functional evaluations and
replications, we conclude thatDDR1 polymorphisms are not likely to contribute to predispositions of AERD, but may be potentially associated with
FEV1 decline by aspirin provocation in asthmatics.

Keywords aspirin-exacerbated respiratory disease (AERD), DDR1, haplotype, single nucleotide polymorphism

INTRODUCTION

About 300 million patients worldwide are currently suffer-
ing from asthma (1), and about 20% of the asthma patients
have aspirin-exacerbated respiratory disease (AERD) (2–4).
AERD is characterized by symptoms such as lung inflam-
mation and difficulty of breathing upon ingestion of non-
steroidal anti-inflammatory drugs (NSAIDs), including
aspirin (5, 6). The clinical characteristics of AERD include
a combination of aspirin sensitivity, bronchial asthma, and
chronic rhinosinusitis with nasal polyposis (7–9). Aspirin,
also known as acetylsalicylic acid, is primarily used to
relieve pain, fever, and inflammation. Consistent

inflammation often results in an airway remodeling and
an irreversible structure change of airway epithelium,
leading to clinical symptoms of asthma (10, 11).

The discoidin domain receptor tyrosine kinase 1
(DDR1) is positioned on chromosome 6p21.3, an area
known as the major histocompatibility complex (MHC)
region. Although DDR1 is expressed in several tissues
including colon and mammary gland, the expression of
DDR1 is especially high at the basolateral surface of the
bronchial epithelium in human, and the role of DDR1 is
critical in leukocyte migration (12, 13). Furthermore,
DDR1, which is related to cytokine production in human
macrophage (14), has been found to be a risk factor in the
development of lung inflammation and fibrosis (15). In
particular, Ddr1-deficient mice showed protection against
bleomycin-induced lung fibrosis, indicating that the
expression of DDR1 and its interaction with
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p38 mitogen-activated protein kinase (MAPK) activation
may be one of the main factors for the development of lung
inflammation and fibrosis (15).

In addition, the pathological conversion of epithelial
cells into fibroblasts, also referred to as epithelial–
mesenchymal transition (EMT), is thought to be one of
the mechanisms for the increase of fibroblast, an event that
is also closely associated with pathologies of airway dis-
eases such as asthma (16). DDR1 expression is downregu-
lated during EMT of bronchial epithelium (16), suggesting
that the expression of DDR1 could affect the development
of asthma and airway-related diseases. Based on these
facts, this study aimed to investigate the potential genetic
associations of DDR1 polymorphisms with AERD devel-
opment and the obstructive symptom of FEV1.

SUBJECTS AND METHODS

Study Subjects

This study was conducted in compliance with the Global
Initiative for Asthma (GINA)’s Global Strategy for
Asthma Management and Prevention Study (17) and
related guidelines (18). A total of 189 subjects were
recruited from the Asthma Genome Research Center com-
prising hospitals of Soonchunhyang University, Chung-
Ang University, Cheonnam University, Chungbuk
University, and Seoul National University. All subjects
provided informed consent, and the protocols were
approved by the institutional review board of each hospi-
tal. Each patient showed airway reversibility such as the
inhalant bronchodilator-induced improvement with over
15% of forced expiratory volume in 1 s (FEV1) and/or
the airway hyperresponsiveness to the provocative concen-
tration of P20 methacholine (19).

Twenty-four common inhalant allergens were used for a
skin prick test (20). Total IgE was measured using the CAP
system (Pharmacia Diagnostics, Uppsala, Sweden), and
atopy was defined as having a wheal diameter with an
inhalant allergen of at least 3 mm and equal to 60% of
that induced by histamine without reaction of the negative
control. Twenty-four common inhalant allergens (e.g., dust
mites [Dermatophagoides farinae and Dermatophagoides
pteronyssinus], cat fur, dog fur, cockroaches, grasses, trees,
and ragweed pollens) (Bencard Co. Ltd, Brentford, UK)
were used for a skin prick test. Oral aspirin challenge was
performed with increasing doses of aspirin using methods
slightly modified from those described previously (21, 22).
Patients with history of aspirin hypersensitivity were given
30 mg and those having no history of aspirin hypersensitiv-
ity started with 100 mg of aspirin orally. Symptoms, exter-
nal signs (urticaria and angioedema), blood pressure, and
FEV1 were documented every 30 min for a period of 2 h. In
the absence of any symptoms or signs suggestive of adverse
reaction after 2 h, 60 or 100 mg of aspirin was administered
and the same measurements were repeated every 1 h, with
doses of 450 mg until the patient developed a reaction. If no
reaction occurred 4 h after the final dose, the test was
deemed negative. Changes in the FEV1 were followed for

