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Asthma-Related Traits
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Susceptibility to asthma depends on variation at an unknown number of genetic
loci. To identify susceptibility genes on chromosome 7p, we adopted a hierarchical
genotyping design, leading to the identification of a 133-kilobase risk-conferring
segment containing two genes. One of these coded for an orphan G protein—
coupled receptor named GPRA (G protein—coupled receptor for asthma suscepti-
bility), which showed distinct distribution of protein isoforms between bronchial
biopsies from healthy and asthmatic individuals. In three cohorts from Finland and
Canada, single nucleotide polymorphism-tagged haplotypes associated with high
serum immunoglobulin E or asthma. The murine ortholog of GPRA was up-regu-
lated in a mouse model of ovalbumin-induced inflammation. Together, these data
implicate GPRA in the pathogenesis of atopy and asthma.

Asthma is a complex phenotype with a prov-
en genetic component, and several projects to
map susceptibility genes for asthma and re-
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lated traits have been undertaken (/). The
first published genome-wide scan in asthma
suggested six tentative genetic loci, among
them chromosome 7p, which was then
strongly implicated in a study of Finnish and
Canadian families and confirmed in West
Australian families (2—4). To positionally
clone asthma candidate genes on chromo-
some 7p, we studied the Finnish Kainuu sub-
population and considered three alternative
hypotheses. First, that only one copy of the
susceptibility allele may have survived in this
population, with long-conserved haplotypes
being observed, as would be consistent with
some previous findings (5—7). Second, there
might exist a founder effect, common to
many European populations. This would be
consistent with the common disease/common
variant hypothesis, as observed for example
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in psoriasis (8, 9). In this case, the carrier
frequency should be higher than a few per-
cent, with only a short conserved haplotype
(<200 kb) detected (8). Third, numerous mu-
tations might exist in the putative gene, in
which case only weak or absent haplotype
associations might be detectable.

To distinguish between these hypotheses, we
adopted a genotyping scheme whereby we in-
creased the density of markers used, with inter-
mediate analyses to guide further genotyping
(Fig. 1A). More specifically, if genetic associa-
tion analysis suggested that a haplotype occurred
in patients more often than in controls, additional
markers were genotyped to either exclude or
support the identity-by-descent of the haplotypes
observed in unrelated patients. For the haplo-
types to be identical by descent, all newly typed
markers would have to be identically shared
between them. The genotyping was done on 86
original genome scan families and an additional
103 trios (all together, 874 subjects) (/0). Suc-
cessive rounds of genotyping and analysis by the
haplotype pattern mining (HPM) algorithm (/1)
suggested the strong association of a conserved
haplotype pattern spanning between NMS51 and
SNP563704, separated by 46 kb (Fig. 1A). The
HPM algorithm searches for allele patterns
shared between several haplotypes among large
sets of unrelated haplotypes.

To fully explore the genetic variation in
associated haplotypes, we sequenced nonre-
petitive DNA segments in this interval (from
position 506,401 to 638,799 in the public
sequence NT_000380; all positions are given
with reference to this sequence) in one patient
homozygous for the susceptibility haplotype
and one control subject homozygous for
the most common (nonrisk) haplotype. These
sequences were then compared to the public
sequence (NT_000380). Two observations
emerged from these analyses: first, the
patient did not reveal a single instance of
heterozygosity, confirming the identity-
by-descent of this chromosome segment.
Second, comparison of the susceptibility
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sequence to the public sequence [and the
control subject’s sequence that differed from
NT_000380 only by two single nucleotide
polymorphisms (SNPs)] revealed 72 previ-
ously unknown SNPs and 8 deletion or inser-
tion polymorphisms (DIPs) specifying the
susceptibility haplotype (table S1).

