SOXS5 Is a Candidate Gene for Chronic Obstructive
Pulmonary Disease Susceptibility and Is Necessary

for Lung Development
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Rationale: Chromosome 12p has been linked to chronic obstructive
pulmonary disease (COPD) in the Boston Early-Onset COPD Study
(BEOCOPD), but a susceptibility gene in that region has not been
identified.

Objectives: We used high-density single-nucleotide polymorphism
(SNP) mapping to implicate a COPD susceptibility gene and an
animal model to determine the potential role of SOX5 in lung
development and COPD.

Methods: On chromosome 12p, we genotyped 1,387 SNPsin 386 COPD
cases from the National Emphysema Treatment Trial and 424 control
smokers from the Normative Aging Study. SNPs with significant
associations were then tested in the BEOCOPD study and the In-
ternational COPD Genetics Network. Based on the human results, we
assessed histology and gene expression in the lungs of Sox5~/~ mice.
Measurements and Main Results: In the case-control analysis, 27 SNPs
were significant at P < 0.01. The most significant SNP in the BEOCOPD
replication was rs11046966 (National Emphysema Treatment Trial-
Normative Aging Study P = 6.0 X 10~4, BEOCOPD P = 1.5 X 1075,
combined P = 1.7 X 1077), located 3’ to the gene SOX5. Association
with rs11046966 was not replicated in the International COPD Genet-
ics Network. Sox5~/~ mice showed abnormal lung development, with
adelay in maturation before the saccular stage, as early as E16.5. Lung
pathology in Sox5~/~ lungs was associated with a decrease in
fibronectin expression, an extracellular matrix component critical for
branching morphogenesis.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

A region on chromosome 12p has been linked to chronic
obstructive pulmonary disease (COPD) and related traits,
but the specific COPD susceptibility gene in that region has
not been identified.

What This Study Adds to the Field

In human genetics studies, we identified a variant in the
transcription factor SOXS that is associated with COPD. In
mice, we demonstrate that Sox5 is critical for proper in
utero lung morphogenesis. These data suggest SOXS5 may
be a biologically relevant COPD susceptibility gene.

Conclusions: Genetic variation in the transcription factor SOXS5 is
associated with COPD susceptibility. A mouse model suggests that
the effect may be due, in part, to its effects on lung development and/
or repair processes.

Keywords: chronic obstructive pulmonary disease; emphysema;
knockout mice; lung development; single nucleotide polymorphism

Genome-wide association studies (GWAS) have recently found
several potential candidate genes for chronic obstructive pulmo-
nary disease (COPD) (1-3). A GWAS may identify a specific
gene but more commonly points to a multigene locus or an
intergenic region, although the chromosomal resolution is much
improved over earlier family-based linkage studies. Positional
candidate gene studies (4) or fine mapping with a panel of single
nucleotide polymorphisms (SNPs) (5) is generally required to
localize the specific disease susceptibility gene(s) in a linkage
region. Fine mapping may also be required to identify the specific
gene within a locus found by GWAS.

Localizing a novel gene or confirming the genetic association
of a biologically plausible candidate gene is only the first step in
understanding the genetic architecture of COPD or any other
common, complex disease. Functional validation using in vitro
and in vivo methods is required to determine the specific role of
anovel gene in COPD pathogenesis. Genes can influence COPD
susceptibility through effects on protease—antiprotease balance,
antioxidants, inflammation, innate immunity, cell death, and lung
development/repair, among other pathways (6, 7).

In this project, we used a strategy of systematic fine mapping
of a chromosomal region previously linked to COPD in the
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family-based Boston Early-Onset COPD (BEOCOPD) study
(8, 9) using a dense set of SNPs to capture the common genetic
variation across the region. Using this strategy, we identified
a candidate gene for COPD susceptibility, which was then
subjected to replication testing in additional human COPD
studies. The importance of this gene in lung physiology was
assessed in gene-targeted mice. Results of this study have been
previously reported as an abstract (10).

METHODS

Detailed methods are available in the online supplement.

