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Abstract

Rationale: Genome-wide association studies (GWAS) of chronic
obstructive pulmonary disease (COPD) have identified disease-
susceptibility loci, mostly in subjects of European descent.

Objectives: We hypothesized that by studying Hispanic
populations we would be able to identify unique loci that contribute
to COPD pathogenesis in Hispanics but remain undetected in GWAS
of non-Hispanic populations.

Methods: We conducted a metaanalysis of two GWAS of COPD in
independent cohorts of Hispanics in Costa Rica and the United States
(Multi-Ethnic Study of Atherosclerosis [MESA]). We performed

a replication study of the top single-nucleotide polymorphisms in an
independent Hispanic cohort in New Mexico (the Lovelace Smokers
Cohort). We also attempted to replicate prior findings from genome-
wide studies in non-Hispanic populations in Hispanic cohorts.

Measurements and Main Results: We found no genome-
wide significant association with COPD in our metaanalysis of
Costa Rica and MESA. After combining the top results from this
metaanalysis with those from our replication study in the Lovelace
Smokers Cohort, we identified two single-nucleotide polymorphisms
approaching genome-wide significance for an association with
COPD. The first (rs858249, combined P value = 6.1 X 10 %) is

near the genes KLHL7 and NUPL2 on chromosome 7. The second
(rs286499, combined P value = 8.4 X 10~®) is located in an intron
of DLG2. The two most significant single-nucleotide polymorphisms
in FAM13A from a previous genome-wide study in non-Hispanics
were associated with COPD in Hispanics.

Conclusions: We have identified two novel loci (in or near the
genes KLHL7/NUPL2 and DLG?2) that may play a role in COPD
pathogenesis in Hispanic populations.
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Chronic obstructive pulmonary disease
(COPD) is a common respiratory disease
and a leading cause of morbidity and
mortality worldwide (1). Inhalation of
noxious particles (primarily cigarette

smoke) is the major risk factor for COPD.

However, only a minority of individuals
who smoke develop COPD, suggesting
that genetic factors influence disease
pathogenesis (2, 3).

Genome-wide association studies
(GWAS) have identified several
susceptibility genes for COPD, including
CHRNA3, FAM13A, and HHIP (4, 5).
Although these loci were identified in
GWAS conducted in populations of
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European and African descent, variants in
these genes have also been implicated in
COPD risk in Asians (6-8). To date, there
has been no GWAS of COPD conducted
exclusively in Hispanic populations (9).
One recent study that did include a diverse
group of Hispanics, along with members
of other ethnic groups, identified a novel
variant in MANZ2BI in Hispanics that
was associated with lower values of the
percentage of emphysema-like lung on
computed tomography and higher plasma
levels of a;-antitrypsin (10).

COPD is a major public health
problem in Hispanic America, with
adjusted prevalence ranging from ~12% in

Mexico City (Mexico) to ~19% in
Montevideo (Uruguay) (11). Given that
the average Native American ancestry of
Mexicans living in Mexico City (~56%
[12]) is markedly higher than that of
Uruguayans living in Montevideo (~1%
[13]), these findings could be partly
explained by protective effects of Native
American ancestry against nicotine
addiction (e.g., reduced intensity of
smoking) or the detrimental effects of
cigarette smoking on lung function or
COPD progression. We hypothesized that
Hispanic subgroups with a significant
proportion of Native American ancestry
have protective alleles against COPD,
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which may be undetected in GWAS of
non-Hispanic populations.

In this manuscript, we report our
findings from a metaanalysis of GWAS of
COPD affection status in two Hispanic
cohorts (living in Costa Rica and in the
United States). We attempted to replicate
our findings in a third cohort of Hispanics
living in New Mexico. To assess the
generalizability of our findings to cohorts of
European and African descent, we examined
our top findings for COPD in Hispanics in
a U.S.-based cohort including non-Hispanic
whites and African Americans (Genetic
epidemiology of COPD [COPDGene]).

In addition, we tested whether single-
nucleotide polymorphisms (SNPs)
identified in genome-wide studies of COPD
in non-Hispanic populations are associated
with COPD risk in two Hispanic cohorts.