To determine the limits of the critical
region, we genotyped additional SNPs in 131
trios [304 high immunoglobulin E (IgE)-
associated and 220 control chromosomes],
yielding a total of 51 SNPs between 490,331
and 691,245 base pairs (bp) and an average
marker density of 4 kb (tables S2 and S3).
Analysis of the data by HPM revealed strong
association of a conserved 133-kb pattern
between 514,743 and 647,327 bp (Fig. 1A).
Within this segment, there was strong linkage
disequilibrium between the markers (Fig.
1B). A permutation test for association
showed P = 0.01 for all 43 markers in this
133-kb segment (10,000 permutations). For

comparison, the nominal P value by x? asso-
ciation test was 0.00001 for the best associ-
ated haplotype pattern.

We subsequently genotyped two addition-
al population samples with subjects that had
been diagnosed either for asthma (from
Northeastern Quebec, Canada) or high IgE
(from North Karelia, Finland) and corre-
sponding family-based controls. We used 22
SNPs among Quebec families (514 asthma-
associated and 258 control chromosomes)
and 29 SNPs among North Karelian families
(75 high IgE—associated and 49 control chro-
mosomes). A haplotype pattern with the same
limits as in Kainuu was also identified in
Quebec (Fig. 1C) and North Karelia (12).
Most of the SNPs were shared, although
some were distinct from those in Kainuu. In
the three populations, 13 SNPs across the
most conserved 77 kb formed seven alterna-
tive haplotypes with frequencies >2%. We
next sequenced the 133-kb segment from six
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additional individuals (including an asthmatic
subject from Quebec and a North Karelian
with high IgE), each homozygous for a dif-
ferent haplotype. This confirmed that each of
the haplotypes was different from each other
in SNP composition. To assess the relation-
ships of the haplotypes, we considered a total
of 40 SNPs, and a phylogenetic analysis con-
firmed that the risk haplotypes were closely
related and distinct from the nonrisk haplo-
types in all three populations (Fig. 1D).

We next tested the hypothesis that the
related haplotypes (identified either on the
basis of high IgE in Kainuu or North Karelia
or asthma in Quebec) together conferred risk
in all three populations. The risk haplotypes
could be tagged by SNP522363 (allele C,
table S1) and indeed associated with signifi-
cant risk (P = 0.004 for all data combined, all
three populations contributing), consistent
with the common disease/common variant
hypothesis (8). The relative risk for high se-

Fig. 1. (A) Hierarchical gene
mapping strategy. The linkage
region of 20 cM implicated by
our genome scan (3) was re-
fined by genotyping 76 mi-
crosatellite markers in fami-
lies from Kainuu. We used the
HPM algorithm (77) for find-
ing haplotypes associated
with high serum IgE. Haplo-
type patterns spanning 12 mi-
crosatellite markers within 3.5

cM were found associated by
a permutation test imple-
mented in HPM. At the next
round of fine mapping, 10 ad-
ditional microsatellites impli-
cated a 301-kb haplotype pat-
tern (5 markers yielded the
highest associations). A fur-
-‘ ther five microsatellites and
T
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133-kb region was sequenced around this segment
from a homozygous patient with asthma. Eighty poly-
morphisms were identified by comparison to the public
genomic sequence. (B) Plot displaying pairwise linkage
disequilibrium (LD) values between 51 markers geno-
typed in Kainuu trios. The markers are arranged in linear
order along both axes starting from lower left corner.
The scale from blue to dark red indicates LD ranging
from O to 1, respectively. LD values shown for patients
and controls are essentially identical. A segment of very
strong LD between 41 markers is detected. In the lower
panel, the same markers were evaluated for association
to high serum IgE by a permutation test. (C) Plot
displaying LD in French Canadian trios between 22
markers spanning the same segment as in (B). A seg-
ment of strong LD has the same boundaries as in
Kainuu. In the lower panel, permutation test indicated
significant association to asthma in French Canadian
trios. (D) Phylogenetic analysis of haplotypes H1 to H7

within a 77-kb segment in Kainuu, North Karelia, and Quebec. The same seven haplotypes occur in all three populations at frequencies >2%. H4 and H5 are
the most common risk-associated haplotypes in Kainuu, H7 in North Karelia, and H2 among French Canadians. H1, H3, and H6 are nonrisk haplotypes in all