Study Subjects

The National Emphysema Treatment Trial (NETT) was a randomized
clinical trial of lung volume reduction surgery in patients with emphy-
sema and severe airflow obstruction (11). We compared NETT COPD
cases to control smokers from the Normative Aging Study (NAS), a study
of aging in initially healthy men (12). From the full set of 389 NETT and
472 NAS subjects (Table 1), 386 NETT and 424 NAS subjects were
selected for fine mapping. Subject enrollment and phenotype determi-
nation in the family-based BEOCOPD Study have been described
previously (13). COPD probands had FEV, less than 40% predicted at
an age less than 53 years. The International COPD Genetics Network
(ICGN) was a multicenter family-based study conducted in the United
States and Europe (14, 15). Probands were aged 45 to 65 years with FEV,
less than 60% predicted and FEV;/vital capacity less than 90% predicted.
Human studies were approved by institutional review boards at partici-
pating centers. Subjects provided written informed consent.

SNP Selection and Genotyping

Genome-wide linkage analysis in the BEOCOPD identified a region on
chromosome 12p linked to post-bronchodilator FEV| (16) and moderate
airflow obstruction (8). We used a linkage disequilibrium tagging
algorithm (2 > 0.8, minor allele frequency 10%) to select a set of
1,534 SNPs in the region, which ranged from 10.2 to 25.8 Mb on the
human genome map (National Center for Biotechnology Information
build 36). SNPs were genotyped in the NETT-NAS study using custom-
designed Illumina (San Diego, CA) GoldenGate assays. Selected SNPs
were genotyped in the BEOCOPD study and the ICGN using Sequenom
(San Diego, CA) or TagMan (Applied Biosystems, Foster City, CA)
assays.

Statistical Genetics Analysis

In the NETT-NAS case-control study, SNPs were analyzed under an
additive genetic model, without covariate adjustment, using PLINK
version 1.0.7 (17). In the BEOCOPD and ICGN family-based studies,
SNPs were analyzed for association with COPD status under an additive
model, without covariate adjustment, using Golden Helix (Bozeman,
MT) PBAT version 6.4.3 (18).
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DNA Sequencing

In 23 probands from the BEOCOPD Study and 1 CEPH control sub-
ject, we used dye-labeled dideoxy sequencing reactions to sequence the
14 exons and corresponding intron—exon boundaries in SOXS5, as well
as 10 highly conserved regions in the 3’ end of the gene, due to the 3’
location of rs11046966. SNPs identified through sequencing were
genotyped in NETT-NAS and BEOCOPD using Sequenom or Tag-
Man assays.

Sox5 Null Mouse

All animal experiments were conducted in accordance with the Univer-
sity of Rochester Animal Care and Use Policy and following an approved
animal studies protocol. Mice harboring an allele containing a mutated
form of the Sox5 gene (19) in a mixed C57BL/6 X 129/SvEv background
were bred to generate Sox5 deficient (Sox5~/7), heterozygous (Sox5+/7),
and wild-type offspring. Timed matings were performed and offspring
were harvested for analysis at 16.5, 17.5, or 18.5 days of embryonic
gestation (E) by killing the pregnant dam. Embryos were dissected to
isolate the entire thoracic cavity or individual lung lobes and fixed in
buffered formalin for histological analysis or snap frozen in liquid ni-
trogen. RNA was isolated from E17.5 lung tissue for quantitative real-
time polymerase chain reaction (qQPCR), as previously described (20).

