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Abstract

Hypoxemia is a major complication of chronic obstructive pulmonary
disease (COPD) that correlates with disease prognosis. Identifying genetic
variants associated with oxygenation may provide clues for deciphering
the heterogeneity in prognosis among patients with COPD. However,
previous genetic studies have been restricted to investigating COPD
candidate genes for association with hypoxemia. To report results from the
first genome-wide association study (GWAS) of resting oxygen saturation
(as measured by pulse oximetry [Sp,, ]) in subjects with COPD, we
performed a GWAS of Sp,, in two large, well characterized COPD
populations: COPDGene, including both the non-Hispanic white (NHW)
and African American (AA) groups, and Evaluation of COPD
Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE). We
identified several suggestive loci (P < 1 X 10~ °) associated with Sp,, in
COPDGene in the NHW (n = 2810) and ECLIPSE (n = 1758) groups, and
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two loci on chromosomes 14 and 15 in the AA group (n = 820) from
COPDGene achieving a level of genome-wide significance (P < 5 X
10~ ®). The chromosome 14 single-nucleotide polymorphism, rs6576132,
located in an intergenic region, was nominally replicated (P < 0.05) in the
NHW group from COPDGene. The chromosome 15 single-nucleotide
polymorphisms were rare in subjects of European ancestry, so the results
could not be replicated. The chromosome 15 region contains several genes,
including TICRR and KIF7, and is proximal to RHCG (Rh family C
glyocoprotein gene). We have identified two loci associated with resting
oxygen saturation in AA subjects with COPD, and several suggestive
regions in subjects of European descent with COPD. Our study highlights
the importance of investigating the genetics of complex traits in different
racial groups.
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Clinical Relevance

Hypoxemia is a major complication of
chronic obstructive pulmonary disease
(COPD) that is correlated with
increased risk of mortality. From our
analysis of the first genome-wide
association study of resting oxygen
saturation in COPD, we have
highlighted genes and pathways that
may provide clues for deciphering
heterogeneity in prognosis among

patients with COPD.

Chronic obstructive pulmonary disease
(COPD) is a major cause of disability, and
the third leading cause of death in the
United States (1). Chronic hypoxemia is
a strong predictor of mortality in COPD
(2, 3). However, its relationship with the
severity of airflow limitation is weak. We
hypothesized that identifying genetic
variants associated with the severity of
hypoxemia could help decipher the
heterogeneity in COPD.

Blood oxygen saturation has been
termed the “fifth vital sign,” and can be
easily measured by pulse oximetry (Sp,) in
clinical settings (4). Sp,, is an indirect
measure of arterial oxygen saturation (5).
Low Sp,,, values are generally caused by
abnormalities of pulmonary gas exchange
and, in rare cases, by mutations in
hemoglobin proteins (6, 7). Furthermore,
genetic variants in several genes have been
associated with oxygen saturation in
individuals living at high altitudes (8-10).
Thus, similar to many other genetic traits,
there is evidence of both Mendelian and
complex determinants of resting oxygen
saturation. This motivated us to investigate
the genetic etiology of resting oxygen
saturation in subjects with COPD through
a genome-wide association of resting
oxygen saturation in two large cohorts of
well characterized patients with COPD
(COPDGene and Evaluation of COPD
Longitudinally to Identify Predictive
Surrogate Endpoints [ECLIPSE]).

Materials and Methods

Study Participants

Details of the COPDGene and ECLIPSE
studies have been previously described
(11-13). Briefly, the COPDGene Study
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(NCTO00608764, www.copdgene.org)
enrolled non-Hispanic white (NHW) and
African American (AA) subjects with
COPD and control subjects, aged 45-80
years, with at least 10 pack-years of lifetime
smoking history in 21 U.S. centers (14).
The ECLIPSE study (SCO104960,
NCT00292552; www.eclipse-copd.com)
recruited patients with COPD and control
subjects aged 45-75 years with a smoking
history of at least 10 pack-years from 46
centers across 12 countries (11). Subjects
with other significant lung diseases were
excluded from both studies, although
COPDGene did not exclude enrollment of
subjects with a history of asthma. Both
COPDGene and ECLIPSE had a clinical
center in Denver, Colorado at an altitude of
1.6 km above sea level. Analyses were
limited to patients with COPD, defined by
post-bronchodilator FEV,/forced vital
capacity less than 0.7 and an FEV/ less than
80% predicted (Global Initiative for
Chronic Obstructive Lung Disease grade 2
or greater) (15).

