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Genetic risk loci have been identified for a wide range of diseases through genome-wide association studies
(GWAS), but the relevant functional mechanisms have been identified for only a small proportion of these
GWAS-identified loci. By integrating results from the largest current GWAS of chronic obstructive disease
(COPD) with expression quantitative trait locus (eQTL) analysis in whole blood and sputum from 121 subjects
with COPD from the ECLIPSE Study, this analysis identifies loci that are simultaneously associated with
COPD and the expression of nearby genes (COPD eQTLs). After integrative analysis, 19 COPD eQTLs were iden-
tified, including all four previously identified genome-wide significant loci near HHIP, FAM13A, and the 15925
and 19q13 loci. For each COPD eQTL, fine mapping and colocalization analysis to identify causal shared
eQTL and GWAS variants identified a subset of sites with moderate-to-strong evidence of harboring at least
one shared variant responsible for both the eQTL and GWAS signals. Transcription factor binding site (TFBS)
analysis confirms that multiple COPD eQTL lead SNPs disrupt TFBS, and enhancer enrichment analysis for
loci with the strongest colocalization signals showed enrichment for blood-related cell types (CD3 and CD4 +
T cells, lymphoblastoid cell lines). In summary, integrative eQTL and GWAS analysis confirms that genetic con-
trol of gene expression plays a key role in the genetic architecture of COPD and identifies specific blood-related
cell types as likely participants in the functional pathway from GWAS-associated variant to disease phenotype.

INTRODUCTION (1), and these loci are enriched near promoters and DNasel

hypersensitive sites (2,3). Conversely, putative regulatory var-
Genome-wide association studies (GWAS) have identified many iants identified through expression quantitative trait (eQTL)
disease-associated loci for common, genetically complex diseases mapping are significantly overrepresented in the catalog of
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GWAS-associated variants (4,5), and a number of well-
established disease loci have been shown to regulate the tran-
scription of genes in cis (6—9) and trans (10—12).

Chronic obstructive pulmonary disease (COPD) is a heritable
disorder characterized by a dysregulated inflammatory response
to inhaled toxins, such as cigarette smoke, resulting in loss of
lung function. Recent COPD GWAS studies have identified
four loci at genome-wide significance (near HHIP (13),
FAMI3A4 (14), the IREB2 and nicotinic acetylcholine receptor
complex on 15¢25 (13,15), and the 19q13 locus (16)), and there
is evidence for genetic control of gene expression in three of
these loci in either sputum samples from COPD subjects (6) or sur-
gical lung tissue specimens (17). These studies demonstrate the
existence of loci that are associated with COPD susceptibility
and the expression of nearby genes (COPD e¢QTL). However,
due to the high genomic prevalence of eQTL, simple overlap of
significant GWAS and eQTL signals does not confirm a causal
link between SNP, gene expression and phenotype.

We hypothesized that (1) integrative analysis of the most
current, comprehensive COPD GWAS results with multi-
tissue eQTL results from sputum and whole-blood samples
in subjects with COPD would identify novel COPD eQTL,
(2) detailed fine-mapping, colocalization and conditional ana-
lyses would better characterize the relationship between local
GWAS and eQTL peaks and (3) integrating these results with
regulatory functional annotation from ENCODE cell lines
would provide further confirmation and refinement of func-
tional pathways that may link these variants to disease
phenotype.

RESULTS
Subject characteristics

The characteristics of the 121 COPD subjects analyzed in the
eQTL analysis are shown in Supplementary Material,
Table S1. The characteristics of the 9767 subjects (5812 cases
and 3955 controls) in the GWAS analysis are listed in Supple-
mentary Material, Table S2.

eQTL identification

Inblood and sputum a total of 8745 and 5685 genes (representing
13 561 and 8071 unique probesets) were associated with at least
one eQTL SNP at an FDR of 10%. Forty-eight percent of cis
eQTL identified in blood were also observed in the sputum
samples, and 74% of e¢QTL identified in sputum were also
present in the blood.

Integrating eQTL and COPD GWAS

To test for enrichment of blood and sputum eQTL SNP in
COPD GWAS results, we identified the set of ~411 000 gen-
otyped SNPs common to both the GWAS and eQTL datasets,
and compared the proportion of observed cis eQTL P-values
to that estimated in 1000 randomly acquired sets of the same
number of SNPs (Supplementary Material, Figs S1 and S2).
We observed significant enrichment of eQTL SNP for
COPD-associated variants (P < 0.001 in both tissues). The
magnitude of enrichment was similar in both tissues
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(~3-fold enrichment over genomic baseline eQTL rate in
top 250 GWAS hits), but the overall yield of eQTL from
blood was higher than sputum.

