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ABSTRACT

BACKGROUND

Previous genetic studies have associated the region of the human genome (14q22.1)
containing the gene for the prostanoid DP receptor (PTGDR) with asthma. A study of a
mouse model suggests that the receptor is required for the expression of the asthma
phenotype. Our associations of asthma with functional genetic variants of PTGDR link
these observations.

METHODS

We identified and evaluated combinations of genetic variants that influence PTGDR tran-
scription for disease association in case—control studies of 518 white patients with asth-
ma and 175 white controls and 80 black patients with asthma and 45 black controls.

RESULTS

We identified four novel and two previously reported single-nucleotide polymor-
phisms (SNPs) in PTGDR and its vicinity. These define four common three-SNP haplo-
types, which vary in their ability to support transcription of PTGDR and have distinct
DNA-binding-protein affinity profiles. Individual PTGDR SNPs were significantly asso-
ciated with asthma in both populations. Specific PTGDR haplotypes were significantly
associated with a diagnosis of asthma in a large case—control study of whites (P=0.002);
we confirmed these findings in a second population of blacks (P=0.01). Multivariate
analysis of the haplotype combinations (diplotypes) demonstrated that both whites
(odds ratio, 0.55; 95 percent confidence interval, 0.38 to 0.80; P=0.002) and blacks
(odds ratio, 0.32; 95 percent confidence interval, 0.12 to 0.89; P=0.03) who had at least
one copy of the haplotype with a low transcriptional efficiency had a lower risk of asthma
than subjects with no copies of the haplotype.

CONCLUSIONS
Our functional and genetic findings identify PTGDR as an asthma-susceptibility gene.
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STHMA MAY AFFECT AS MANY AS ONE

in four urban children?; it is associated

with substantial morbidity, mortality, and
economic costs,2 and despite intensive investiga-
tion, the factors that confer susceptibility are not
well understood. Identifying the pathways that al-
low asthma to be expressed is fundamental to im-
proving preventive strategies, developing diagnos-
tic tools, and designing therapies.3

The prostanoid DP receptor gene (PTGDR) is lo-
cated on chromosome 14q22.1 and encodes a hep-
tahelical transmembrane G-protein—coupled recep-
tor of 359 amino acids.* It is a candidate asthma
gene because it is required for the expression of
asthma® and because its genetic location has been
linked to asthma and atopy.®-1° The prostanoid DP
receptor is required for the development of sensiti-
zation in a mouse model of asthma. The asthma
phenotype does notdevelop in mice with a nonfunc-
tional DP receptor.5
We sought outvariants of PTGDR 11 and demon-

strated that specific combinations of the variants
had an effect on transcriptional efficiency. This ob-
servation provided the basis for our secondary hy-
pothesis: that sequence variants in PTGDR, which
limit its expression by reducing its transcriptional
efficiency, are associated with reduced susceptibil-
ity to asthma.

METHODS

Screening for genetic variants of PTGDR was per-
formed on DNA from 25 subjects (19 whites and
6 blacks) who met American Thoracic Society crite-
ria for the diagnosis of asthma2 and from 25 appar-
ently healthy controls (20 whites and 5 blacks) with
no history of asthma, atopy, or clinically significant
medical illness.12 Personal identifiers had been re-
moved from all DNA samples. This number of sub-
jects allowed us to detect variants that had a fre-
quency of more than 5 percent. Ancestral origin was
determined by self-report, and all subjects provided
written informed consent. Genomic DNA for se-
quencing was extracted from lymphocytes immor-
talized with the use of an Epstein—Barr virus—based
protocol and prepared as previously described.13
Genotyping used genomic DNA prepared from
fresh whole blood collected from 518 white and 80
black patients with mild-to-moderate asthma on the
basis of spirometric criterial4 and from 175 white
and 45 black controls without a history of asthma,
atopy, or clinically significant medical illness. White
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and black patients were recruited from 20 U.S. cen-
ters for a drug-treatment trial's; racially matched
healthy controls were recruited from a U.S. Army
population® (Table 1).

IDENTIFICATION OF SEQUENCE VARIANTS
Genomic DNA was screened for mutations in the
protein-coding and 5'-flanking regions of PTGDR by
single-strand conformational polymorphism analy-
sis13 with the use of oligonucleotide primers de-
signed from the GenBank nucleotide sequence
(accession number AC012407). Products of the
polymerase chain reaction (PCR) whose electropho-
retic mobility differed from that of the consensus
sequence were reamplified, and the products were
sequenced. Variants of the promoter and exon 1 se-
quences were identified by means of automated se-
quencing of DNA from 50 unique chromosomes,
and the sequence of 30 unique chromosomes was
determined for exon 2.