Oxygen Saturation

Spo, was measured on a finger without nail
polish after the subject had remained seated
for at least 5 minutes in COPDGene, and at
least 10 minutes in ECLIPSE, and recorded
only if a strong pulse was apparent. The
median value was recorded after observing
the pulse oximetry over a 1-minute period.
Subjects treated with supplemental oxygen
discontinued it while being monitored with
the oximeter. In the analysis for both
studies, if the pulse oximeter reported

a reading of less than 82%, an Sp,,, value
of 82% was recorded (14).

Genetic Markers

Standard quality control steps were
performed on DNA samples and single-
nucleotide polymorphism (SNP) data

as previously described (12-14, 16).
Genotyping for the COPDGene population
was performed using the Illumina Human
Omni 1-Quad (Illumina, San Diego, CA),
and for the ECLIPSE population the
MMlumina HumanHap 550v3 chips were
used. The COPDGene data have been
deposited into dbGaP (accession number
phs000179.v1.p1). For both studies,
additional genotypes were imputed using
the 1,000 Genomes Reference panel (17).
Only SNPs with an imputation quality
score of 0.8 or greater were included in the
analysis. A total of 4,749,595 imputed

variants in the NHW subjects with COPD
from COPDGene, 4,753,821 imputed
variants in ECLIPSE subjects with COPD,
and 6,160,662 imputed variants in the AA
subjects with COPD from COPDGene
passed quality control.

Statistical Analysis

Unless otherwise specified, statistical analyses
were performed in R or PLINK (18). Sp,,
values were log transformed to normalize
their frequency distribution. Each SNP with
minor allele frequency (MAF) of 5% or
greater was tested for its correlation with
resting oxygenation, as measured by the
logo-transformed Sp,,, using an additive
model adjusted for age, sex, pack-years of
smoking, Denver as a study site, and
principal components to summarize genetic
background. Sensitivity analyses were
performed by adjusting for FEV; and/or
current smoking, and also by excluding
participants from Denver. Analyses were
performed in the COPDGene NHW and AA
groups and the ECLIPSE study separately.
The initial analysis was performed in NHW
cases from COPDGene, the largest group,
with replication in ECLIPSE. We then
investigated the COPDGene AA cases while
using the other two populations as replication
samples. For the loci reaching genome-wide
significance (GWS) in the AA population
from COPDGene, we used HaploReg2 (19),
with an 7 value of 0.8 based on linkage
disequilibrium information of 1,000
Genomes African Ancestry population, to
assess evidence that SNPs were located in
regulatory regions. Meta-analyses were
performed between NHW cases from
COPDGene and ECLIPSE, in addition to all
three populations, including the AA
subjects from COPDGene. Gene-based
analyses were performed using VEGAS
(20), software that generates a gene-based
result based on single SNP P values from the
genome-wide association study (GWAS)
and linkage disequilibrium patterns (20).
VEGAS assigns SNPs to genes based on
physical position (* 50 kb) of known genes
in the University of California, Santa Cruz
(Santa Cruz, CA) genome browser. Regional
association plots were generated using
LocusZoom (21).

Results
Characterization of Participants

Table 1 presents the main clinical
characteristics of the participants

679


http://www.copdgene.org
http://www.eclipse-copd.com

ORIGINAL RESEARCH

Table 1. Characteristics of Subjects with Chronic Obstructive Pulmonary Disease

Included in the Analysis

COPDGene

Characteristic Non-Hispanic White African American ECLIPSE
n 2,810 820 1,758
Males, % 55.7 55.1 67.2
Age, yr 64.7 (8.2) 59 (8.2) 63.6 (7.1)
BMI, kg/m? 28.1 (6.1) 28 (6.8) 26.7 (5.6)
Smoking exposure, pack-years 56.3 (28) 42.4 (23) 50.3 (27)
Enrollment in Denver, % 22.7 4.3 1.2
FEV; % predicted 49.6 (18) 52.2 (17.8) 43.5 (14.9)
FEV4/FVC, % 0.49 (0.13) 0.53 (0.12) 0.44 (0.11)
Sp,,, %* 95 (17) 97 (17) 95 (18)
Severe hypoxemia, %" 7 4 4

Definition of abbreviations: BMI, body mass index; ECLIPSE, Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints study; FVC, forced vital capacity; Sp,,, oxygen saturation

measured using pulse oximetry.

Values presented are mean and SD unless otherwise noted.