Having observed significant enrichment of eQTL in COPD as-
sociation data, we sought to identify specific COPD eQTL. SNPs
associated with both local gene expression and COPD suscepti-
bility atan FDR of 10% were observed for 36 unique probesets at
19 distinct genomic loci. To support the validity of these eQTL
observations, we queried publically available databases of
blood-derived eQTL results, and we identified SNP-gene level
replication for 9 of the 19 identified COPD eQTL (Supplemen-
tary Material, Table S3) (18,19). The COPD eQTL most strongly
associated with COPD in blood and/or sputum for each gene in
each locus are listed in Table 1. Among these 19 loci were all
four COPD susceptibility regions previously identified by
GWAS—HHIP, FAM13A, IREB2/CHRNA3 and the 19q locus
including ADCK4, CYP2A6 and EGLN2. All four loci exhibited
regulatory genetic effects in whole blood. Only one—
rs12914385 for IREB2 and PSMA4—was an eQTL in sputum.

Fine-mapping, colocalization and conditional analysis
of COPD eQTLs

Coincidence of strong GWAS and eQTL signals at a specific
locus is expected to occur for loci where the causal variant
impacts the GWAS phenotype via gene expression; however,
overlap of these signals may also occur by chance. To distinguish
between these alternatives, we performed fine-mapping, coloca-
lization and conditional analyses using 1000 Genomes imputed
data to better characterize the relationship between GWAS and
eQTL signals at each COPD eQTL. While fine-mapping alone
is not always sufficient to identify the causal SNP at a given
locus (20), it is likely to capture the causal variant and provide
dense association information that can be used to infer the like-
lihood of a shared causal variant that explains the local pattern of
GWAS and eQTL association (21). Using two methods to assess
the local concordance between the GWAS and eQTL signal in
whole blood, we identified five COPD eQTL that showed the
strongest likelihood of harboring at least one shared causal
variant (Table 2, results for all 19 COPD eQTL shown in Supple-
mentary Material, Table S4). These five loci include three of the
four previously identified COPD genome-wide significant loci
(4931, 15925 and 19q13) and two novel COPD-associated loci
at 2pl6 near USP34 and 16pll near CCDCI01, SBKI and
TUFM.

The 4q31 locus near HHIP demonstrates a strong local cor-
relation between the eQTL and GWAS peak (Table 2), support-
ing the hypothesis that a disease-causing variant in this region
plays a role in the regulation of the HHIP. Figure 1 illustrates
the concordance between the COPD association and blood
eQTL signal (Fig. 1A and B), and it demonstrates that condi-
tioning on the lead eQTL SNP completely eliminates the
GWAS signal in this region (Fig. 1C). These findings are con-
sistent with functional data demonstrating allele-specific en-
hancer activity in this region likely mediated by altered
binding of the transcription factor Sp3 (22).

Three eQTL were identified under the GWAS peak at the
19913 locus for the genes ADCK4, EGLN2 and CI9orf54
(Table 2), but colocalization analysis strongly prioritizes the
ADCK4 eQTL association. Locus plots of the GWAS and
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Table 1. Top COPD cis eQTLs in integrated e QTL—GWAS analysis

Locus SNP COPD GWAS g-value ~ Sample Best blood eQTL g-value  Best sputum eQTL g-value ~ eQTL genes
4q22 152869967 <0.001 Blood 0.029 >0.1 FAM13A
152869663 0.011 Blood 0.003 >0.1 HERC3,FAMI13A-AS1
rs6857847 0.019 Blood 0.082 >0.1 NAPIL5
4q31 15720485 <0.001 Blood 0.089 >0.1 HHIP
15925 rs12914385 <0.001 Both <0.001 0.020 IREB2,CHRNA3,PSMA4
rs1394371 0.003 Blood 0.060 >0.1 WDR61
1s578776 0.006 Blood 0.045 >0.1 PSMA4
19q13 157937 <0.001 Blood 0.015 >0.1 ADCK4
1rs2604913 0.082 Blood 0.023 >0.1 C19orf54
13736329 0.082 Blood 0.030 >0.1 EGLN2
3q21 rs2811518 0.002 Blood 0.064 >0.1 SEC61A1,RUVBLI1
15926 rs1993338 0.004 Both 0.004 0.003 SNRPA1
2pl6 rs1177287 0.011 Both <0.001 0.052 USP34,AHSA2,PEX13
l6pll 1512446550 0.016 Both <0.001 <0.001 CCDCI101,EIF3C,SBK1,TUFM
rs151228 0.030 Sputum  >0.1 0.017 EIF3C
14932 rs10134607 0.057 Blood 0.097 >0.1 CHGA
20q11.22  1s910397 0.057 Blood 0.073 >0.1 CBFA2T2
12q13 152641530 0.063 Both <0.001 0.016 ACVRIB
20q13 rs959581 0.063 Blood 0.069 >0.1 MRGBP
Sputum  >0.1 0.008 OGFR
11p13 rs4756195 0.072 Blood 0.024 >0.1 CD44
17pl11 156502640 0.084 Blood 0.004 >0.1 LLGL1,SMCR8,TOP3A
9q33 rs10983326 0.085 Blood 0.085 >0.1 ASTN2
15q23 18027920 0.085 Blood 0.052 >0.1 MYO9A
8p23 rs13282106 0.088 Blood 0.082 >0.1 MSRA
20q11.21  rs1205843 0.096 Blood 0.025 >0.1 PLAGL2,TPX2
12pl11 157960369 0.099 Blood 0.053 >0.1 CCDC91

Table entries represent the SNP most strongly associated with COPD for each probe harboring a significant cis eQTL locus that was also significantly associated with
COPD susceptibility.