Methods

Discovery Cohorts

Costa Rica. We recruited 579 subjects
between April of 2003 and November of
2010, including: (I) 316 members of 13
families of probands (index cases; see Table
El in the online supplement) with COPD,
(2) 68 unrelated subjects with COPD
(cases), and (3) 159 unrelated control
subjects. An additional 36 individuals could

not be classified as control subjects based
on spirometry and were excluded from this
analysis. Probands and cases were recruited
from four major public hospitals in San
José (Costa Rica) and through newspaper
ads. Control subjects were recruited from
a smoking-cessation clinic in San José
(which was affiliated with the same public
hospitals from where cases were recruited)
and through newspaper ads. All study
participants had to have at least six great-
grandparents born in the Central Valley of
Costa Rica (to ensure descent from the
founder population, composed primarily of
Europeans and Native Americans). All
probands, cases, and control subjects also
had to be aged 21 years or older and have
a history of at least 10 pack-years of
smoking. Members of the families of
probands had to be 12 years and older.
Other inclusion criteria for cases or
probands were physician-diagnosed COPD,
an FEV, less than or equal to 65%
predicted, and an FEV/FVC ratio less
than 70%. Control subjects had to have
no physician-diagnosed COPD and
normal spirometry.

All study participants completed
a protocol including a validated
questionnaire (containing questions on
demographics, smoking history, and
respiratory health) (14), pulmonary
function testing, and collection of blood
samples for DNA extraction. Spirometry

was conducted with a Collins Survey Tach
spirometer. All subjects had to be free of
respiratory illnesses for 4 or more weeks
before spirometry, and they were also
instructed (when possible) to avoid use of
inhaled short-acting bronchodilators (BDs)
for 4 or more hours before testing. Forced
expiratory maneuvers were judged to be
acceptable if they met or exceeded
American Thoracic Society criteria (15).
Written informed consent was obtained
from all participants. The study was
approved by the Institutional Review
Boards of the Hospital Nacional de Nifos
(San José, Costa Rica), Brigham and
Women’s Hospital (Boston, MA), and the
University of Pittsburgh (Pittsburgh, PA).
Multi-Ethnic Study of Atherosclerosis.
The Multi-Ethnic Study of Atherosclerosis
(MESA) is a population-based longitudinal
study of subclinical cardiovascular disease
(16). Between 2000 and 2002, MESA
recruited 6,814 men and women 45 to
84 years of age from Forsyth County,
North Carolina; New York City, New
York; Baltimore, Maryland; St. Paul,
Minnesota; Chicago, Illinois; and Los
Angeles, California. Exclusion criteria
were clinical cardiovascular disease, weight
exceeding 136 kg (300 Ib), pregnancy,
and impediment to long-term participation.
The MESA Family Study recruited
1,595 African American and Hispanic
participants, generally siblings of MESA
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participants, using the same inclusion
and exclusion criteria as MESA, except
that clinical cardiovascular disease was
permitted. The MESA Air Pollution Study
recruited an additional 257 participants from
Los Angeles and Riverside County, California,
and Rockland County, New York, using
the same criteria as MESA, except that
participants were aged 50 to 89 years, lived in
the area 50% or more of the year, and had
no plans to move in the next 5 years (17). A
total of 2,174 Hispanic participants consented
to genetic analyses, as follows: 1,449 from
MESA, 674 from MESA Family, and 51
from the MESA Air Pollution Study.

The MESA Lung Study administered
a standardized respiratory questionnaire
(14) and performed pre-BD spirometry
in accordance with American Thoracic
Society/European Respiratory Society
guidelines (18) for a subset of MESA
participants (19), MESA Family
participants at one site, and all MESA
Air Pollution Study participants. All
participants attempted at least three
acceptable maneuvers on the same dry
rolling seal spirometers (Occupational
Marketing Inc., Houston, TX) following the
MESA Lung protocol; all examinations
were reviewed by one investigator (20). For
the current genetic analysis of Hispanics in
MESA, there were 63 cases and 619 control
subjects. Written informed consent was
obtained from all participants. MESA and
all associated studies were approved by the
Institutional Review Boards of the National
Heart, Lung, and Blood Institute and all
participating institutions.