*Median (range).
Sp,, < 88%.

represented in this investigation. In
ECLIPSE, subjects with COPD consisted of
a higher proportion of males (67.2%) than
COPDGene NHW and AA cases (55.7
and 55.1%, respectively). The AA case
population was, on average, slightly
younger and also had a lower mean
exposure to smoking, as measured by pack-
years, than the NHW and ECLIPSE cases.
The ECLIPSE subjects were, on average,
slightly less overweight (mean body mass
index = 26.7 kg/m?), but had lower lung
function measurements than subjects with
COPD from the COPDGene study.
ECLIPSE also had fewer participants
recruited from Denver than either
COPDGene case populations. The
percentage of subjects with COPD with
severe hypoxemia, defined as Sp,,, of 88% or
less, was higher in the NHW (7%) than
both the AA and ECLIPSE cases (4%).
However, the median and range of Sp,, in
each population were comparable with the
medians for all three study populations,
centered at approximately 95%. We also
examined the subset of subjects within each
study recruited from Denver, the site with
the highest altitude (see Table E1 in the
online supplement). Subjects recruited from
Denver were slightly less overweight and
had lower lung function than the respective
total case populations. Furthermore, the
median percent Sp,, was lower and there
were more cases with severe hypoxemia
recruited from Denver compared with the
total study populations.
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Distribution of Sp,, in Subjects

with COPD

The distribution of Sp, in subjects with
COPD in COPDGene and ECLIPSE was
not normally distributed (see Figure E1). As
a result, a log transformation was used to
normalize the trait. Figure E1 displays

the distribution of residuals of the log-
transformed trait after adjusting for sex,
lifetime smoking intensity, age, Denver site,
and population substructure for each
COPD case population.

GWAS of Sp,, in Subjects with COPD
with European Ancestry

In the GWAS of the NHW population
from COPDGene, no SNP reached GWS
in tests of association with log(Sp, ), nor
did any SNP reach GWS in the meta-
analysis between the COPDGene and
ECLIPSE (data not shown). In Table 2,
the top 10 SNPs associated with log(Sp,)
sorted by chromosome and physical
position are listed for the COPDGene
NHW and ECLIPSE analyses. Several
SNPs on chromosome 1, approximately
71 kb 5’ of the gene, RUNX3 (runt-related
transcription factor 3), were associated
(P =12 X 107 with log(Sp,,) in the
NHW group in COPDGene. Several SNPs
near NRXNI (neurexin-1-a) on
chromosome 2 were associated with
log(Sp,,) (P < 7.1 X 10~7). SNP
rs6893408 on chromosome 5 located
within the FGFI (fibroblast growth factor
1) gene was associated with log(Sp, ) in

COPDGene (Beta = —0.0026 log[Sp, |
units; P = 4.8 X 1077), which
corresponded to a mean difference in Sp,,_
of —1.0% Sp,, for each minor allele.
Three SNPs, with TRIQK (triple QxxK/R
motif containing) as the closest gene,
were moderately associated with resting
oxygenation in the NHW population.
Several SNPs in the CBR4 (carnbonyl
reductase family member 4) gene region
on chromosome 4 and single SNPs in the
genes, OPCML (Opioid Binding Protein/
Cell Adhesion) and BRSK2 (BR serine/
threonine kinase 2), were associated with
log(Sp,,,) in the ECLIPSE cases; however,
these results did not reach GWS. The
top results in COPDGene NHW and
ECLIPSE subjects were examined in the
other populations (Tables E2 and E3). As
a secondary analysis, we also tested
variants in the two largest populations,
COPDGene NHW and ECLIPSE, with
MATF greater than 1%. No variant reached
a level of GWS in the largest population:
the NHW from COPDGene. However,
one variant with a MAF of 2.3%,
rs7868621 on chromosome 9, reached
GWS (Beta = —0.0080; SE = 0.0014;
P=4.3 X 10 ®) in ECLIPSE. This variant
did not replicate in either COPDGene
population (Pygw = 0.80 and Pya = 0.21,
respectively).

We also examined the top results
adjusting for FEV, current smoking, and
both together (Table E4). The top results
did not change substantially when FEV,
and/or current smoking were considered.
Furthermore, we found that the top
associations in ECLIPSE were robust to
excluding participants from Denver
(Table 2). However, after excluding cases
from Denver (22.7% of the total NHW case
population), the top results in the NHW
population became less significant.