COPD GWAS FDR—g-value for association with COPD calculated from all SNP that were tested for association with COPD and found to be eQTL in blood or
sputum at 10% FDR.

Best Blood eQTL FDR—smallest ¢g-value for association with any blood probeset in cis window.

Best Sputum eQTL FDR—smallest g-value for association with any sputum probeset in cis window.

Sample—sample in which eQTL SNP-Probe pair attained FDR < 0.1, i.e. whole blood or induced sputum.

Table 2. Colocalization Between eQTL and COPD GWAS signals in fine-mapping analysis in whole blood

Locus Gene Probeset Lead eQTL SNP Lead GWAS SNP Distance (BP) Colocalization Local correlation
2pl6 USP34 212980_at 152600671 156545894 484425 0.91 0.63
PEXI3 235093 _at rs10181042 rs1177292 123367 0.23 0.12
AHSA2 226334_s_at rs1177306 rs1177292 40210 0.11 —0.14
15925 CHRNA3 211587_x_at rs138544659 rs8042849 82772 0.80 0.71
IREB?2 214666_x_at rs1394371 1rs8042849 93460 0.78 0.75
PSMA4 203396_at rs72743158 rs8042849 108516 0.34 0.44
WDRG61 221531 _at 1s72732595 rs8042849 309014 0.20 0.12
16pl1 CCDC101 221822_at rs151231 rs11074907 31116 0.80 -0.19
SBK1 226548 _at rs1074631 rs40836 43571 0.79 0.31
TUFM 238190_at rs117382857 rs11074907 386295 0.63 0.33
EIF3C 236700_at 152650494 rs11074907 295525 0.41 0.38
19q13 ADCK4 227324 _at rs7937 1s7937 0 0.51 0.35
EGLN2 227147_s_at 1rs34950672 157937 21519 0.23 0.45
C19orf54 222052_at 12545769 157937 21473 0.06 0.23
4q31 HHIP 237466_s_at rs12504628 5138641402 9455 0.45 0.87

Distance—base-pair distance between lead GWAS SNP and lead blood eQTL SNP.

Lead eQTL SNP—SNP with the lowest P-value for association with target probeset in a 250 kb window.

Lead GWAS SNP—SNP with lowest P-value for association with COPD susceptibility in the corresponding eQTL 250 kb window.
Colocalization—posterior probability of the eQTL and GWAS signals sharing at least one causal variant.

Local correlation—correlation between eQTL and GWAS test statistics for SNPs in the top quartile for association with COPD susceptibility at a given locus.

eQTL signals in this region (Supplementary Material, Figs S3  rs7937 eliminates the genetic association signal in the region,
and S4) demonstrate that rs7937 is both the lead GWAS and  but this is not the case for the lead eQTL SNPs for EGLN2 and
lead eQTL SNP for ADCK4 in this region. Conditioning on  C190rf54 (Supplementary Material, Figs S5—S7).
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Figure 1. Locus Plots for COPD GWAS and whole-blood eQTL association near HHIP. COPD GWAS association results are shown in (A) whole-blood eQTL
association is shown in (B) and COPD association conditioned on lead eQTL SNP rs12504628 demonstrates complete attenuation of the association signal (C).
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Figure 2. Lead GWAS and eQTL SNPs in the 15q25 region. Locus plots for association with COPD susceptibility (A) and showing only the lead GWAS SNP
(diamond) and lead eQTL SNPs (circles) for four probesets mapping to IREB2, CHRNA3 and PSMA4 (B). Linkage disequilibrium plot with R? values for the lead

GWAS and lead eQTLs SNPs (C).

The 15g25 locus harbors six genes beneath the GWAS peak
(Fig. 2). Three of these genes (CHRNA3, IREB2 and PSMA4—
see Table 1) had associated eQTL and demonstrated moderate-
to-strong correlation with the GWAS peak (Table 2). Table 3
shows the cis eQTL associations for the lead eQTL SNPs in
this region, and the LD plot in Figure 2 indicates that
rs10519203 and rs138544659 lie in a block of strong LD that
includes the lead GWAS SNP rs8042849 (Fig. 2C). rs1394371
is in moderate LD with these SNPs, and rs1062980 is largely
independent from this region. Three of the four SNPs regulate
multiple genes in cis, and all SNPs are associated with expression
levels of IREB2.

Conditioning on the lead eQTL, rs10519203, which is in strong
LD with the lead GWAS SNP, markedly reduces the strength of
the regional COPD association (Fig. 3A). However, an independ-
ent association signal is apparent after conditioning on this
lead eQTL SNP (lead SNP for secondary signal, rs12440014,
P =8 x 107°). Conditioning on rs1062980, which is associated
only with /REB2 expression, eliminates this secondary signal
(Fig. 3B), and simultaneously conditioning on rs10519203 and

rs1062980 removes all significant association signals from this
region (Fig. 3C).