Follow-up Cohorts

Lovelace Smokers Cohort. The top SNPs
from the metaanalysis of the GWAS in
Costa Rica and MESA were replicated in

a cohort of 337 unrelated smoking Hispanic
adults in New Mexico, 47 (13.9%) of whom
were classified as having COPD based on
an FEV, less than 80% predicted and an
FEV,/FVC ratio less than 0.70. The
protocols for subject recruitment and data
collection for the Lovelace Smokers Cohort
have been previously described in detail
(21). Study participants were drawn from
the Albuquerque (NM) metropolitan area.
Inclusion criteria for entry into the study
were age 40 to 75 years, current or former
cigarette smoking (with a minimum of 10
pack-years), and the ability to understand
English or Spanish. Information related to
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demographics and smoking history was
obtained by self-report. The study was
approved by the Western Institutional
Review Board (Olympia, WA).
COPDGene. The protocols for subject
recruitment and data collection for the
COPDGene study have been previously
published (22). In brief, the COPDGene
Study enrolled non-Hispanic white and
African American subjects with COPD
(defined as Global Initiative for Chronic
Obstructive Lung Disease stage II or
greater) and smoking control subjects with
normal spirometry. Genome-wide SNP
genotyping data that met quality control
standards were available on 2,812 COPD
cases and 2,534 control subjects in the non-
Hispanic white group and 821 COPD cases
and 1,749 control subjects in the African
American group. Subjects were aged 45 to
80 years with at least 10 pack-years of
lifetime smoking history, and they were
recruited at 21 U.S. centers. Each study site
obtained local institutional review board
approval to enroll participants in this
project, and all subjects provided informed
consent to participate in the study.

Primary Outcome

For this analysis, COPD was defined as
having COPD stage II or higher according to
the Global Initiative for Chronic Obstructive
Lung Disease: a post-BD FEV; lower than
80% predicted and a post-BD FEV,/FVC
ratio less than 0.70. Control subjects had to
have a post-BD FEV, greater than or equal
to 80% predicted and a post-BD FEV/FVC
ratio greater than or equal to 0.70. Because
there are no reference FEV, or FVC values
for Costa Ricans, those published for
Mexican Americans were used instead (23).

Genotyping in Discovery Cohorts

Costa Rica. Whereas the first 115
participants were genotyped using the
Mlumina Human610-Quad platform
(containing ~610,000 SNPs), the
remaining participants (n =464) were
genotyped at a later date using the Illumina
HumanOmniExpress platform (containing
~730,000 SNPs). We applied stringent
filters for quality control of each dataset
by excluding SNPs: with minor allele
frequency less than 1% or a completion rate
less than 90%, or out of Hardy-Weinberg
equilibrium. We then merged the two SNP
datasets and implemented quality control
measures similar to those previously

conducted for each separate dataset. To assess
for Mendelian inconsistencies in members of
families of probands, the KING program
(24) was used to determine relationships
based on the genome scan marker data.
MESA. Participants in the original
MESA cohort, the MESA Family Study, and
the MESA Air Pollution Study who
consented to genetic analyses were
genotyped in 2009 using the Affymetrix
Human SNP array 6.0 (Affymetrix Inc.,
Santa Clara, CA), with 897,981 SNPs
passing study-specific quality control (10).

Genotyping in other Cohorts

In the Lovelace Smokers’ Cohort,
genotyping was conducted using the
Mumina GoldenGate assay with VeraCode
technology on the BeadXpress platform.
Genotyping accuracy was confirmed by
examining genotypes between intra-

and interplate duplicates and by visual
checking of the genotype clustering using
GenomeStudio. Details of the COPDGene
genotyping, imputation, and quality control
have been previously described (25). Briefly,
genotyping was performed using the
Mumina HumanOmniExpress, with
imputation based on the 1,000 Genomes
Phase I v3 reference panel.

Expression Analysis

To explore the possible functional
consequences of identified SNPs, we tested
whether they were associated with
expression of nearby genes in adult human
lung tissue using a previously published
dataset of 1,111 tissue samples with both
genotyping and gene expression data (26).
We also examined a publically available
eQTL database with information on brain
and lung expression (27).

Statistical Analysis

Stage 1: metaanalysis (Costa Rica and
MESA). MaCH-Admix (28) was used in
Costa Rican samples to perform imputation of
an additional approximately 2 million SNPs
in each race/ethnic group for inclusion in
GWAS analyses, using HapMap Phase I + II
reference panels with individuals of European
(CEU), West African (YRI), Chinese (CHB),
and Japanese (JPT) descent. Similarly,
IMPUTE v2 (29, 30) was used in the
imputation of MESA samples. R* was used to
assess the imputation quality. SNPs with

R? less than 0.5 were filtered out in each
individual study before metaanalysis.