RESULTS

Genetic Association Analysis

Of the 1,534 SNPs selected in the chromosome 12p linkage
region, 1,410 were successfully genotyped in the NETT-NAS
case-control study. Twenty-three SNPs showed significant de-
viation from Hardy-Weinberg Equilibrium (HWE) in the NAS
control subjects (P < 0.001) and were removed from further
analysis. Of the remaining 1,387 SNPs, 27 SNPs were significantly
associated with COPD at P < 0.01 (Table 2). To avoid false-
negative results, a P value less than or equal to 0.01 threshold was
used to select SNPs for follow-up. Of the 27 SNPs, 26 were
successfully genotyped in the BEOCOPD study; SNP rs17381319
failed genotyping. All SNPs were in HWE in the BEOCOPD
founders (P > 0.01). Two SNPs were significantly associated with
COPD status (Global Initiative for Chronic Obstructive Lung
Disease [GOLD] 2 or greater) in the BEOCOPD study, with the
same direction of effect as in NETT-NAS (Table 2). The most
significant SNP in the BEOCOPD replication was rs11046966
(NETT-NAS P = 6.0 X 1074 BEOCOPD P = 1.5 X 107)
(Figure 1). The minor allele led to an increased COPD risk in both
study cohorts. The combined P value of 1.7 X 1077 remained
significant after Bonferroni adjustment for the 1,387 SNPs

TABLE 1. CHARACTERISTICS OF SUBJECTS IN THE NATIONAL EMPHYSEMA TREATMENT TRIAL-NORMATIVE AGING STUDY
CASE-CONTROL STUDY, THE BOSTON EARLY-ONSET CHRONIC OBSTRUCTIVE PULMONARY DISEASE STUDY, AND
THE INTERNATIONAL CHRONIC OBSTRUCTIVE PULMONARY DISEASE GENETICS NETWORK

NETT NAS BEOCOPD ICGN

Cases Control Subjects Probands Relatives Probands Relatives
Subjects 389 472 127 822 1,132 1,985
Age, yr 67.4 (£ 5.8) 69.8 (£ 7.5) 48.1 (= 4.7) 46.2 (= 18.8) 58.3 (£ 5.4) 57.9 (= 9.4)
Male sex 250 (64.3) 472 (100) 32 (25.2) 364 (44.3) 679 (60.0) 1,025 (51.6)
Pack-years of smoking 66.4 (£ 30.4)* 40.3 (= 27.6) 38.9 (+ 21.9) 19.0 (= 25.0) 52.2 (£ 29.1) 39.1 (= 25.0)
FEV: % predicted? 28.0 (£ 7.4) 100.0 (£ 13.1) 21.9 (* 8.4) 87.2 (£ 20.3) 36.1 (= 12.9) 83.1 (= 26.1)
FEV;/FVC ratio’ 0.32 (£ 0.06) 0.79 (+ 0.05) 0.31 (£ 0.10) 0.73 (£ 0.13) 0.37 (+ 0.12)* 0.64 (+ 0.14)

Definition of abbreviations: BEOCOPD = Boston Early-Onset COPD study; COPD = chronic obstructive pulmonary disease; ICGN = International COPD Genetics
Network; NAS = Normative Aging Study; NETT = National Emphysema Treatment Trial; VC = vital capacity.

Values are presented as mean (= SD) or n (%).

* Values for pack-years were missing for three NETT subjects.

* Post-bronchodilator values are listed for NETT, BEOCOPD, and ICGN. Prebronchodilator values are listed for NAS.

¥ FEV,/VC was used in ICGN.
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TABLE 2. RESULTS FOR SINGLE NUCLEOTIDE POLYMORPHISMS WITH P < 0.01 FOR ASSOCIATION WITH CHRONIC OBSTRUCTIVE
PULMONARY DISEASE IN THE NATIONAL EMPHYSEMA TREATMENT TRIAL-NORMATIVE AGING STUDY CASE-CONTROL STUDY, THAT
WERE GENOTYPED IN THE BOSTON EARLY-ONSET CHRONIC OBSTRUCTIVE PULMONARY DISEASE STUDY

Chrom 12 Nearest Minor NETT NAS Odds Ratio NETT-NAS BEOCOPD Effect on Consistent Combined