The 2p16 locus includes two genes with COPD eQTL signals,
USP34 and PEXI 3, but the colocalization and local correlation
signals are stronger for USP34. The GWAS signal near USP34
is diffuse, with association peaks in weak LD at both ends of
the gene (Fig. 4A). The eQTL signal shows a similar broad-based
pattern, and, interestingly, conditioning on the lead eQTL SNP at
the 3’ end of the gene, rs2600671, attenuates the GWAS signal
throughout the gene (Fig. 4B and C).

The 16pl1 locus demonstrates notable transcriptional com-
plexity with four eQTL target genes within the GWAS locus
(CCDC101, TUFM, SBKI and EIF3C). The GWAS peak in
this area is located downstream from CCDC101 (Supplementary
Material, Fig. S8). To better capture the extent of eQTL signalsin
this region, the fine-mapping analysis was extended to include a
1 MB window around each gene. The eQTL signal for
CCDC101 shows the strongest colocalization and mirrors the
pattern of the GWAS peak (Supplementary Material, Fig. S9).
Conditioning on rs151231 almost completely attenuates the
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Table 3. COPD cis eQTL Lead SNPs for CHRNA3, IREB2 and PSMA4 in the 15q25 locus

SNP MAF Position (bp) eQTL Genes Probeset eQTL g-value eQTL tissue
rs138544659 0.36 78900701 PSMA4 203396_at <0.001 Sputum
CHRNA3 211587_x_at <0.001 Blood
IREB2 1555476_at 0.003 Blood
IREB2 1555476_at 0.026 Sputum
IREB2 214666_x_at 0.017 Blood
rs10519203 0.37 78814046 PSMA4 203396_at <0.001 Sputum
CHRNA3 211587_x_at <0.001 Blood
IREB2 214666_x_at <0.001 Blood
IREB2 1555476_at 0.002 Blood
IREB?2 1555476_at 0.030 Sputum
rs1062980 0.37 78792527 IREB2 1555476_at <0.001 Blood
IREB2 1555476_at <0.001 Sputum
IREB2 214666_x_at 0.063 Blood
11394371 0.31 78724469 IREB?2 1555476_at <0.001 Blood
IREB2 214666_x_at <0.001 Blood
CHRNA3 211587_x_at 0.001 Blood
WDRG61 221531 _at 0.039 Blood
IREB2 1555476_at 0.089 Sputum
Position (bp)—genomic base-pair position in hg19.
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Figure 3. Locus plots for conditional association with COPD susceptibility in the 1525 Locus. Association results conditioning on lead eQTL rs10519203 (A) and
lead eQTL rs1062980 (B) attenuate different components of the overall association signal, and conditioning on both lead eQTL SNPs simultaneously completely

attenuates the association (C).

GWAS signal in this region (Supplementary Material, Fig. S10).
Of the other three eQTL genes in this locus, the SBK/ eQTL
signal is very similar to that observed for CCDCI0! and also
shows strong colocalization.

Integration with ENCODE/Roadmap functional
annotations

For nine lead eQTL SNPs from the five loci with the strongest
colocalization between GWAS and eQTL signals, we examined
ENCODE and Roadmap Epigenomics data for evidence of func-
tional regulatory activity. Enhancer enrichment analysis demon-
strates significant enrichment for enhancer regions within these
loci primarily in T-cells and B-cell lymphoblastoid cell lines
(Table 4). Of the nine lead eQTL SNPs from these loci, eight
SNPs disrupt multiple transcription factor binding motifs
as identified from ENCODE experiments (Supplementary
Material, Table S5).

Differential expression of COPD eQTL genes in COPD cases
and smoking controls

For the probesets associated with COPD-associated SNPs, we
performed differential expression analysis comparing the
expression of these probesets in 144 subjects with COPD (of
which the 121 subjects in the eQTL analysis comprise a
subset) and 93 smoking controls from ECLIPSE. Of the 36 pro-
besets analyzed, 9 were nominally associated with COPD status
(P < 0.05, Supplementary Material, Table S6). Of these nine
probesets, three lay within previously identified genome-wide
significant loci for COPD susceptibility (FAMI34 and
FAMI134-AS1 at 4q22, ADCK4 at 19ql3 and /REB2 and
15925). For the two novel COPD eQTL prioritized through colo-
calization analysis, a probeset mapping to TUFM from the 16p11
locus met nominal significance, and a probeset mapping to
USP34 showed borderline evidence of differential expression
(P =10.08).
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Figure 4. Locus plots for COPD GWAS and whole-blood eQTL association near USP34. COPD GWAS association results are shown in (A) whole-blood eQTL
Association is shown on (B) and COPD association conditioned on lead eQTL SNP rs2600671 demonstrates complete attenuation of the association signal (C).