AnnalsATS Volume 12 Number 3| March 2015



ORIGINAL RESEARCH

Table 1. Characteristics of Hispanic cases and control subjects in the Costa Rican and
Multi-Ethnic Study of Atherosclerosis cohorts

We accounted for within-family
correlations for members of COPD
pedigrees in Costa Rica using a kinship
coefficient matrix, and generalized
estimation equation (GEE) models were
used for the analysis of COPD (a binary
outcome) using the imputed genotype
probabilities (dosage) generated by MaCH-
Admix. All multivariate analyses were
adjusted for age, sex, principal components
of ancestry (to account for population
stratification), smoking status (ever vs.
never), and intensity of cigarette smoking
(in pack-years).

For MESA samples, the KING program
(24) was used to perform relationship
inference and construct an unrelated subset of
individuals for analysis. Analysis of these
unrelated individuals was performed under an
additive genetic model, using a score test
accounting for imputed genotype probabilities
as implemented in SNPTEST v2.2.0 (31).
Regression analyses were adjusted for study
site and the same covariates as described in
the analysis of Costa Rican samples.

Results from Costa Rica and MESA
were combined in an inverse variance
weighted metaanalysis using METAL (32).
All other analyses were conducted using the
R package (www.r-project.org, version
2.15.0) with R package GWAF (33) and
in-house R functions.

Stage 2: follow-up studies in Hispanic
and non-Hispanic populations. Of the top
10 SNPs from the stage 1 metaanalysis, nine
had an minor allele frequency greater than or
equal to 5% and were carried forward for
replication in the Lovelace Smokers Cohort
study. Logistic regression was used to assess
the association between SNPs and risk for
COPD in the Lovelace Smokers Cohort, with
adjustment for age, sex, smoking status,
intensity of cigarette smoking, and principal
components. Results were combined with
the results from the two cohorts in stage 1
using inverse variance weighting using
METAL to create a joint P value (32). After
completing our analysis in Hispanic subjects
only, we attempted to replicate our results
in a cohort of non-Hispanic white subjects
and African American subjects from the
COPDGene study (22).

Results

Top Associations
The characteristics of Hispanic cases and
control subjects in the two primary cohorts

Chen, Brehm, Manichaikul, et al.: Genome-Wide Association Study of COPD in Hispanics

Covariate Costa Rica MESA Hispanics
COPD Control COPD Control
(N=94) Subjects (N=63) Subjects
(N=412) (N=619)
Age, yr 60.1 (9.2)* 42.6 (14.8) 67.7 (9.4) 62.8 (9.5)
Sex, male 58 (61.7%)* 192 (46.6% 40 (63.5%)* 268 (43.3%)
Height, cm, 161.8 (9.8) 163.2 (8.8) 165.3 (11.4) 161.3 (8.9)
BMI, kg/m? 24.5 (5.2)* 26.4 (4.8) 29.4 (5.6) 29.3 (4.9)
Smoking, ever 94 (100%) 253 (61.9%) 42 (66.7%)* 242 (39.1%)
Smoking, current 39 (41.5%) 153 (37.4%) 8 (12.7%) 44 (7.1%)
Pack-years of smoking  56.6 (35.0)* 18.8 (25.6) 22.5 (30.2)* 2 (13.7)
Pre-BD FEVq, L 1.18 (0.52)* 3.20 (0.83) 1.79 (0.67)* 2. 59 (0.69)
Post-BD FEV4, L 1.27 (0.52)* 3.32 (0.89) NA NA
Pre-BD FVC, L 2.18 (0.81)* 3.91 (0.97) 2.93 (0.97) 3.26 (0.88)
Post-BD FVC, L 2.34 (0.78) 3.97 (1.02) NA NA
Pre-BD FEV4/FVC 0.54 (0.11)* 0.82 (0.06) 0.61 (0.09) 0.79 (0.04)
Post-BD FEV4/FVC 0.54 (0.11)* 0.84 (0.05) NA NA

Definition of abbreviations: BD = bronchodilator; BMI =

body mass index; COPD = chronic obstructive

pulmonary disease; MESA = Multi-Ethnic Study of Atherosclerosis; NA = not applicable.
Mean (SD) and count (%) are shown for continuous and binary variables, respectively.
*P < 0.05 for comparison between cases and control subjects.