SNP Location* Gene Allele MAF MAF (95% Cl) P Value P Value COPD Risk Direction® P Value*
RS7968536 10709511 STYK1 G 0.20 0.26 0.74 (0.58, 0.93) 0.010 0.87 Decrease Y 0.051
RS1376251 11030119 TAS2R50 T 0.30 0.38 0.68 (0.55, 0.84) 0.00034 0.74 Increase N NA
RS2051526 11798395 ETV6 T 0.12 0.08 1.59 (1.14, 2.22) 0.0067 0.78 Decrease N NA
RS10845472 12129422 BCL2L14 C 0.34 0.26 1.40 (1.13, 1.73) 0.0019 0.87 Increase Y 0.012
RS1806195 13614659 GRIN2B G 0.43 0.50 0.75 (0.61, 0.92) 0.0056 0.99 Increase N NA
RS731086 13624996 GRIN2B G 0.46 0.39 1.33 (1.09, 1.63) 0.0054 0.18 Decrease N NA
RS11055681 13952836 GRIN2B T 0.22 0.16 1.56 (1.20, 2.04) 0.0010 0.11 Decrease N NA
RS2445402 15065856 C 0.14 0.19 0.70 (0.53, 0.91) 0.0091 0.45 Decrease Y 0.027
RS10744085 15086271 A 0.12 0.16 0.69 (0.52, 0.91) 0.010 0.031 Decrease Y 0.0028
RS10743288 18950221 G 0.13 0.19 0.68 (0.52, 0.89) 0.0051 0.038 Increase N NA
RS12810703 18961960 T 0.13 0.17 0.69 (0.52, 0.90) 0.0077 0.071 Increase N NA
RS1994641 18964611 G 0.09 0.15 0.60 (0.44, 0.82) 0.0011 0.22 Increase N NA
RS1514831 19195039 PLEKHAS T 0.15 0.22 0.64 (0.49, 0.83) 0.00074 0.89 Decrease Y 0.0054
RS10770448 19235485 PLEKHAS G 0.23 0.30 0.70 (0.56, 0.89) 0.0032 0.31 Increase N NA
RS7960653 19633322 T 0.41 0.34 1.32 (1.08, 1.62) 0.0064 0.18 Increase Y 0.0088
RS11044889 19867409 C 0.39 0.32 1.34 (1.09, 1.65) 0.0058 0.38 Increase Y 0.016
RS11045262 20503025 PDE3A T 0.13 0.19 0.65 (0.49, 0.86) 0.0026 0.65 Increase N NA
RS972505 20794502 SLCO1C1 C 0.42 0.49 0.75 (0.61, 0.91) 0.0046 0.32 Decrease Y 0.011
RS261926 22761409 A 0.43 0.50 0.76 (0.62, 0.93) 0.0069 0.63 Decrease Y 0.028
RS10842101 23080263 G 0.47 0.40 1.35(1.10, 1.66) 0.0037 0.86 Decrease N NA
RS10842178 23568624 SOX5 C 0.28 0.35 0.72 (0.57, 0.91) 0.0063 0.41 Decrease Y 0.018
RS11046966 23568959 SOX5 C 0.34 0.26 1.48 (1.18, 1.84) 0.00060 1.45E-05 Increase Y 1.69E-07
RS17381319 23570340 SOX5 C 0.19 0.14 1.46 (1.11, 1.92) 0.0073 § NA
RS11046991 23628593 SOX5 T 0.26 0.32 0.72 (0.58, 0.90) 0.0040 0.99 Decrease Y 0.026
RS10771006 23645476 SOX5 C 0.17 0.11 1.64 (1.22, 2.20) 0.0010 0.31 Decrease N NA
RS7311001 23654449 SOX5 T 0.27 0.34 0.71 (0.57, 0.88) 0.0016 0.90 Decrease Y 0.011
RS2030510 24286469 SOX5 T 0.45 0.53 0.73 (0.59, 0.89) 0.0016 0.68 Decrease Y 0.0084

Definition of abbreviations: BEOCOPD = Boston Early-Onset COPD study; Cl = confidence interval; COPD = chronic obstructive pulmonary disease; ICGN =
International COPD Genetics Network; MAF = minor allele frequency; NAS = Normative Aging Study; NETT = National Emphysema Treatment Trial; SNP = single-
nucleotide polymorphism; VC = vital capacity.

* Chromosomal locations based on National Center for Biotechnology Information build 36.