4 h after the final aspirin dose. Subjects were categorized
into two groups as follows: 15% or greater decreases in
FEV1 with naso-ocular or cutaneous reactions as AERD
case group and less than 15% decreases in FEV1 without
naso-ocular or cutaneous reactions as aspirin-tolerant
asthma (ATA) control group.

SNP Genotyping

We selected nine common single nucleotide polymorph-
isms (SNPs) (minor allele frequency [MAF] > 0.05) based
on the Asian population database from the International
HapMap database (http://hapmap.ncbi.nlm.nih.gov/) and
then genotyped the SNPs in 93 AERD and 96 ATA sub-
jects. Genotyping was performed using Taqman assay with
the assessment of data quality by duplicate DNAs (n¼ 10).
SNPs that could not satisfy the following criteria were
excluded from the analysis: (i) a minimum call rate of
95%, (ii) no duplicate error, (iii) Hardy–Weinberg equili-
brium (HWE) of p > .05. As a result, a total of nine SNPs
from DDR1 were successfully genotyped.

Statistics

We examined Lewontin’s D0 (|D0|) and the linkage disequi-
librium (LD) coefficient r2 between all pairs of biallelic loci
to determine LD among the SNPs. LD was obtained using
the Haploview v4.1 program downloaded from the Broad
Institute (23). Haplotypes were estimated using PHASE
software (24) and then computed by logistic analyses using
the Statistical Analysis System. Associations were analyzed
using logistic models with age, gender, smoking status, and
atopy as covariates. To provide the multiple testing correc-
tion for the p-value, we used the SNPSpD software to
calculate the effective number of independent marker loci
(http://gump.qimr.edu.au/general/daleN/SNPSpD/).

RESULTS

Characteristics of Study Subject

A total of 189 subjects including 93 AERD patients and 96
ATA controls were recruited for the study. The clinical
characteristics of subjects are summarized in Table 1.
Study subjects showed the male to female ratio to be ,1:2
for AERD and ,1:3 for ATA, as expected of the sex
differences in adult asthma according to the Global Allergy
and Asthma European Network (GA2LEN). The FEV1

decline by aspirin provocation of AERD patients (23.70 �
14.48%) was significantly higher than that of ATA controls
(0.94 � 2.76%, p < .001). However, no significant differ-
ences in blood eosinophil, methacholine PC20, total IgE,
smoking status, and positive rate of skin test were found in
the subgroups of this study (p > .05, Table 1).

Genotyping, LD, and Haplotype of DDR1 Polymorphisms

Based on the Asian population database International
HapMap, a total of nine common SNPs of DDR1 were
selected and genotyped in a Korean population. Among
the SNPs, two synonymous polymorphisms (rs2229933
and rs1049623), which, respectively, correspond to silent
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mutations of Leu94Leu and of Val599Val, are located in
coding regions, while the other seven SNPs are positioned in
intronic regions (Figure 1A and Supplementary Table 1;
http://informahealthcare.com/doi/suppl/[doinumber]). All
SNPs were in HWE (p > .05, Supplementary Table 1).
Three complete LDs (r2 ¼ 1; rs9468842 and rs2239517;
rs1264323 and rs1049623; rs2229933 and rs7743661)
were found among the SNPs genotyped in this study
(Figure 1A). Pair-wise comparisons showed one tight LD
block among the eight SNPs (Figure 1C), and six haplotypes
were inferred using PHASE software (Figure 1B). Five

common haplotypes with frequency over 0.05 were used
for the haplotype association analysis. In addition, haplo-
types 1 and 2 were excluded from logistic analyses due to its
equivalence to rs2239518 and rs1264320, respectively.