three populations.
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Fig. 2. Gene content around the conserved A
133-kb haplotype segment (gray box). (A) The
133-kb segment spans from intron 2 to intron
5 of GPRA. GPRA undergoes alternative splicing
with multiple variants; the three longest vari-
ants are shown (thin lines joining exons marked
E1 to E9b). Exon 2 donor site may join to
alternative exon 3 acceptor sites, separated by
33 bp in the same reading frame, and there are
two alternative 3’ exons, 9a and 9b. Further
splice variants may skip exon 3 or 4 or both,
suggesting an involvement of the associated
polymorphisms in regulation of splicing and
protein isoform production. (B) In the opposite
DNA strand, there is a previously unknown
gene, AAA1, with at least 18 exons (numbered
1 to 18) with complex alternative splicing.
AAA1 spans a total of 500 kb of genomic
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Fig. 3. Expression of the A (left) and B (right) isoforms of GPRA as keratinocytes. The B isoform stains apical epithelial cells in bronchus and
assessed by immunohistochemistry. The A isoform is found in bronchial ~ gut and all layers of the epidermis. Negative controls are shown with
smooth muscle cells, basally in colon epithelium, and in occasional basal preimmune sera.
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rum IgE among H4 or HS carriers in Kainuu
was 1.4 (95% confidence interval 1.1 to 1.9,
P = 0.01), and for asthma among homozy-
gous H2 carriers in Quebec, 2.5 (95% confi-
dence interval 2.0 to 3.1, P = 0.0009). Cor-
responding transmission disequilibrium test
yielded P = 0.05 for Kainuu families (n = 86
trios). To assess whether genetic linkage to
chromosome 7p could be explained by these
haplotypes, we considered parent-offspring
transmissions and sibling-pair sharing of high
IgE in Kainuu families (3). One of the risk
haplotypes cosegregated in 26 of 51 transmis-
sions (51%) and was shared in 26 of 40
sibling pairs (65%), suggesting that a major-
ity of the linkage signal was because of the
observed risk haplotypes.

These results strongly implicated the 133-kb
genomic segment as a susceptibility locus for
asthma-related phenotypes. To understand
more precisely how the observed genetic vari-
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" control sensitized
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ation might influence susceptibility, we exam-
ined the DNA segment for specific genes (10).
Two genes were identified, one with exons 3 to
5 and the other with exons 3 to 10 lying within
the susceptibility haplotype. Structures of both
indicated complex alternative splicing of the
mRNAs (Fig. 2 and tables S4 and S5), suggest-
ing translation to varying protein isoforms. One
of the genes (Fig. 2A) was predicted to belong
to the G protein—coupled receptor family, and
we named this gene GPRA (for G protein—
coupled receptor for asthma susceptibility). The
two main transcripts of GPRA (A and B) had
alternative 3’ exons encoding proteins of 371
and 377 amino acids, respectively (GenBank
AY310326 and AY310327). The sequences of
all predicted isoforms of the other gene, named
AAA1 (for asthma-associated alternatively
spliced gene 1, GenBank AY312365 to
AY312373) (Fig. 2B) showed only weak ho-
mologies to any previously identified proteins.