Table 4. Enhancer enrichment analysis for 5 COPD eQTLs with strongest colocalization signal

Cell type All enhancers Strongest enhancers

1D Description Obs Exp Fold P-value Obs Exp Fold P-value
CCCRA.NP CD4+ CD25- CD45RA+ naive primary cells 2 0.4 4.9 0.061 2 0.1 15.6 0.007
CD4.MP CD4 memory primary cells 2 0.5 43 0.076 2 0.1 14.1 0.008
R.MUC31 Rectal Mucosa.Donor 31 2 0.4 5.2 0.054 2 0.2 12.1 0.011
GM12878 B-lymphocyte, lymphoblastoid 2 0.5 3.8 0.096 2 0.2 10.4 0.015
CD3.P CD3 primary cells 2 0.4 5.5 0.049 2 0.2 9.9 0.017
CD4.NP CD4 naive primary cells 1 0.4 2.8 0.302 1 0 20.8 0.047

Enhancer enrichment analysis for five lead eQTL SNPs from COPD eQTLs with strongest colocalization signal (Table 2).

ID—ENCODE or Roadmap Epigenomic cell identification.

Obs, observed number of overlaps with enhancer regions; Exp, expected number of chance overlaps; Fold, fold enrichment over expected rate; P-value, calculated by
binomial test compared with distance-matched (from transcription start site) controls (23).

Association of COPD eQTLs with smoking exposure

Two of the loci associated with COPD susceptibility via GWAS
(15925 and 19q13) have also been associated with measures of
smoking behavior (24,25). To determine whether any of the
loci identified in this analysis show a similar association with
cumulative amount of pack-year smoking exposure, we related
the lead eQTL SNPs from Table 2 to cumulative pack-year ex-
posure in NHW smoking subjects in COPDGene, and we did
not identify any additional significant associations (Supplemen-
tary Material, Table S7).

DISCUSSION

Using whole-genome expression arrays from whole blood and
induced sputum in subjects with COPD, we have identified
instances of genetic control of gene expression in 19 distinct
loci that are also associated with COPD susceptibility. All four
previously identified COPD GWAS loci harbor a cis eQTL
SNP, suggesting that eQTLs play an important role in the
genetic contribution to COPD susceptibility. Colocalization
analyses prioritized five distinct loci with moderate to high like-
lihood of harboring a shared causal variant that explains the local
GWAS and eQTL signals, and functional analyses of these loci
using ENCODE and Roadmap Epigenomics data confirmed
cell-type specific regulatory activity for all of these loci.

Enhancer enrichment analysis shows significant enrichment
of T and B-lymphocyte enhancer regions in these loci, and 8
of the 9 lead eQTL SNPs in these regions disrupt predicted
transcription factor binding motifs. Four of these five loci show
nominally significant differential expression between COPD
subjects and smoking controls.

The enrichment of cis e€QTL SNPs in complex genetic dis-
eases has been well-demonstrated for GWAS-identified loci
(1,6,9,11,26). The current study adds to our previous observa-
tions from sputum by demonstrating that eQTL analysis of
whole blood from subjects with COPD shows similar enrich-
ment of eQTL signals in top GWAS associations, but is more
informative than sputum, perhaps due to the greater number of
eQTL identified in whole blood. The utility of whole-blood
eQTL data for integration with COPD GWAS results is further
supported by enhancer enrichment analysis that identified sig-
nificant enrichment for T and B-lymphocyte enhancer regions
inthe highest confidence set of COPD eQTL. In addition, we per-
formed eQTL and GWAS fine mapping with densely imputed
genotype data that improved our ability to localize causal var-
iants and distinguish convergence of local eQTL and GWAS
peaks due to shared causal variants versus chance overlap.

Our findings confirm established associations for COPD
GWAS loci and suggest novel associations. The eQTL SNP
observed in blood from COPD subjects ~100 kb upstream
from HHIP has previously been shown to act as a long-range
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enhancer for HHIP in BEAS-2B cells, and it is in strong LD
(0.93) with a functional SNP (rs1542725) that affects the
binding of Sp3 (22). This eQTL was also observed to regulate
HHIP in an eQTL study of resected lung tissue (17). In a study
using liver tissue, it was involved in regulation of ANAPCI10
but not HHIP (lead eQTL SNP rs1828591, ~50 kb from the
top eQTL SNP in our study) (12). This eQTL has not been
observed in many other previous eQTL studies (27), suggesting
that this eQTL may have tissue-specific or disease-specific
activity. Further study will be needed to determine the disease
relevant cell type(s) for this well-established COPD risk locus.

The chromosome 19q13 locus also harbors many likely
COPD candidate genes, including CYP246, a member of the
cytochrome p450 family of enzymes. However, analysis of the
COPD GWAS and eQTL signals from this region clearly prior-
itizes ADCK4 as the gene in this region most likely to affect
COPD susceptibility through genetic control of gene expression
in blood, though it is possible that eQTL analysis from other
tissues will identify additional candidate genes.

Genetic variants in the 1525 locus have been associated
through GWAS with multiple phenotypes including COPD, pul-
monary function, lung cancer and smoking behavior (28). This
locus contains a gene cluster of nicotinic acetylcholine receptor
genes (CHRNA3, CHRNAS5 and CHRNB4), the iron-responsive
binding element /REB2, and the proteasome subunit PSMA4.
Conditional analyses indicate the presence of two independent
association signals in this region, and both signals can be
completely attenuated by conditioning on neighboring lead
eQTL SNPs. Previous studies have identified eQTL SNPs in
this region for IREB2 and CHRNAS5 (6,27), and eQTLs for
CHRNA3 and PSMA4 have been observed in liver (12). Our
data demonstrate the complexity of gene regulation in this
locus, and implicate /IREB2, CHRNA3 and PSMA4 as strong
candidate genes for COPD susceptibility in this region.