GWAS of Sp,, in AA Subjects

with COPD

There were two SNPs with a MAF greater
than 5% that were significantly associated
with log(Sp,,) among the COPDGene AA
cases (Table 3). Further examination of
variants in these regions with MAF less
than 5% identified three more variants on
chromosome 15 significantly associated
with Sp,, (MAF, ~4%). The chromosome
14 SNP, rs6576132 (Beta = 0.0039; P =
5.0 X 10~®), replicated nominally among
the COPDGene NHW case population
(Beta = 0.0009; P = 0.011). This Beta
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SNP-based analysis, in each population
using VEGAS. None of the gene-based
results withstood Bonferonni correction

(P <28 X 107°). The top results from
each population are listed in Table E7. For
comparison, we also examined the results
excluding participants from Denver. In the
COPDGene NHW population, the top gene
was BINI on chromosome 2 (Pyop200 =
9.0 X 10~ °). The next highest-ranking
gene was TGFBR3, which our group has

Ao

previously shown to be associated with
emphysema (22). The top gene associated
with log(Sp,,) in ECLIPSE was CLECI2A
(Prop20% = 3.0 X 107°). The top gene in the
AA population was HSD17B3 (Piop2oy% =
1.1 X 10°). We also looked specifically for
associations with hemoglobin genes in the
hemoglobin « and B gene regions on
chromosomes 11 and 16 in each population
(Table EB). Interestingly, none of these genes
reached nominal significance (P < 0.05) in
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Figure 1. Regional association plots around single-nucleotide polymorphisms reaching genome-
wide significance for association with log(Spo,) in African American subjects from COPDGene. (A)
Chromosome 14; (B) chromosome 15. Spg,, oxygen saturation measured using pulse oximetry.
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the NHW case population. However, HBA2
(Propaosi = 0.039) and HBM (Pygposs = 0.044)
were nominally significant in the AA COPD
case population.

Discussion

This study has identified two genetic regions
that are significantly associated with resting
oxygen saturation among AA subjects
with COPD. We were able to replicate
nominally (P < 0.05) the association on
chromosome 14 in the NHW subjects from
COPDGene. The SNPs we found associated
on chromosome 15 with Sp,, in AA subjects
with COPD were rare in populations of
European descent. However, this region
encompassed several candidate genes for
further investigation, including TICRR, KIF7,
and RHCG. Although we identified several
suggestive associations using the two
populations of European descent, NHW
subjects from COPDGene and ECLIPSE, our
investigation underscores the importance of
investigating the genetics of complex traits in
additional racial groups, such as AA subjects.

Previous Studies

Previous genetic studies of oxygen saturation
in COPD focused on genes known to
influence COPD susceptibility rather than
oxygen saturation per se (23, 24). On

the other hand, there have been few
investigations into the genetics of oxygen
saturation in other respiratory diseases,

and these have mainly been restricted to
candidate gene studies. Schroder and
colleagues (25) found evidence for association
of serotonin transporter polymorphism with
decreased arterial oxygen saturation, and also
with increasing apnea-hypopnea index in
older adults. de Lima Marson and colleagues
(26) searched for cystic fibrosis modifier
genes by assessing genetic interactions with
cystic fibrosis transmembrane conductance
regulator gene mutations, but did not find

a significant association with oxygen
saturation itself. The role of environmental
factors, such as altitude, oxygen use, exercise
capacity, and quality of life, has been
investigated in relation to hypoxemia in
patients with COPD (27). Here, we report
results from the first GWAS of resting oxygen
saturation in patients with COPD.

Interpretation of Findings

The median and range of Sp,, in the three
COPD case populations were similar at
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roughly 95%. The NHW population had

a higher percentage of subjects with
COPD with severe hypoxemia at 7% in
comparison with 4% in the AA and
ECLIPSE groups. This difference is slightly
lower than the prevalence Kim and
colleagues (27) reported for the prevalence
of severe hypoxemia of 7.7% (n = 1,061) in
the first 2,500 subjects with COPD enrolled
in COPDGene. In the current report,

the NHW subjects with COPD from
COPDGene had the highest percentage of
subjects recruited in Denver. Furthermore,
the NHW cases also had more pack-years
of smoking on average than the other
two case populations. Smoking history is
known to influence Sp,,, levels even in
the general population (28). For this
reason, we included these variables as
covariates in the GWAS, and also
assessed the effects of current smoking
on the results.