T Consistent direction of effect on COPD in the NETT-NAS and BEOCOPD studies.

* Combined P values calculated using Fisher method (47). P values were not combined for SNPs with inconsistent direction of effect in the NETT-NAS and BEOCOPD
studies.

% SNP RS17381319 failed genotyping in BEOCOPD.

genotyped in NETT-NAS, with P(adjusted) = 2.3 X 10~“. This
SNP is located 3’ to the gene SOXS (sex-determining region Y-
box 5). The only other significant SNP on replication in BEO-
COPD was rs10744085. The nearest gene is located more than 60
kb away from this SNP, and the combined P = 0.003 was not
significant after correction for multiple testing. None of the other
follow-up SNPs genotyped in BEOCOPD was significantly
associated with COPD in the combined analysis after multiple
testing correction. Therefore, we focused on rs11046966 and
SOXS for further analysis.

The association between rs11046966 and case status in NETT-
NAS remained significant in a logistic regression model adjusted
for age and pack-years of smoking (odds ratio [OR], 1.49; P =
0.0017). The association with COPD remained significant in
BEOCOPD as well, after adjusting for age, sex, and pack-years
of smoking (P = 7.0 X 107>). In BEOCOPD, the minor allele of
rs11046966 was significantly associated with an increased risk of
severe COPD, defined as GOLD 3 or greater (unadjusted P =
2.1 X 1073; adjusted for age, sex, and pack-years, P = 1.2 X 1074);
this phenotype definition is more comparable with the COPD
severity seen in NETT. In BEOCOPD, rs11046966 was associ-
ated with reduced values of post-bronchodilator FEV; as a con-
tinuous trait (P = 0.0043, adjusted for age, sex, pack-years of
smoking, and height). In NETT, rs11046966 was not associated
with post-bronchodilator FEV; or emphysema (—950 Hounsfield
units) on chest computed tomography scans, likely due to the
narrow ranges of these variables in NETT cases. In analyses
restricted to current and former smokers only in the BEOCOPD

study, rs11046966 remained significantly associated with COPD
status (unadjusted P = 1.4 X 107>, adjusted P = 3.9 X 1073) and
post-bronchodilator FEV, (P = 2.5 X 107%).

In the family-based ICGN study, rs11046966 was not associ-
ated with COPD (GOLD 2 or greater), severe COPD (GOLD 3
or greater), or post-bronchodilator values for FEV;. There was
atrend for increased CT emphysema with increasing copies of the
minor allele (P = 0.16), but no association with airway wall
thickness (P = 0.37). The five other SOXS5 SNPs from Table 2
were also not significantly associated with COPD in the ICGN. To
identify associations with early-onset COPD, we restricted the
ICGN analysis to families of probands under age 53 years, the age
cut-off in the BEOCOPD study. Adjusted for age, sex, and pack-
years, 1511046966 trended toward association with COPD (P =
0.11). In the online data from the British 1958 Birth Cohort
(http://www.b58cgene.sgul.ac.uk/, accessed October 21, 2009),
the minor allele of rs11046966 showed a trend toward reduced
values of FEV; (genotype model P = 0.097, allele model P =
0.055).

DNA Sequencing

Sequencing identified 30 SNPs, 13 of which were not found in the
dbSNP database, including one synonymous exonic SNP (see
Table E1 in the online supplement). Of the 17 known SNPs, 4 had
been previously genotyped in NETT-NAS and 1 in BEOCOPD.
Twenty-one SNPs were present in more than one chromosome
(minor allele frequency > 2%). These 21 SNPs plus the synon-
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ymous exonic SNP were genotyped in NETT-NAS and BEO-
COPD. One SNP, 157970223, failed genotyping. The other SNPs
were in HWE in NAS control subjects and BEOCOPD founders.
In NETT-NAS, only one SNP identified through sequencing was
significantly associated with COPD: rs7485662, located in an
intron (unadjusted OR = 1.25, P = 0.021; covariate-adjusted
OR = 1.34, P = 0.0093). However, this SNP was not significantly
associated with COPD or post-bronchodilator FEV; in the
BEOCOPD study.