Two novel COPD eQTL regions (2p15 and 16p11) showed
strong likelihood of harboring a shared causal GWAS/eQTL
variant. The lead eQTL SNP rs2600671 at 2pl5 is located
~20 kb downstream from its eQTL target USP34, and this
variant lies within a region of enhancer activity in the immorta-
lized lymphoblastoid cell line GM12878. This is also a DNase1
hypersensitive region in multiple cell lines, including human tra-
cheal epithelium. However, the eQTL and GWAS signal in this
region is broad, and precise localization of the causal variant will
require additional investigation. USP34 is a ubiquitin-specific
peptidase that is widely expressed across tissues, including
lung, and has been implicated in regulation of Wnt/B-catenin
signaling (29).

The 16p11 region demonstrates a complex pattern of genetic
control of gene expression, with multiple variants affecting the
expression of multiple nearby transcripts. While CCDC101 is
the top-ranked gene in this region from colocalization analysis,
it is not possible to clearly distinguish the eQTL/GWAS
overlap of this gene from that of SBK/, which shows a nearly
identical pattern of eQTL association. This region has been pre-
viously associated with Type I diabetes and inflammatory bowel
disease through GWAS (30,31). Further work will be required to
better define the causal variant or variants in this locus and their
functional mechanisms.

These findings are consistent with the report from a recently
published COPD GWAS meta-analysis combining the NHW

GWAS data analyzed here with African-American subjects in
COPDGene (32). Of the six genome-wide significant loci reported,
three were found to have concordant eQTL signals in blood and
sputum from COPD subjects. Two loci did not harbor eQTL
signals in the studied tissues (TGFB2 and MMP12). One locus
near RIN3 did have an eQTL signal in whole blood, though colo-
calization analysis did not provide strong support for a shared
causal variant between the GWAS and eQTL signals. The identifi-
cation of disease-related eQTL does not necessarily imply differen-
tial expression of the target genes between the disease and
unaffected state, particularly because the magnitude of the differ-
ence in allele frequencies for a disease-associated SNP between
COPD cases and control subjects is quite small. However, our ana-
lysis does demonstrate differential expression in whole blood
between COPD cases and smoking controls for 9 of the 36 genes
regulated by COPD-associated SNPs (and at 4 of the 5 most
likely COPD eQTL loci).

This study has the following strengths and limitations. By per-
forming eQTL analysis in subjects with COPD, we increased the
likelihood that the eQTL signals identified would be relevant to
the disease state. We were able to examine expression from two
different sources in the same individuals, but future studies will
be strengthened by the inclusion of additional tissue or cell-
specific expression data. One of the pitfalls of integrating
eQTL and GWAS data is over-interpreting overlap between
the two association signals, and a particular strength of our
study is the use of densely imputed genotype data to generate
appropriate input for Bayesian colocalization analysis to better
distinguish causal from coincidental GWAS/eQTL overlap.
Also, because we had access to the primary GWAS genotype
data, we were able to perform conditional COPD association
analysis adjusting for the lead eQTL SNPs from each candidate
region. Because the expression samples used in this study are a
mixture of cell types, we are unable to draw strong conclusions
regarding cell-type specificity of the identified COPD e¢QTL
associations. However, cell-type specific information can be
drawn from the enhancer enrichment analysis performed using
ENCODE and Roadmap Epigenomics data.

In conclusion, these data demonstrate significant en-
richment for whole blood and sputum eQTL in top signals
from the largest GWAS meta-analysis to date for COPD. Of
the 19 significant COPD eQTL identified in our study, the
concordance of GWAS and eQTL signals at five loci show
moderate-to-strong evidence of at least one shared causal
variant. Functional analysis of the lead eQTL SNPs in these
regions confirm a likely gene regulatory function for all of
these loci, and in many loci there is experimental evidence
of transcriptional activity in specific lung and blood-related
cell lines, with enhancer enrichment strongest among T-cells
and immortalized B-lymphocytes. In some of these regions,
the gene regulatory signals are complex with evidence of mul-
tiple, independent causal variants.

MATERIALS AND METHODS
Ethics statement

Informed consent was obtained from all study subjects, and
study approval was obtained from institutional review boards
for all participating institutions.



e¢QTL analysis

eQTL analysis has been previously reported from 131 Caucasian
subjects with COPD expression data from induced sputum
samples in the ECLIPSE study (6). Here we report a novel inte-
grative analysis of 121 of these 131 individuals for whom whole-
blood gene expression data is also available. Gene expression
profiling was performed using the Affymetrix Human U133
Plus2 array, and genome-wide genotyping was performed
using the Illumina HumanHap 550 array with imputation per-
formed to the 1000 Genomes v3 EUR reference panel using
MaCH (33) and minimac (34). eQTL analysis was performed
with the Bioconductor package GGtools for window sizes
ranging from 50 to 500 kb around the gene transcription start
and end site (35). Analyses were adjusted for age, gender, pack-
years of smoking, principal components of genetic ancestry and
the first 13 principal components of the expression data.
Genome-wide eQTL analysis was performed using directly gen-
otyped SNP data. For top loci, a fine-mapping eQTL analysis of
genotypes imputed to the 1000 Genomes version 3 EUR refer-
ence panel was performed using a 250 kb cis window.