Association Analyses of DDR1 Polymorphisms with AERD
Development and FEV1 Decline

Regression analyses between DDR1 variants and FEV1

decline by aspirin provocation in asthmatics, adjusted to
age, gender, smoking status, and atopy as covariates, were
first conducted. Interestingly, rs1264320 in the intronic

TABLE 1.—Clinical profiles of aspirin-induced asthma patients and controls.

Clinical profiles AERD ATA p Value

Number of subjects (n) 93 96
Sex (male/female) 32/61 24/72 .156
Age [mean (range)] 44.4 (17–73) 45.8 (15–77) .497
Blood eosinophil (%) 6.29 � 5.80 4.88 � 4.19 .060
PC20, methacholine (mg/ml) 4.23 � 7.18 3.04 � 4.27 .193
FEV1 decline by aspirin provocation 23.61 � 14.48 0.94 � 2.76 .001
Total IgE (IU/ml) 321.65 � 623.31 309.54 � 426.04 .878
Ex-smoker/current smoker (%) 15.63/9.38 6.45/12.90 .219
Positive rate of skin test (%) 61.46 56.99 .532

Notes: Data of blood eosinophil, PC20, methacholine, and total IgE are presented as mean � SD. AERD, aspirin-exacerbated respiratory disease; ATA, aspirin-tolerant asthma.
Values significant at 0.05 are shown in bold.

FIGURE 1.—Physical map, haplotypes, and LD of the DDR1 gene. (A) Schematic gene map and SNPs in the DDR1 gene on chromosome 6p21.3 (16kb). Black
blocks represent coding exons and white blocks represent 50 and 30UTR. The first base of translation site was denoted as nucleotideþ1. (B) Haplotypes of DDR1.
(C) LD coefficient (|D0 |) among DDR1 SNPs in a Korean population. UTR, untranslated region.
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region showed a significant association with FEV1 decline
after aspirin challenge in asthmatics even after the correc-
tions for multiple testing (p¼ .003, pcor. ¼ .01, Table 2). In
particular, the rare homozygote (AA) of rs1264320
revealed about eightfold and ninefold decreases in FEV1

by the aspirin provocation compared with the common
homozygote (GG) and heterozygote (GA), respectively
(Figure 2), indicating that rs1264320 could have a protec-
tive effect on FEV1 decline after aspirin challenge in the
asthmatics. In the logistic analyses which were adjusted for
age, sex, smoking status, and atopy as covariates, the
rs1264320 showed a nominal evidence of association with

AERD development under a recessive model (OR ¼ 0.20,
p ¼ .02, Supplementary Table 2). However, the signal
disappeared after correcting the data for the multiple testing
(pcor. > .05). Although haplotype DDR1_ht5, which was
infrequent in AERD patients compared with ATA controls,
also showed correlation with AERD under co-dominant and
dominant models (OR ¼ 0.35, p ¼ .04), the significance
disappeared after correction (pcor. > .05, Supplementary
Table 2). In further comparison of FEV1 decline by the
aspirin provocation between AERD and ATA, the strength
of association with rs1264320 was increased in the ATA
group (p ¼ .02–.04), whereas no signal for association was
found in the AERD group (Supplementary Table 3).

DISCUSSION

The MHC region contains many genes that are responsible
for immunological functions. It has been previously
reported that SNPs of the genes in the MHC region, such
as HLA-DRB1, DQA1, NOTCH4, and TNXB, have shown
significant associations with immune-mediated diseases
including multiple sclerosis, rheumatoid arthritis, and sys-
temic lupus erythematosus (25). Furthermore, several
genes within the MHC region are also shown to be asso-
ciated with asthma (26). On the other hand, genetic var-
iants of DDR1 that is also positioned at the MHC region
have been reported to induce the development of autoim-
mune diseases (27, 28), whereas no association studies
between DDR1 polymorphisms and bronchial hypersensi-
tivity in asthma have been performed. Despite the failure to
find robust associations ofDDR1 variants with AERD, our
preliminary results provide additional information that
DDR1 may be potentially associated with the obstructive
symptoms in asthma.