TRANSIENT TRANSFECTION ANALYSIS

WITH PROMOTER REPORTER CONSTRUCTS
PTGDR reporter constructs of 1102 bp were creat-
ed by means of PCR amplification of genomic DNA

Table 1. Demographic Characteristics of the Two Study Populations.*
Characteristic Controls Patients P Value
Whites
No. of subjects 175 518
Sex (no.) 0.006
Female 67 261
Male 108 257
Age (yr) 26.0+8.1 34.0+13.9 <0.001
Plasma total IgE (kU/liter) <0.001
Geometric mean 35 140
95% Confidence interval 26-46 120-160
Blacks
No. of subjects 45 80
Sex (no.) 0.01
Female 28 31
Male 17 49
Age (yr) 23.5+5.3 33.0+11.8 <0.001
Plasma total IgE (kU/liter) <0.001
Geometric mean 87 240
95% Confidence interval 60-130 180-300
* Plus—minus values are means £SD.
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from homozygous subjects who had the alternative
haplotypes with the use of primers that included
the Kpnl and Xhol recognition sites. Amplicons
were cloned and ligated into a firefly luciferase vec-
tor and propagated according to standard tech-
niques. Plasmid DNA was purified with the Qiagen
plasmid purification system.

The effects of constructs (1.5 pg) bearing PTGDR
haplotypic variants were studied in transiently trans-
fected A549 cells, grown to 80 percent confluence
in six-well plates, and cotransfected with 75 ng of
renilla luciferase vector with the use of Lipo-
fectamine PLUS and Lipofectamine reagent (In-
vitrogen). Transfected cells were incubated for 24
hours and then placed in passive lysis buffer. Lysate
firefly and renilla luciferase activities were assayed
with the Dual-Luciferase reporter assay system
(Promega). Firefly luciferase activity was adjusted
for renilla luciferase activity to control for differ-
ences in transfectional efficiency.

TRANSCRIPTION-FACTOR EXPRESSION
CONSTRUCTS

A549 cells were transiently transfected with 500 ng
of the CCAAT/enhancer binding protein 3 (C/EBPS)
expression vector (kindly provided by Dr. S. Akira
and Dr. M. Hoshino, Osaka University, Osaka,
Japan) or 100 ng of a GATA-3 expression vector
(kindly provided by Dr. L.C. Ho, Harvard School of
Public Health, Boston), 1.5 pg of firefly luciferase
vector bearing the PTGDR haplotypic variant CCT,
and 500 ng of B-galactosidase vector as previously
described.1” Schneider S2 cells grown in six-well
plates with drosophila-SFM medium (Invitrogen)
were transiently transfected with 500 ng of the Sp1
expression vector (pPACUSP1, kindly provided by
Dr. E.S. Silverman, Harvard University, Boston),
1.5 pg of pGL3-basic vector bearing PTGDR haplo-
typic variant CCT, and 500 ng of a B-galactosidase
vector with the use of Cellfectin reagent (Invitro-
gen).18 Lysate firefly activity was determined and
B-galactosidase activity was measured by means of
a B-galactosidase enzyme assay system according
to the directions of the manufacturer. Firefly lu-
ciferase activity was adjusted for B-galactosidase
activity to control for differences in transfectional
efficiency.

ELECTROPHORETIC MOBILITY-SHIFT ASSAY

Nuclear extracts were prepared from human baso-
philic cell line KU812 (Japan Health Sciences
Foundation) according to previously described tech-

niques.1” Double-stranded oligonucleotides con-
taining the following PTGDR promoter variants were
synthesized: —197T, 5’CAGAGCGTCCCGCCTCT-
CAAAGAGGGGTGT; -197C, 5"CAGAGCGTCCC-
GCCTCCCAAAGAGGGGTGT; —441C, 5'TCAAA-
CACCAGCACCACTGCCCTCCTCTCAGGT; —441T,
5'TCAAACACCAGCACCATTGCCCTCCTCTCAG-
GT; =549T, 5'TGAGTTATCTTTACCTTTCCTTGA-
CTAGCTA; and —-549C, 5"TGAGTTATCTTTACC-
CTTCCTTGACTAGCTA. Oligonucleotides were
radiolabeled with [«-32P]deoxycytidine 5'-triphos-
phate with the Klenow fragment enzyme and puri-
fied by gel filtration. Binding reactions between pro-
tein and DNA were performed with 5 to 10 pg of
nuclear extract protein and 1 pl of labeled oligo-
nucleotide (50,000 cpm), 1 pl of polynucleotide
(polydeoxinosinic-deoxycytidylic acid) in 100 mM
TRIS (pH 7.5), 10 mM EDTA, 10 mM dithiothreitol,
and 50 percent glycerol in a total volume of 20 pl.
After incubation at room temperature for 30 min-
utes, protein—-DNA complexes were resolved on a
7 percent nondenaturing acrylamide gel in a 0.5x
TRIS-borate—-EDTA buffer (44.5 mM TRIS, 44.5
mM boric acid, and 1 mM EDTA) at room tempera-
ture and visualized by autoradiography. Supershift
and cold-competition experiments were per-
formed by preincubating nuclear extracts with 2 pg
of specific polyclonal antibodies or excess annealed
cold oligonucleotide, respectively, for 10 minutes
before the addition of the labeled probes.