¢QTL and GWAS integration

eQTL and GWAS results were merged by SNP. For the SNPs
included in both the GWAS and eQTL results, FDR was calculated
from the GWAS P-values using the method of Storey et a/ (36,37).
Two methods were applied to quantify the degree of overlap
between the GWAS and eQTL signals in a given locus—local
correlation and Bayesian colocalization analysis (21).

Bioinformatic and functional assessment of transcription
factor binding

For lead eQTL SNPs likely to be causal GWAS variants, we
queried ENCODE and Roadmap Epigenomics data via the Hap-
loreg interface to (1) perform enhancer enrichment analysis and
(2) determine if these SNPs disrupted TFBS learned from
ENCODE and Roadmap data. For both analyses, we included
lead eQTL SNPs and any 1000 Genomes SNPs in perfect LD
(i.e. ¥* = 1) in our query. For enhancer enrichment analysis we
queried all ENCODE and Roadmap cell lines included in Hap-
loreg to determine if the specified SNP set overlapped with cell-
type specific enhancer annotations at a rate beyond that expected
by chance, and statistical significance was calculated via the bi-
nomial test implemented in Haploreg. For TFBS analysis, the
impact was assessed for each SNP on predicted binding affinity
of overlapping position weight matrices (PWMs) learned from
ENCODE data (38).

Differential expression analysis between COPD cases and
smoking controls

Differential gene expression was performed in whole blood from
144 subjects with COPD and 93 smoking controls from the
ECLIPSE Study that underwent the same pre-processing pro-
cedure applied to the eQTL expression data. All of the 121 sub-
jects from the eQTL analysis were included in the 144 COPD
subjects. Differential expression analysis was performed using
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the limma R package without covariate adjustment (39).
Nominal significance was defined as P < 0.05.

COPD GWAS

COPD GWAS results from a combined analysis of non-Hispanic
white subjects from the NETT-NAS, Norway GenKOLS,
ECLIPSE and COPDGene studies (including African-American
subjects in COPDGene) are reported separately (32). Conditional
GWAS analyses were performed using logistic regression
adjusting for the same covariates used in the primary GWAS
analysis and the genotype or genotypes of interest. The false
discovery rate was controlled using the method of Storey et al
(36,37). Locus plots for GWAS and eQTL analyses were gener-
ated with LocusZoom (40).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Biological Repository, Johns Hopkins University, Baltimore, MD:
Homayoon Farzadegan, PhD, Stacey Meyerer, Shivam Chandan,
Samantha Bragan.

Data Coordinating Center and Biostatistics, National Jewish Health,
Denver, CO: Douglas Everett, PhD, Andre Williams, PhD, Carla
Wilson, MS, Anna Forssen, MS, Amber Powell, Joe Piccoli.

Epidemiology Core, University of Colorado School of Public Health,
Denver, CO: John Hokanson, MPH, PhD, Marci Sontag, PhD, Jennifer
Black-Shinn, MPH, Gregory Kinney, MPH, PhDc, Sharon Lutz, MPH,
PhD.

COPDGene® Investigators—Clinical Centers

Ann Arbor VA: Jeffrey Curtis, MD, Ella Kazerooni, MD.

Baylor College of Medicine, Houston, TX: Nicola Hanania, MD, MS,
Philip Alapat, MD, Venkata Bandi, MD, Kalpalatha Guntupalli, MD,
Elizabeth Guy, MD, Antara Mallampalli, MD, Charles Trinh, MD,
Mustafa Atik, MD, Hasan Al-Azzawi, MD, Marc Willis, DO, Susan
Pinero, MD, Linda Fahr, MD, Arun Nachiappan, MD, Collin Bray,
MD, L. Alexander Frigini, MD, Carlos Farinas, MD, David Katz,
MD, Jose Freytes, MD, Anne Marie Marciel, MD.

Brigham and Women’s Hospital, Boston, MA: Dawn DeMeo, MD,
MPH, Craig Hersh, MD, MPH, George Washko, MD, Francine Jacob-
son, MD, MPH, Hiroto Hatabu, MD, PhD, Peter Clarke, MD, Ritu Gill,
MD, Andetta Hunsaker, MD, Beatrice Trotman-Dickenson, MBBS,
Rachna Madan, MD.

Columbia University, New York, NY: R. Graham Barr, MD, DrPH,
Byron Thomashow, MD, John Austin, MD, Belinda D’Souza, MD.
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Duke University Medical Center, Durham, NC: Neil Maclntyre, Jr,
MD, Lacey Washington, MD, H Page McAdams, MD.

Fallon Clinic, Worcester, MA: Richard Rosiello, MD, Timothy Bres-
nahan, MD, Joseph Bradley, MD, Sharon Kuong, MD, Steven Meller,
MD, Suzanne Roland, MD.