Our analysis of Sp,_ in two COPD case
populations of European descent, the NHW
subjects with COPD from COPDGene and
ECLIPSE, revealed suggestive associations
with variants near several genes, including
BRSK2, CBR4, RUNX3, and FGFI. BRSK2
is a brain-specific kinase (29). CBR4,

a carbonyl reductase gene, is thought to
play a role in biosynthesis of fatty acids
in the mitochondria (30). RUNX3 is

a transcription factor essential for CD8

T cell development (31). A related gene,
RUNX1, which also contains a Runt
domain, is essential for hematopoiesis, and
chromosomal rearrangements in this gene
are commonly found in patients with
leukemia (32, 33). In our study, we
observed several variants with suggestive
association near RUNX3 in the NHW
COPD case population in COPDGene.
The variants are approximately 71 kB
from RUNX3, and there is evidence

of transcriptional regulation in
lymphoblastoid cells (19). Furthermore,
a SNP in FGF1 demonstrated suggestive
association with Sp, in our study. FGF1
is a member of the fibroblast growth
factor family, which is involved in

a broad range of processes. FGF1, in
particular, influences endothelial cell
migration and proliferation, in addition
to playing a role in angiogeneisis and
wound healing (34).

Most interestingly, our analysis
revealed two regions associated with resting
oxygen saturation in AA subjects with
COPD. The region on chromosome 14 also
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replicated in the NHW population from
COPDGene. This region is intergenic and
bounded by genes, FOXGI (forkhead box
G1) and LINC00645 (noncoding RNA645),
by recombination peaks (Figure 1A). The
second region on chromosome 15 tags

the genes, TICRR and KIF7, and is also
proximal to RHCG, but is separated by

a recombination peak (Figure 1B). RHCG is
an intriguing candidate gene for blood
oxygen saturation, as it codes for an Rh
protein, which is important for maintaining
the structure of the red blood cell
membrane (35). TICRR codes for the treslin
protein involved with the initiation of DNA
replication (36). KIF7 is an essential
component of the sonic hedgehog signaling
pathway, and also for the development of
the diaphragm (37). Furthermore,

RUNX3, for which we showed suggestive
associations with resting blood oxygen in
the NHW subjects with COPD, is involved
with Indian Hedgehog signaling in
epithelial cells in the stomach and intestine
(38). The HHIP (hedgehog interacting
protein) gene is associated with lung
function and COPD (13, 16, 39-41);
however, its contribution to the
pathogenesis of COPD remains to be
elucidated (38, 41). The robustness of our
top findings after adjusting for FEV,
suggests that we have identified true genetic
associations with resting oxygen saturation
as opposed to associations with COPD
severity.

We also performed a gene-based
analysis in each COPD case population
testing for association with resting oxygen
saturation. Although no gene withstood
correction for multiple testing, the gene,
TGFBR3, which has been previously
associated with emphysema, was among the
top genes associated in the NHW subjects
with COPD from COPDGene (22). We saw
no evidence of association with common
variants in hemoglobin genes on
chromosomes 11 and 16.

Potential Limitations

Our study has several limitations. Our study
lacks an AA replication population for the
findings achieving GWS in the AA subjects
from COPDGene. It is well established that
the pattern of linkage disequilibrium
between individuals of European and
African descent differs (42, 43). In our
report, the variants that we have identified
as associated with Sp,_ in the AA
population on chromosome 15 were

extremely rare in European populations.
However, the variants in the chromosome
14 region are common in both the AA
and NHW populations. For these more
common variants, we were able to
nominally replicate (P < 0.05) statistical
associations in the larger NHW population.
With complex traits, it is possible that
different variants are associated in
populations with different racial/ethnic
populations.

Furthermore, the top result on
chromosome 14 in the COPDGene AA cases
became less significant when participants
from Denver were excluded, but the top
results on chromosome 15 were robust to
excluding subjects from Denver. This
indicates that the chromosome 14 finding
is confounded by living at high altitude,
whereas the chromosome 15 finding is not.
Although genetic variants and genes have
been associated adaptation to hypoxia in
high-altitude populations (44-49), our
results did not show overlap with these
findings, which is not surprising given the
differences in phenotype. Additional
studies of AA subjects with COPD living
at high altitude would be required to
further explore the relationship between
the chromosome 14 variant and resting
oxygen levels.

Conclusions

This study identifies two novel regions
associated with resting oxygen saturation
on chromosomes 14 and 15 among AA
subjects with COPD. Several genes
involved in the hedgehog and
transforming growth factor 3 pathways
support the relevance of these pathways
in COPD. Additional studies will be
required to determine the functional
variants and mechanisms by which the
chromosome 14 and 15 loci could
influence resting oxygen saturation in
COPD. Our report underscores the
importance of investigating multiple
racial populations in genetic studies of
complex disease.
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