non-carrier heterozygous
homozygous carriers
carrier B . :
AAA1
B = =

Fig. 4. (A) Expression of GPRA isoform B in bronchial biopsies from a healthy control (left) and an
asthma patient (right). E, epithelium; BM, basement membrane; LP, lamina propria; SM, smooth
muscle. (Top) The airway epithelium in the control sample shows only faint staining. In the asthma
patient, the epithelium shows Goblet cell hyperplasia and basement membrane thickening typical
of asthma and positive immunostaining for GPRA throughout the ciliated cells but not Goblet cells.
(Bottom) The asthmatic smooth muscle stains strongly positive for GPRA isoform B, in contrast to
the negative finding in control. Results are typical of 8 asthmatic and 10 control biopsies studied.
(B) Relative expression levels of Gpra mRNA in lungs from sensitized (n = 7) and control (n = 8)
mice after inhaled ovalbumin challenge. Gpra was significantly up-regulated in sensitized compared
with control mice. (C) Variable alternative splicing for AAA1 depending on genotype. Reverse
transcription polymerase chain reaction spanning exons 6 to 10b of AAAT was performed on
lymphoblast RNA samples genotyped for the susceptibility haplotype. Only noncarriers process
normal amount of the exon 6-10b transcript, whereas homozygote and heterozygotes show either
absent transcript or smaller splice variants. Beta-actin was used as control in parallel amplifications.
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Transcripts for both genes were detected by
Northern blot hybridizations (Fig. 2C). Both
genes displayed coding polymorphisms in the
asthma susceptibility haplotype. In GPRA,
SNP591694 changed an amino acid (Asn'?” —
11e'°7) in the first exoloop lining the putative
ligand-binding pocket. Even if the position was
functionally important, it was unclear how the
altered protein would affect cells and tissues.

Polyclonal antibodies were raised against the
different carboxyl termini of the A and B iso-
forms of the predicted GPRA protein (/0). Im-
munohistochemical staining of bronchus, gut,
and skin sections showed that the A isoform is
predominantly expressed by smooth muscle
cells, whereas the B isoform was predominantly
detected in epithelial cells (Fig. 3). In bronchial
biopsies, the isoform patterns were distinct be-
tween asthma patients and control samples (Fig.
4A). Most clearly, strong expression of the B
isoform in smooth muscle cells in asthmatic
airways compared with an absence of such stain-
ing in control samples. Staining for the B iso-
form in epithelial cells varied between healthy
individuals (Figs. 3 and 4A) but was consistently
stronger in the asthma samples than in controls.
The A isoform showed no consistent differences.
These results suggested also that one or more
SNPs or DIPs in the risk haplotypes might crit-
ically alter the balance between the isoforms.

We examined next the potential role of the
mouse ortholog of GPRA (Gpra) in a mouse
model of ovalbumin-induced lung inflamma-
tion (Z0). In general agreement with the results
in human asthma, Gpra mRNA was significant-
ly up-regulated in mouse lung after ovalbumin
tests in sensitized compared with nonsensitized
mice (Fig. 4B). No ortholog for AAA1 was
found in mouse and could thus not be assayed.
These data support a role for GPRA in the
pathogenesis of asthma and provide an animal
model that may be useful to further assess the
functions of this protein.

In contrast to the GPRA results, several lines
of evidence suggested that AAA1 may not rep-
resent a protein-coding gene, although its expres-
sion was modified by the haplotype (Fig. 4C). Its
longest open reading frame comprised only 74
potential amino acids, and in vitro translation
failed to yield a stable polypeptide. Transiently
transfected cells did not produce recombinant
protein. Polyclonal peptide antibodies detected
the antigen but no proteins in Western blots or
immunohistochemistry (12).

Recently, a small number of candidate genes
influencing susceptibility to asthma have been
identified by positional cloning. However, the
biochemical mechanisms linking the candidate
genes to pathogenetic processes in asthma re-
main poorly understood (1, /13—15). The proper-
ties of GPRA make it a strong candidate for
involvement in the pathogenesis of asthma and
other IgE-mediated diseases, as well as a possi-
ble drug target. GPRA might act as a receptor for
an unidentified ligand. The putative ligand, iso-
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forms of GPRA, and their putative downstream
signaling molecules may define a new pathway
critically altered in asthma. GPRA encodes iso-
forms that are produced in distinct patterns by
bronchial epithelial cells and smooth muscle
cells in asthmatic and healthy individuals. In
addition, it is expressed by gut epithelia and
keratinocytes of the skin, suggesting a potential
role in a wider spectrum of allergic diseases.
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We have sequenced and annotated the genome of the filamentous ascomycete
Ashbya gossypii. With a size of only 9.2 megabases, encoding 4718 protein-
coding genes, it is the smallest genome of a free-living eukaryote yet charac-
terized. More than 90% of A. gossypii genes show both homology and a
particular pattern of synteny with Saccharomyces cerevisiae. Analysis of this
pattern revealed 300 inversions and translocations that have occurred since
divergence of these two species. It also provided compelling evidence that the
evolution of S. cerevisiae included a whole genome duplication or fusion of two
related species and showed, through inferred ancient gene orders, which of the
duplicated genes lost one copy and which retained both copies.