(Costa Rica and MESA) are presented in
Table 1. In addition to expected differences
in lung function and smoking rates,
subjects with COPD were more likely to be
older, to be men, and to have a greater
intensity of cigarette smoking but lower

FEV, and FEV,/FVC than control subjects.
Figure 1 shows the overall consistency of
allelic frequencies among Hispanics in the
Costa Rican and MESA cohorts. The mean
proportions of estimated ancestries for the
Costa Rican cohort were: 62% European,

Frequency Consistency

COSTA RICA

1.0
MESA

Figure 1. Comparison of allelic frequencies among Hispanics in the Costa Rica and Multi-Ethnic
Study of Atherosclerosis (MESA) cohorts. Frequency of each single-nucleotide polymorphism (SNP)
was flipped with the same reference allele. For each SNP, the frequency from Costa Rica is plotted

against that from MESA.
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3% African, and 35% Native American.
Among Hispanics in MESA, the mean
proportions of estimated ancestries were:
52% European, 16% African, and 32%
Native American. The plots of first two
principal components are shown in
Figure E1 in the online supplement.
Figure 2 shows the genome-wide
association signals from the metaanalysis of
the GWAS in the Costa Rican and MESA
cohorts (stage 1). Nine SNPs were
significant in this discovery stage at P <
5% 10~ ° (Table 2), and all but one were
nominally significant with the same
direction of effect in both cohorts. Figure 3
shows the regional association plots for the
two most significant results from this
metaanalysis. The SNP most significantly
associated with COPD in the stage 1
metaanalysis was rs858249, which lies
between the genes nucleoporin like 2
(NUPL2) and kelch-like family member 7

(KLHL7) (P=1.1 X 10"”). This SNP had
a similar magnitude of effect in both
primary cohorts. When combined with the
results from the analysis among Hispanics
in the Lovelace Smokers Cohorts in the
stage 2 replication analysis (in which the
effect was in the same direction but not
statistically significant), the metaanalysis
P value of all three Hispanic cohorts
approached genome-wide significance
(Stage 2 P value=6.1 X 10™%). We then
tested whether this SNP was associated with
expression of KLHL7 in an independent
dataset of adult lung tissue samples. We
found that the minor allele was associated
with increased expression of KLHL7 in
current smokers and decreased expression
of KLHL7 in never smokers (P =0.009 for
both groups).

The second most significant SNP in the
stage 1 metaanalysis (rs286499) was also
nominally significant in both cohorts in the

same direction. In the metaanalysis
combining the results in all three Hispanic
cohorts it also approached genome-wide
significance (Stage 2 P value = 8.4 X 10™®).
This SNP is located in an intron of the gene
Discs, Large Homolog 2 (DLG2) and was
not significantly associated with expression
of this gene in adult lung tissue samples of
current or never smokers. Because DLG2
may play a role in stabilizing nicotinic
acetylcholine receptors at neuronal
synapses (34), we tested whether
rs286499 is associated with smoking
behavior. Although we found that the G
allele that was associated with decreased
COPD risk was associated with increased
pack-years of smoking in both MESA
and Cost Rica, this association became
markedly attenuated and nonstatistically
significant in a model restricted to
subjects with at least 10 pack-years of
smoking (with P values of 0.23 and 0.68

CR+MESA COPD
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Figure 2. Manhattan plot for results from metaanalysis. A genome-wide plot of association significance for all single-nucleotide polymorphisms with
minor allele frequency > 5%. The red and blue lines are corresponding to the threshold P=5 X 1078 and P=1 x 10~°. COPD = chronic obstructive
pulmonary disease; CR = Costa Rica; MESA = Multi-Ethnic Study of Atherosclerosis.
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Figure 3. Regional plots for the top two loci on chromosome 11 near gene DLG2 and on chromosome 7 near genes KLHL7 and NULPL2. The plots were
generated by LocusZoom Software using HapMap Il JPT + CHB as the reference panel for linkage disequilibrium information. SNP = single-nucleotide
polymorphism.