SOXS5 Expression in COPD

We have previously described analysis of gene expression in two
independent microarray data sets derived from the lung tissue
of subjects with COPD. In a data set from case subjects with
severe COPD (21), we observed a significant decrease in SOX5
expression in COPD cases as compared with control subjects
(207336_at; mean signal intensity 50.5 vs. 18.8 in cases vs.
control subjects; P = 0.016). In this population, SOX5 expres-
sion was also significantly correlated with lung function. SOXS5
displayed a strong positive correlation with prebronchodilator
FEV; (r = 0.435, P = 0.034) and diffusing capacity (r = 0.507,
P = 0.004) and a strong negative correlation with total lung
capacity (r = —0.451, P = 0.011). These data are consistent with
a decrease in SOX5 expression in COPD. No significant
differences in SOXS5 gene expression were observed in a second
microarray data set derived from a more heterogeneous COPD
population (22).

Animal Model

Respiratory distress and neonatal death have previously been
reported in Sox5~/~ and Sox5~/; Sox6~/~ double-mutant mice
(19). However, no studies of the pulmonary manifestations or
description of lung histology in these mice are available. We
assessed gross lung histology in Sox5~/~, Sox5™/~, and wild-type
littermate mice at 16.5,17.5, and 18.5 days of embryonic gestation
(E). No differences in embryo size, weight, or lung size were
apparent. Abnormalities in the structure of Sox5~/~ lungs were
most evident at the end of the canalicular stage of development

SOX5

—

*
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(11096586 Figure 1. Genetic associations with chronic

obstructive pulmonary disease (COPD) on chro-
mosome 12p. P values for 1,387 single-nucleo-
tide polymorphisms (SNPs) in the National
P Emphysema Treatment Trial-Normative Aging
Study case-control study and 26 SNPs followed
up in the Boston Early-Onset COPD Study are
shown. Chromosomal locations are based on
o & National Center for Biotechnology Information
build 36.
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(Figure 2). In wild-type E17.5 lungs, the initiation of distal
respiratory structures, including reduced cellular density and
the morphological appearance of respiratory epithelial cells,
was noted. However, E17.5 Sox5~/~ lungs displayed histology
similar to E16.5, with increased cellularity and decreased airspace
complexity. At high magnification, alterations in tissue organiza-
tion, with a reduction in the emergence of discrete distal airspaces
lined by squamous (respiratory) epithelium, was observed in
Sox57/~ lungs. At the transition from the pseudoglandular to
canalicular stage of development (E16.5), a similar reduction in
the complexity of the lung was noted in the Sox5~/~ mouse
(Figure 3). Developmental delays in the lungs of Sox5~/~ mice
persisted at E18.5, where developing saccules were substantially
less organized than in their wild-type counterparts (Figure 3).
These abnormalities in Sox5~/~ lung structure were obvious in all
litters analyzed (N > 6), whether lung tissue was isolated or the
entire thoracic cavity was fixed in situ to minimize manipulation-
related artifacts in histology. Embryonic lungs from Sox5*/~
heterozygotes displayed a range of intermediate phenotypes,
ranging from mildly abnormal to substantially affected.

We studied gene expression in Sox5~/~, Sox5%/~, and wild-
type (n = 4 each genotype) lungs at E17.5 by qPCR. As expected,
we observed a significant reduction in Sox5 expression in Sox5~/~
lungs to less than 2% (P < 0.01) of the level of expression
observed in the lungs of wild-type animals (Figure 4). Sox5+/~
lungs displayed close to 50% of wild-type expression levels. We
screened for the expression of a panel of lung development—
related genes in the Sox5~/~ lungs by qPCR. No significant
differences were noted for the expression of Sftpc, Scgblal,
Titfl, Acta2, Ki67, Shh, Bmp4, or Aqp5. However, we observed
a significant reduction (55% reduction; P < 0.05) in the ex-
pression of fibronectin (Fn1) in Sox5~/~ lungs (Figure 4). As Fnl
is necessary for proper branching morphogenesis in the lung
(23), by providing clefts to regulate bud branching and elonga-
tion, the reduction in Fnl gene expression may partly explain the
observed phenotype in Sox5~/~ lungs. Interestingly, Sox5*/~
lungs displayed intermediate levels of Fnl expression (30%
reduction), consistent with their intermediate morphological
abnormalities.
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DISCUSSION