DP RECEPTOR GENOTYPING AND HAPLOTYPING

We determined the frequencies of the SNPs by
means of restriction-fragment-length polymor-
phism (RFLP) analysis. We introduced a mutation
(indicated by underlining) that created a distin-
guishing enzyme restriction site in the resulting
PCR product by using modified primers when these
sites were not present. We used the following oligo-
nucleotide primer pairs: T-549C, sense, 5'CCA-
CGGGCAGATCACTTAAC, and antisense, 5'GGCT-
TCTACCTAGTTGTCTTGAATTAGCTAGTCAAG-
CCA; C—441T, sense, 5’CGAGTTCTTGGCCACC-
CCAGTTCAAACACCAGCACAA, and antisense,
5'GGAGCAGGCCAGTGAAGA; T-197C, sense,
5'ACTCGGCACCAGAGTCTGTC, and antisense,
5'AACCTCCTATCTAAACTCGCGGGTCACACCC-
CTCTTCG; and G+1044A, sense, 5CGAGCCT-
TGCGATTTCTATC, and antisense, 5'TCCTCA-
GCTTACCACAGAGTGA. PCR used Taq polymerase
according to the instructions of the manufacturer,
with buffers optimized for amplification specificity
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and efficiency. Amplified DNA (10 pl) was then di-
gested with restriction enzymes (Tagl cuts T-197,
Mfel cuts —441T, BstNI cuts —549C, and BsrFI cuts
+1044A). Digested PCR products were electropho-
resed on a 1.5 percent agarose gel containing
ethidium bromide and visualized by means of ultra-
violet transillumination. PCR product digests from
subjects with sequences of the alternative genotypes
were used to confirm the identity of the genotype in
each assay.

Haplotypic analysis of the PTGDR promoter re-
gion was determined by allele-specific PCR fol-
lowed by RFLP analysis of the product. We amplified
the genomic DNA using a variant-allele-specific
primer at T-549C (sense, 5’CCAGACGTGAGTTA-
TCTTTACGC, and antisense, 5’AACCTCCTATCTA-
AACTCGCGGGTCACACCCCTCTTCG) and digest-
ed the PCR fragments using a restriction enzyme
(Tagl for T-197C and BsrDI for C—441T) that was
specific for the wild-type allele. In each assay, con-
trols of known sequence were correctly identified,
and we confirmed the results by sequencing a sub-
group of samples.

CHROMATIN IMMUNOPRECIPITATION ASSAY
Chromatin immunoprecipitation assays were per-
formed according to the method of Boyd et al.1®
with the use of a commercially available kit (Up-
state) on nuclear extracts from KU812 cells and
human peripheral-blood eosinophils isolated by
density-gradient centrifugation and CD16-negative
immunomagnetic selection from subjects bearing
the forms of the PTGDR promoter in which tran-
scription-factor binding was observed in electro-
phoretic mobility supershift assays. Control condi-
tions excluded the antibody or genomic DNA or used
an irrelevant antibody. Additional details are pro-
vided in the Supplementary Appendix (available
with the full text of this article at www.nejm.org).

STATISTICAL ANALYSIS

The primary outcome variable of the association
analyses was case—control status. The secondary
outcome within the groups of patients was the total
plasma IgE level. The principal explanatory varia-
bles were the individual PTGDR variants or their hap-
lotypes. The SNP genotypes were divided into three
classes and analyzed categorically, with the most
common homozygous genotype for each SNP used
as the reference category. Haplotypes were analyzed
categorically, with the most common haplotype
used as the reference category. Diplotypes were ana-
lyzed categorically relative to a baseline diplotype.