The overproduction of pro-inflammatory cysteinyl leu-
kotrienes (CysLTs) has been implicated in aspirin hyper-
sensitivity (29). However, many studies have recently
reported that genetic variants of non-leukotriene genes
such as FSIP1 and TBX21 might be associated with

TABLE 2.—Regression analyses of DDR1 genetic variants and FEV1 decline by aspirin provocation.

C/C C/R R/R

SNP/haplotype Position Amino acid change [n (FEV1 decline)] [n (FEV1 decline)] [n (FEV1 decline)] pa pacor.a pb pbcor.a pc pccor.a

rs9468842 Intron 55 (10.79 � 13.55) 90 (13.99 � 16.08) 44 (9.83 � 15.79) .57 1.00 .69 1.00 .16 .58
rs1264323 Intron 69 (10.34 � 13.54) 84 (14.50 � 16.11) 36 (9.83 � 16.38) .94 1.00 .41 1.00 .25 .92
rs2229933 Exon 6 Leu94Leu 55 (10.79 � 13.55) 88 (13.87 � 16.24) 44 (9.83 � 15.79) .56 1.00 .73 1.00 .17 .62
rs7743661 Intron 55 (10.79 � 13.55) 89 (13.91 � 16.16) 45 (10.07 � 15.70) .61 1.00 .69 1.00 .2 .71
rs1264320 Intron 96 (12.05 � 15.08) 77 (14.11 � 16.21) 15 (1.57 � 7.16) .16 .57 .84 1.00 .003 .01
rs3132572 Intron 180 (11.74 � 14.87) 7 (19.14 � 26.50) – .22 .79 .22 .79 – –

rs1049623 Exon 14 Val599Val 69 (10.34 � 13.54) 83 (14.46 � 16.21) 35 (9.51 � 16.51) .87 1.00 .44 1.00 .22 .79
rs2239517 Intron 55 (10.79 � 13.55) 88 (13.87 � 16.24) 44 (9.83 � 15.79) .56 1.00 .73 1.00 .17 .62
rs2239518 Intron 61 (11.48 � 15.96) 87 (13.14 � 15.36) 41 (10.79 � 14.60) .8 1.00 .48 1.00 .71 1.00
DDR1_ht3 150 (11.11 � 14.82) 34 (16.04 � 18.00) 2 (10.00 � 9.90) .19 .69 .13 .48 .72 1.00
DDR1_ht4 157 (11.70 � 15.72) 28 (13.94 � 14.21) 1 (4.00) .6 1.00 .52 1.00 .67 1.00
DDR1_ht5 164 (12.36 � 15.67) 22 (9.26 � 13.70) – .37 1.00 .37 1.00 – –

Notes: C/C is common homozygote; C/R heterozygote; R/R rare homozygote.DDR1_ht1 andDDR1_ht2 are not listed due to the equivalence to rs2239518 and rs1264320, respectively.
pa, pb and pc indicate p-value of co-dominant, dominant, and recessive models, respectively.
aEffective number of independent marker loci ¼ 3.6038.
Values significant at 0.05 are shown in bold.

FIGURE 2.—FEV1 decline by aspirin provocation comparisons among
rs1264320 alleles. The rare homozygote (AA) showed approximately eight-
fold and ninefold decrease when compared with the common homozygote
(GG) and heterozygote (GA), respectively.
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AERD (30–32). In particular, rs7179742 of FSIP1 was
found to be significantly associated with AERD develop-
ment, suggesting the possible relations to amyloid beta
precursor protein and a disintegrin and metalloproteinase
33 (ADAM33), which are known to play a role in the
development of aspirin hypersensitivity (31). On the
other hand, a functional SNP in the promoter region of
TBX21 has been elucidated to affect transcriptional activity
of the gene and thus increase the risk for AERD (32).
Therefore, genetic variants of genes on other pathways,
rather than leukotriene-related genes, may be related with
the development of aspirin hypersensitivity in asthma.