Health Partners Research Foundation, Minneapolis, MN: Charlene
McEvoy, MD, MPH, Joseph Tashjian, MD.

Johns Hopkins University, Baltimore, MD: Robert Wise, MD, Nadia
Hansel, MD, MPH, Robert Brown, MD, Gregory Diette, MD, Karen
Horton, MD.

Los Angeles Biomedical Research Institute at Harbor UCLA Medical
Center, Los Angeles, CA: Richard Casaburi, MD, Janos Porszasz,
MD, PhD, Hans Fischer, MD, PhD, Matt Budoff, MD, Mehdi
Rambod, MD.

Michael E. DeBakey VAMC, Houston, TX: Amir Sharafkhaneh, MD,
Charles Trinh, MD, Hirani Kamal, MD, Roham Darvishi, MD, Marc
Willis, DO, Susan Pinero, MD, Linda Fahr, MD, Arun Nachiappan,
MD, Collin Bray, MD, L. Alexander Frigini, MD, Carlos Farinas,
MD, David Katz, MD, Jose Freytes, MD, Anne Marie Marciel, MD.

Minneapolis VA: Dennis Niewoehner, MD, Quentin Anderson, MD,
Kathryn Rice, MD, Audrey Caine, MD.

Morehouse School of Medicine, Atlanta, GA: Marilyn Foreman, MD,
MS, Gloria Westney, MD, MS, Eugene Berkowitz, MD, PhD.

National Jewish Health, Denver, CO: Russell Bowler, MD, PhD,
David Lynch, MB, Joyce Schroeder, MD, Valerie Hale, MD, John Arm-
strong, II, MD, Debra Dyer, MD, Jonathan Chung, MD, Christian Cox,
MD.

Temple University, Philadelphia, PA: Gerard Criner, MD, Victor Kim,
MD, Nathaniel Marchetti, DO, Aditi Satti, MD, A. James Mamary, MD,
Robert Steiner, MD, Chandra Dass, MD, Libby Cone, MD.

University of Alabama, Birmingham, AL: William Bailey, MD, Mark
Dransfield, MD, Michael Wells, MD, Surya Bhatt, MD, Hrudaya Nath,
MD, Satinder Singh, MD.

University of California, San Diego, CA: Joe Ramsdell, MD, Paul
Friedman, MD.

University of lowa, lowa City, IA: Alejandro Cornellas, MD, John
Newell, Jr, MD, Edwin JR van Beek, MD, PhD.

University of Michigan, Ann Arbor, MI: Fernando Martinez, MD,
MeilLan Han, MD, Ella Kazerooni, MD.

University of Minnesota, Minneapolis, MN: Christine Wendt, MD,
Tadashi Allen, MD.

University of Pittsburgh, Pittsburgh, PA: Frank Sciurba, MD, Joel
Weissfeld, MD, MPH, Carl Fuhrman, MD, Jessica Bon, MD, Danielle
Hooper, MD.

University of Texas Health Science Center at San Antonio, San
Antonio, TX: Antonio Anzueto, MD, Sandra Adams, MD, Carlos
Orozco, MD, Mario Ruiz, MD, Amy Mumbower, MD, Ariel Kruger,
MD, Carlos Restrepo, MD, Michael Lane, MD.

ECLIPSE Investigators

Bulgaria: Y. Ivanov, Pleven; K. Kostov, Sofia. Canada: J. Bourbeau,
Montreal; M. Fitzgerald, Vancouver, BC; P. Hernandez, Halifax, NS;
K. Killian, Hamilton, ON; R. Levy, Vancouver, BC; F. Maltais, Montreal;
D. O'Donnell, Kingston, ON. Czech Republic: J. Krepelka, Prague.
Denmark: J. Vestbo, Hvidovre. The Netherlands: E. Wouters, Horn-
Maastricht. New Zealand: D. Quinn, Wellington. Norway: P. Bakke,
Bergen. Slovenia: M. Kosnik, Golnik. Spain: A. Agusti, J. Sauleda,
P. de Mallorca.Ukraine: Y. Feschenko, V. Gavrisyuk, L. Yashina,
Kiev; N. Monogarova, Donetsk. United Kingdom: P. Calverley,
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Liverpool; D. Lomas, Cambridge; W. MacNee, Edinburgh; D. Singh, Lebanon, NH; B. Make, Denver; S. Rennard, Omaha, NE;
Manchester; J. Wedzicha, London. USA: A. Anzueto, San Antonio, C. Rochester, New Haven, CT; P. Scanlon, Rochester, MN;
TX; S. Braman, Providence, RI; R. Casaburi, Torrance CA; B. Celli, D. Schuller, Omaha, NE; F. Sciurba, Pittsburgh; A. Sharafkhaneh,
Boston; G. Giessel, Richmond, VA; M. Gotfried, Phoenix, AZ; Houston; T. Siler, St. Charles, MO; E. Silverman, Boston; A. Wanner,
G. Greenwald, Rancho Mirage, CA; N. Hanania, Houston; D. Mahler, =~ Miami; R. Wise, Baltimore; R. ZuWallack, Hartford, CT.
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