Each SNP locus was evaluated for Hardy—Wein-
berg equilibrium with the use of a contingency table
of observed genotypic frequencies as compared with
predicted genotypic frequencies according to a
modified Markov-chain random-walk algorithm.2°
Pairwise linkage disequilibrium between each pair
of SNP loci was analyzed by means of a likelihood-
ratio test whose empirical distribution was obtained
by mean of a permutation procedure.2 Lewontin’s
disequilibrium coefficient D’ was estimated from
the directly determined (molecular) haplotype fre-
quencies.

Bivariate analysis used analysis of variance to
compare continuous outcomes across the levels of
each genotype or haplotype and y2 tests or a hybrid
approximation of Fisher’s exact test?2 on contin-
gency tables for comparisons of the distributions
of categorical variables across alleles, genotypes,
haplotypes, and diplotypes. For comparison of tran-
scriptional activation, results of analysis of variance
that were significant were followed by pairwise
comparisons among haplotypes.

Generalized linear models (linear and logistic
regression)?3 were used to model the effects of mul-
tiple covariates on the continuous and dichotomous
outcomes, including an investigation of the need
for interaction or polynomial terms. Sex and age
were included as potential covariates in multivari-
ate analyses.

Evidence of population stratification in our
case—control samples was sought as previously
described.15 In brief, 29 unlinked SNPs separated
by at least 20 MB were selected from the SNP con-
sortium project (available at http://snp.cshl.org/
genome.shtml) and genotyped in our white popu-
lation, and 29 unlinked synonymous coding-region
SNPs with a predicted frequency of atleast 0.4 were
genotyped in our black population as detailed in the
Supplementary Appendix. The test statistics from
each SNP were summed as yz=3;L, x7, where y?
is the x2 statistic computed at the ith marker locus
and L is the set of unlinked marker loci typed. Un-
der the null hypothesis, Ho, y2 is x2 distributed,
with the degrees of freedom equal to the total de-
grees of freedom of individual loci.2#

We used S-Plus software version 6.1R3 (Math-
soft), Sib-Pair software version 0.99.9 (available at
http://[www2.qimr.edu.au/davidD/), and LogXact
software version 4.1 (Cytel) to manage and analyze
the data. Pvalues were derived by empirical simula-
tion where possible. A Pvalue of less than 0.05 was
considered to indicate statistical significance.
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RESULTS

IDENTIFICATION OF SEQUENCE VARIANTS
Sequencing revealed four novel variants of PTGDR
(T-549C, C+367A, G+894A, and G+1044A) and
two previously reported variants (T-197C and
C—441T). We identified three variants in the
5'-flanking region (T-197C, C—441T, and T-549C),
one missense variant (C+367A, Leul23lle), and
two synonymous coding-region variants (G+894A
and G+1044A) (Fig. 1). The G+894A and C+367A
alleles were rare, with a frequency of less than
1 percent in both populations, and were therefore
not studied further.

ASSOCIATION AMONG SNPs
All four common SNPs were to some degree in link-
age disequilibrium (Fig. 1in the Supplementary Ap-
pendix). The synonymous coding region variant
G+1044A was in almost complete linkage disequi-
librium with the T-197C 5'-flanking region vari-
ant. Haplotypes were therefore defined by the three
5'-flanking region variants. Combinations of the
promoter-region variants were used to define five
unique three-SNP haplotypes, of which four were
common (frequency, greater than 5 percent).

TRANSIENT-TRANSFECTION ANALYSES
We found significant differences in promoter activ-
ity among the haplotypic variants after transient-
transfection analysis in A549 cells (Fig. 1B). The
haplotype with sequence TCT (promoter positions,
—549, —441, and —197) was associated with signif-
icantly lower reporter activity, and haplotype CCC
was associated with significantly higher reporter
activity, than haplotypes TTT and CCT: mean (+SE)
CCT activity, 3.2+0.07 relative luciferase units
(RLU); mean TTT activity, 2.8+0.18 RLU; mean
TCT activity, 2.4+0.07 RLU; and mean CCC activity,
5.24+0.07 RLU, with respective values after the sub-
traction of background activity of 1.1+0.07 RLU,
0.7+0.19 RLU, 0.4+0.07 RLU, and 3.1+0.07 RLU
(mean of five experiments; P<0.001 for all pairwise
comparisons by analysis of variance except for the
comparison of TCT with TTT, for which P<0.05).

EFFECTS OF VARIANTS ON DNA-BINDING
PROTEINS

Individual genetic variants were associated with
different transcription-factor binding affinities or
patterns demonstrated in electrophoretic mobility
shiftassays (Fig. 2). The region containing the —197

Figure 1 (facing page). Human PTGDR Gene (Panel A),
Activity of the Promoter Variants (Panel B), and Chroma-
tin Immunoprecipitation Assay of the PTGDR Promoter
Region (Panel C).