It has been previously revealed that DDR1 plays a
potential role in the bronchial tissue and lung. High expres-
sions of DDR1 mRNA in the human bronchial epithelial
cells and DDR1 at the basolateral cell surface of the bron-
chial epithelium have also been reported (13). In addition,
DDR1 has been shown to be associated with lung inflam-
mation and fibrosis (15). In a previous report,Ddr1 knock-
out mice showed a resistance to the lung inflammation and
fibrosis induced by bleomycin (15), an antibiotic agent
which causes pulmonary fibrosis as a side effect. These
previous results suggest that DDR1 might have an impor-
tant role in the respiratory inflammation process via acti-
vations of important regulators such as p38 MAPK (14,
33). On the other hand, possible associations between the
polymorphisms of DDR1 and non-segmental vitiligo
(NSV) in a Korean population have also been investigated
(34). Although initial results in the study showed associa-
tions of five polymorphisms in the coding, 30-untranslated
and 30-near regions with NSV, significances disappeared
after multiple testing corrections.

More recently, the understanding and repair of defects
in the EMT process have been explored as a new thera-
peutic approach for respiratory diseases such as asthma,
chronic obstructive pulmonary disease, and pulmonary
fibrosis (16). Although expression of DDR2 was not
altered, DDR1 was downregulated during EMT of bron-
chial epithelial cells (16), indicating that DDR1 might be
involved in the trans-differentiation of bronchial epithelial
cells. In addition, interplay between DDR1 and N-cadherin
has been recently reported (35). Considering that N-
cadherin is upregulated during human lung development
(36), it is suggested that the DDR1 interaction with other
mediators of bronchospasm may play a role in pulmonary
and/or respiratory responses.

Among the nine SNPs genotyped in this study,
rs3132572 was not included during determinations of LD
and haplotype due to the low MAF (< 0.05) of the
SNP. Although no robust associations betweenDDR1 poly-
morphisms and AERD were found, the rs1264320 variant
in the intronic region showed a significant signal in the
association with FEV1 decline by aspirin provocation in
asthmatics even after the correction for multiple testing
under a recessive model (p ¼ .003 and pcor. ¼ .01), with
the increased strength of association with the variant in
ATA group rather than in AERD group. Previous studies
have shown that SNPs located in intronic regions could be
associated with various diseases. For example, an intronic

SNP rs13293564 in protein unc-13 homolog B (UNC13B)
was found to be significantly associated with nephropathy
in patients with type 1 diabetes (37). In addition, rs2267716
in the intron of corticoprotein-releasing hormone receptor
2 (CRHR2) was shown to have a risk in the development of
hepatocellular carcinoma among chronic hepatitis B
patients (38). Due to the role of intronic SNPs in affecting
transcription efficiency or alternative splicing (39, 40), in
silico analysis was further performed to predict whether
rs1264320 could be a potential branch point (BP) site for
alternative splicing using EMBL-EBI splice site prediction
(http://www.ebi.ac.uk/asd-srv/wb.cgi?method¼2).
Although rs1264320 variant was not predicted as a BP site,
there is a need for additional functional studies for the
variant.

CONCLUSIONS

In summary, we conducted association studies between nine
SNPs of DDR1 and AERD to find that only rs1264320
showed a minor association with AERD, but the association
disappeared after correcting for multiple testing. However,
regression analyses betweenDDR1 SNPs and the fall rate of
FEV1 revealed that rs1264320 was significantly associated
with the phenotype. Although further replications in other
cohorts and functional evaluations are required, the signifi-
cant association between rs1264320 variant in DDR1 and
FEV1 decline by aspirin provocation in asthmatics may
provide information that DDR1 could have a role in the
obstructive phenotype of asthma.
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