Using a dense set of SNPs to fine map a region on chromosome
12p linked to COPD, we identified SOXS5 as a candidate gene for
COPD. The association was discovered in the NETT-NAS case-
control study and replicated in the family-based BEOCOPD
study. This combined analysis remained significant with a strict
multiple testing correction. The SNP association could not be
confirmed in a third study, the ICGN. However, there was a trend
for association with earlier-onset COPD in the ICGN. SOX5
gene expression was reduced, and significantly correlated with
lung function, in the lung tissue of some subjects with COPD. A
Sox5 null mouse model demonstrated abnormalities in embry-
onic lung development and reduced expression of fibronectin, an
extracellular matrix component previously shown to be critical
for lung morphogenesis. Lungs of Sox5%/~ heterozygous mice
showed less severe developmental abnormalities, which may be
more comparable to lung disease in humans carrying SOXS5
variants than is the extreme phenotype of Sox5~/~ mice.

There are no previous animal or human reports on the role of
SOXS in lung disease. There are two major isoforms of SOXS
(24). The short isoform is expressed primarily in testis, whereas
the long isoform is expressed in many tissues, including lung (24,
25). In mouse models, Sox5 has been primarily studied in relation
to cartilage (19) and nervous system development (26). Smits and
colleagues observed that Sox5~/~ mice died at birth from re-
spiratory distress, with a cleft palate and abnormalities of the
bony thoracic cage (19). Developmental abnormalities in the
lungs of Sox5~/~ mice had not been previously described; thus, it
was unknown if lethality was due to defects in lung development.
The lungs of newborn Sox5~/~ mice appeared severely affected,
demonstrating a premature (canalicular rather than saccular)
structure (data not shown). To determine if these abnormalities
contributed to neonatal death, we studied embryonic lung de-
velopment in these mice. We observed a profound and consistent
deficiency in lung development in embryonic Sox5~/~ mutant
lungs. It is possible that abnormalities in rib cage and/or palate
formation contributed to the developmental lung defects in these
mice. Prior animal models have demonstrated associations
between cartilage/bone formation and lung development (27, 28).

litters. Bar indicates 50 um.

We studied molecular changes in the lungs of Sox5~/~ mice,
but found no significant differences in the expression of markers
for cell proliferation or cell lineage at the steady-state mRNA
level. Sox5 is known to regulate the expression of many extra-
cellular matrix genes. Such a process could contribute, at least in
part, to the defects in lung development observed in mutant mice.
We found a significant reduction in the expression of fibronectin,
but not other extracellular matrix molecules. This is of particular
interest as fibronectin is specifically necessary for branching
morphogenesis. Interestingly, fibronectin expression was inter-
mediately affected in Sox5/~ heterozygous lungs consistent with
the mild to moderate histological abnormalities in the developing
lungs of these mice. Further in vivo and in vitro studies will be
required to define whether changes in fibronectin expression

MUTANT

3 COF

WILD TYPE

E18.5

Figure 3. Age-related abnormalities in the structure of Sox5~/~ embry-
onic lungs. Lung structure was assessed in (8, D) Sox5~/~ and (A4, C) wild-
type littermates at 16.5 and 18.5 days of embryonic gestation (E) by
hematoxylin and eosin staining of formalin-fixed paraffin-embedded
tissues. Sox5~/~ lungs appear immature with increased cellularity at all
ages. Representative images are shown from a total of more than 12 mice
of each genotype from more than 6 litters. Bar indicates 50 um.
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explain the phenotype in these mice and to more completely
determine the specific contributions of Sox5 to mammalian lung
development.