Panel A shows the location, nucleotide, and predicted
amino acid alterations in PTGDR attributed to the vari-
ants indicated relative to the ATG start site. Transcrip-
tion-factor binding motifs affected by the promoter vari-
ants are indicated below the sequence along with the
effects on the predicted amino acid sequence. Panel B
shows the reporter constructs containing 1102 bp of the
PTGDR promoter region and differing only at the sites
that define PTGDR haplotypic variants. The promoter ac-
tivity of haplotype TCT is significantly lower and the pro-
moter activity of haplotype CCC is significantly higher
than that of haplotypes CCT and TTT (P<0.05 by Stu-
dent—-Newman—Keuls test [indicated by arrows]). Values
are the means (+SE) of five experiments. The degree of
activation is indicated by the plus signs, ranging from
minimal activation (+) to extremely high levels of activa-
tion (+++++). These differences in reporter activity are
accounted for by differences in the DNA-binding protein
affinity. Panel C shows transcription-factor binding to the
PTGDR promoter detected by PCR amplification of
bound DNA. Increased detection is present after binding
of antibodies specific for Spl, Sp2, Sp3, C/EBPB, GATA-1,
GATA-2, and GATA-3 to proteins attached to chromatin
fragments from prostaglandin D, receptors expressing
basophilic leukemia cells (KU812) and peripheral-blood
eosinophils.

variant bound the transcription factors Sp1, Sp2,
and Sp3, contained a consensus Sp1-binding mo-
tif, and had substantial reporter activity when Sp1
was provided by an expression construct in a cell
type that did not express human Sp-family proteins
(Fig. 2A). The electrophoretic mobility supershift
assay demonstrated that the alternative sequences
bound Sp-family proteins but that the T-containing
variant sequence bound an additional DNA-bind-
ing protein that did not have Sp1, Sp2, or Sp3 im-
munoaffinity (Fig. 24, top, row B).

The region that contains the —441 variant is ac-
tivated by C/EBPR, a transcriptional activator for
which there was C/EBPS binding to band B of the
T-containing variant but not to the C-containing
form (Fig. 2B, top, row B). The region containing
the —549 variant binds GATA-family transcription
factors. It is activated by the asthma-associated
transcription factor GATA-3,25 and the preferential
binding of GATA-2 and GATA-3 to the variant
(C-containing) form is evident on the electropho-
retic mobility supershift assay (Fig. 2C, arrow in
top panel and supershift assay in middle panel).
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The differences in transcriptional efficiency are ac-
counted for by the associated differences in tran-
scription-factor binding (Fig. 1B).

Assay by chromatin immunoprecipitation
showed that Spl, Sp2, Sp3, C/EBPB, GATA-1,
GATA-2, and GATA-3 bind to the PTGDR promoter
of human basophilic leukemia (KU812) cells and
peripheral-blood eosinophils (Fig. 1C).

STUDY POPULATIONS

The characteristics of our populations are pre-
sented in Table 1, and the genotype and allele fre-
quencies of the four PTGDR SNPs analyzed are pre-
sented in Table 2. The distribution of genotypes for
all the SNPs in both the white and black popula-
tions was consistent with the existence of Hardy—

Weinberg equilibrium (P>0.05).
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Figure 2. Electrophoretic Mobility Shift Assays Demonstrating the Effects of the Variants on the Binding Profiles of Transcription Factors.

Panel A shows specific binding of nuclear proteins to the T-197C region of the PTGDR. Band B preferentially binds the T form (Panel A, top).
Binding of Spl, Sp2, and Sp3 is demonstrated by supershift assay (Panel A, middle). The reporter activity of the wild-type PTGDR is signifi-

cantly increased by the overexpression of Spl in a transactivation assay (Panel A, bottom). Panel B shows specific binding of nuclear proteins
to the C-441T region of the PTGDR. Band B preferentially binds the T form (Panel B, top). Binding C/EBPP is demonstrated by supershift as-
say (Panel B, middle). The reporter activity of the wild-type PTGDR is significantly increased by the overexpression of C/EBPB (Panel B, bot-

tom). The T-549C region of PTGDR specifically binds nuclear proteins (Panel C, top) that include GATA family members. GATA-2 and GATA-3
preferentially bind the C form (Panel C, middle). The reporter activity of the wild-type PTGDR is significantly increased by the overexpression
of GATA-3 (Panel C, bottom). OCT-1 denotes octamer transcription factor 1.
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