The filamentous fungus Ashbya gossypii is
currently used in industry for the production
of vitamin B, (/). It is also an attractive
model to study filamentous growth, because
of its small genome, haploid nuclei, efficient
gene targeting, propagation of plasmids, and
growth on defined media (2-8). The 4. gos-
sypii genome project was initiated when con-
servation of gene order and orientation (syn-
teny) to Saccharomyces cerevisiae was noted
(9). We wanted to determine the complete
gene repertoire for future work with this fun-
gus, and we aimed at using the gene order
information to fully explain the origin of gene
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cluster duplications in the S. cerevisiae ge-
nome that were proposed to represent relics
of a whole genome doubling followed by
extensive genome rearrangements (10, 11).
Details on the sequencing of the 4. gos-
sypii genome (GenBank accession numbers
AEO016814 through AE016821) and annota-
tion are available in the supporting online
material. The seven chromosomes encode
4718 proteins, 199 tRNA genes, and at least
49 small nuclear RNA (snRNA) genes. The
ribosomal DNA carries 40 copies of ribosom-
al RNA genes sequenced previously (72).
The genome lacks transposons and subtelo-
meric gene repeats, and gene duplications are
rare (table S6). The number of protein-coding
genes is similar to the 4824 genes found in
Schizosaccharomyces pombe (13), suggest-
ing that this may be close to the minimum
number of genes needed by a free-living fun-
gus. The genome is extremely compact with
an average distance between open reading
frames (ORFs) of only 341 base pairs, con-
tributing to an average protein-coding gene
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size of only 1.9 kb, clearly less than the
2.1-kb average gene size found in S. cerevi-
siae (14), the 2.5 kb found in S. pombe (13),
and the 3.7 kb found in Neurospora crassa
(15). The presence of only 221 introns in the
entire 4. gossypii genome, many at identical
positions in S. cerevisiae homologs, contrib-
utes to the compact nature of this genome.
A. gossypii and S. cerevisiae diverged
more than 100 million years ago, and their
genomes differ substantially in GC content
(52% for A. gossypii and 38% for S. cerevi-
siae). Still, for 95% of the protein-coding
sequences of 4. gossypii, we found homologs
in the S. cerevisiae genome, the majority
(4281 ORFs) at syntenic locations. Only 175
A. gossypii protein-coding genes showed ho-
mology but not synteny with S. cerevisiae
genes, and 262 lack homology (table S3).
Several genes with no homologs in S. cerevi-
siae have homologs in S. pombe (table S4),
supporting the idea that they are real genes
not or no longer present in S. cerevisiae. The
annotation of the A. gossypii genome also
identified gene functions present in S. pombe
and S. cerevisiae but not in A. gossypii (table
S5). Protein sequence conservation between
syntenic homologs of 4. gossypii and S. cer-

Table 1. Centromere assignments based on syn-
teny of the genes flanking the seven A. gossypii
and 16 S. cerevisiae centromeres. Roman nu-
merals indicate the chromosome number in the
respective organism. The two remaining centro-
meres (X and Xll) have synteny with regions on
chromosomes | and Ill, with the double break in
synteny coming at the expected position of the
centromere.

A. gossypii S. cerevisiae
chromosomes chromosomes
| I, Xiv
Il VIil, XI
1 Xlll, XV
v V, IX
\% I, IV
\ I, VIl
)1l VI, XVI
Noncentromeric X, Xl

Region (I and Il1)
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