The animal model demonstrated the importance of Sox5 in
normal mouse lung development. It is plausible that events in
early human lung development may eventually predispose to
COPD (29, 30). Abnormalities in lung development may reduce
the maximally attained level of lung function, predisposing to
reduced lung function in adulthood, according to the classic
Fletcher and Peto diagram (31) and supported by more recent
longitudinal studies (32, 33). Additionally, lungs with subtle
developmental abnormalities, which may not be clinically rele-
vant in childhood, may have an increased susceptibility to the
damaging effects of exposures such as cigarette smoke (30).
Similarly, functional variants of developmentally important
genes may be less capable of contributing to injury-repair pro-
cesses necessary for lung maintenance. Several genes have been
identified that may have effects on lung development as well as
COPD susceptibility, including members of the TGF-{ signaling
pathway (34-37). For example, mice genetically deficient in latent
TGF-B binding protein-4 (Itpb4) have emphysematous changes
present at birth (38); our group has shown that genetic variants in
LTBP4 may influence COPD-related phenotypes (39).

Recently, variants in SOXS5 have been associated with a variety
of human traits through GWAS. None of these studies has
focused on musculoskeletal or lung diseases. In GWAS, SNPs
in SOXS5 have been associated with rapid progression of AIDS
(40), electrocardiographic P-R interval (41), triglyceride levels in
subjects taking statins (42), and metabolic side effects of antipsy-
chotic drugs, specifically high-density lipoprotein levels in pa-
tients taking perphenazine (43). Most of these associations have
been confined to the 5’ end of the gene, whereas the SNP we
identified to be associated with COPD was located 3’ to the SOX5
transcript. SOXS SNPs have also been associated with pharma-
cogenetic effects of bupropion for smoking cessation, a poten-
tially relevant phenotype for COPD (44). However, the specific
associated SNPs were not detailed.

In the present study, the most strongly associated SOX5 SNP
in NETT-NAS (rs11046966) was also strongly associated with
COPD in the BEOCOPD study. We were unable to replicate the
associations in a third population, the ICGN. The genetic
associations in the first two populations and the animal model
both point to the potential importance of SOXS in COPD, yet
rs11046966 may not be the functional variant. SNP rs11046966 is
located more than 7 kb downstream from the 3' UTR of SOXS5, so
itis unlikely to affect an miRNA binding site. Despite sequencing
the exons of SOXS and highly conserved regions in the 3’ end of
the gene, we were unable to identify a putative functional variant.

SNP 1511046966 is located in a conserved region that extends
from the 3’ end of SOXS5. According to MAPPER analysis (45),
1511046966 is located within a predicted binding sequence for
interferon response factor. Based on SNP data in whites from
phase 3 of the International HapMap project (46), rs11046966 is
in moderate linkage disequilibrium (r> > 0.66) with additional
SNPs 3’ to the transcript and with intronic SNPs (Table E3), but
the roles of these SNPs in COPD are unknown as well. However,
these SNPs do point to SOXS5 as the relevant gene in the linkage
region, justifying the studies in the Sox5 null mouse model. Subtle
differences in the linkage disequilibrium patterns between
1511046966 and the functional variant comparing the two U.S.
populations (NETT-NAS and BEOCOPD) to the combined
North American and European subjects in the ICGN may
account for the lack of association in the latter study. Differences
in COPD severity across the study populations may also explain
the nonreplication in ICGN (Figure E1).

In summary, using a systematic fine mapping approach, we
identified genetic associations between a variant near SOXS5 and
COPD in two of the three populations tested. SOX5 gene
expression was reduced in lung tissue from patients with COPD
in one of two populations tested. A Sox5 null mouse demon-
strated abnormal lung development, and heterozygous animals
showed an intermediate severity phenotype. However, the spe-
cific role of SOXS as it relates to human COPD is not clear. For
example, we do not know whether its role in human COPD is
confined to lung development or whether it plays a role in lung
repair. Future research in the mouse model, such as determining
the effects of cigarette smoke exposure in the heterozygous
model, and future studies in emphysematous human lung tissue
will be required to answer these questions about the role of SOX5
in COPD.
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