COPD conducted exclusively in Hispanic ~ within the promoter region of NUPL2. treated with nicotine (39). This gene is

subjects. Although not previously associated with involved in mRNA transport out of the
The SNP most significantly associated ~COPD, NUPL2 is one of the top genes nucleus and is ubiquitously expressed (40).

with COPD in this analysis (rs858249) lies  overexpressed in macrophage-like cells Although we did not find an association

346 AnnalsATS Volume 12 Number 3| March 2015



ORIGINAL RESEARCH

between rs858249 and expression of
NUPL?2 in the lung, this SNP was associated
with KLHL?7 expression (P =0.08) in the
nucleus accumbens (a region of the brain
that may play a role in nicotine addiction)
(41) and in lung tissue (from current and
never smokers, albeit in opposite directions,
P < 0.01 in both instances). This suggests
that this gene may be differentially
expressed based on smoking behavior.
KLHL7 is ubiquitously expressed, with
highest expression in the brain, heart, and
testis (27). It appears to play a role in the
proteasome-degradation pathway (42).
The second most significant SNP in
our analysis (rs286499) is in an intron of
DLG2, a gene that may stabilize nicotinic
acetylcholine receptors at neuronal
synapses (34). These are the same types of
synapses that are encoded by the COPD
susceptibility gene CHRNA3 (4), which
may also play a role in nicotine addiction.
In support of this hypothesis, the G allele of
rs286499 is associated with expression of
DLG2 in the substantia nigra and frontal
cortex (27) and with decreased risk of
COPD in MESA and Costa Rica. Although
our finding for COPD may be due to effects
on smoking behavior, we had limited
statistical power to test for association
between SNP rs286499 and pack-years of
smoking in Costa Rica or MESA, given the
relatively small number of subjects with
significant smoking history (=10 pack-
years) in either cohort. Whether SNP
rs286499 influences smoking behavior
should thus be examined in future studies.
Our results highlight the importance of
studying diverse populations. The minor
alleles for both our top SNPs in the current

study are associated with increased COPD
risk. Because these alleles are rare in
Europeans, they may reflect unique risk
factors for COPD in Hispanic populations.
Other genome-wide studies in non-European
populations have revealed novel loci even in
well-studied diseases such as type 2 diabetes
mellitus (43). Conversely, associations
identified in European-ancestry populations
may be less apparent in non-European
populations due to differences in linkage
disequilibrium and allele frequencies (44).
Both of these effects are apparent in this
study, in which we identified novel
associations with strong effects in Hispanic
populations but found that the replication
results in non-Hispanics were only nominally
significant. Studies of diverse populations are
necessary to comprehensively identify the
genetic variability that contributes to COPD
susceptibility.

Our study has several limitations. First,
our top two results approached genome-
wide significance after inclusion of the
Lovelace replication cohort, but only one
SNP showed nominal significance in
Lovelace. Further replication to confirm
these findings is needed. Second, we
cannot draw negative inferences about
nonsignificant findings due to small sample
size. Third, our results are cross-sectional, so
we may have misclassified some subjects
who are currently healthy but will go on
to develop COPD. We may have also
misclassified a small subgroup of subjects
who have nonreversible airflow obstruction
due to asthma, who would be expected to
have different genetic determinants than
subjects without asthma. These types of
misclassification would reduce our statistical

power to detect true associations but should
not bias the results. Fourth, we do not have
the statistical power to explore interactions
with tobacco smoke exposure, a potentially
important source of “missing heritability.”
Finally, “Hispanic” is a broad term that
encompasses individuals with complex and
varied racial admixture (45). In the current
study, members of the Costa Rican and
Lovelace cohorts had lower proportions of
African ancestry but higher proportions of
European ancestry than Hispanics in
MESA, which may have reduced our
statistical power. In addition, participants
in all three Hispanic cohorts had more than
30% Native American ancestry, and thus
our findings may not be generalizable to
Hispanic populations with a lower
proportion of Native American ancestry
(e.g., Puerto Ricans).

In summary, we have identified two
novel COPD susceptibility loci in Hispanics,
which are plausibly associated with nicotine
addiction. We have also shown that SNPs in
a known susceptibility gene for COPD
(FAM13A) and a gene encoding a COPD
biomarker (SP-D) in non-Hispanics are
associated with COPD per se in Hispanics.
Further studies are needed to determine how
these variants influence gene expression and
translation in relevant tissues. l
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