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Abstract cases with severe COPD and 195 resistant smokers from the
COPDGene study. In addition, we examined previously described
Rationale: Genomic regions identified by genome-wide association  loci associated with COPD using these datasets.
studies explain only a small fraction of heritability for chronic
obstructive pulmonary disease (COPD). Alpha-1 antitrypsin
deficiency shows that rare coding variants of large effect also
influence COPD susceptibility. We hypothesized that exome
sequencing in families identified through a proband with severe,
early-onset COPD would identify additional rare genetic

determinants of large effect.

Measurements and Main Results: We identified 69 genes with
predicted deleterious nonsynonymous, stop, or splice variants that
segregated with severe COPD in at least two pedigrees. Four genes
(DNAHS8, ALCAM, RARS, and GBFI) also demonstrated an increase
in rare nonsynonymous, stop, and/or splice mutations in cases
compared with resistant smokers from the COPDGene study;
however, these results were not statistically significant. We
demonstrate the limitations of the power of this approach under
genetic heterogeneity through simulation.

Objectives: To identify rare genetic determinants of severe COPD.

Methods: We applied filtering approaches to identify potential

causal variants for COPD in whole exomes from 347 subjects in

49 extended pedigrees from the Boston Early-Onset COPD Study.
We assessed the power of this approach under different levels of
genetic heterogeneity using simulations. We tested genes identified in
these families using gene-based association tests in exomes of 204

Conclusions: Rare deleterious coding variants may increase risk for
COPD, but multiple genes likely contribute to COPD susceptibility.
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chronic obstructive pulmonary disease
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At a Glance Commentary

Scientific Knowledge on the
Subject: Chronic obstructive
pulmonary disease (COPD) is a
complex disease, and only a small
fraction of heritability can be explained
by previously identified genomic loci.
Alpha-1 antitrypsin deficiency shows
that rare coding variants of large effect
can contribute to COPD susceptibility.

What This Study Adds to the
Field: We identified candidate genes
from exome sequencing in 49 families
with severe early-onset COPD and
sought supportive evidence of
association in 400 unrelated subjects in
the COPDGene study. Our results
failed to find convincing evidence for
a single gene or variant, and, in
conjunction with simulations, suggest
that although rare variants may
contribute to the susceptibility to
severe COPD, it is unlikely that the
effect can be attributed to only a few
genes.

Chronic obstructive pulmonary disease
(COPD) is one of the leading causes of death
in the United States and worldwide (1).
Although the major environmental risk
factor, exposure to cigarette smoking, is
well known, the response to cigarette smoke
is highly variable, and a substantial portion
of susceptibility to COPD is due to genetic
factors (2). Genome-wide association
studies (GWASs) have successfully
identified several genomic regions
influencing the risk for COPD (3, 4), but,
similar to many other common complex
diseases, only a small percentage of COPD
heritability can be explained by these
regions (5). Although extensive work has
been performed identifying common
variants associated with COPD, few studies
have focused on rare variants. However,
severe alpha-1 antitrypsin deficiency, a
disorder discovered over 50 years ago and
found to remarkably increase the risk of
COPD, demonstrates that rare coding
variants of large effect also influence COPD
susceptibility.

The availability of large-scale DNA
sequencing at low cost has made genome-
wide investigation of the human coding
genome (whole-exome sequencing) a
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feasible study design. Several studies have
been successful in identifying disease-
causing variants for complex diseases using
association-based tests for exome
sequencing data. However, such success
relied on large sample sizes (6-8). An
alternative approach, used in Mendelian
diseases of high penetrance, is to use a
direct filtering strategy in a number of
unrelated affected individuals or in a few
families to identify rare or novel variants in
the same gene that exist only in the cases
and not in the control subjects. Many
studies have identified and validated the
candidate genes/variants that were
discovered using this approach (9-12).
Here, we hypothesized that additional rare
functional coding variants influence the
development of COPD. Because subjects
with severe disease may be enriched for
genetic determinants of COPD, our
discovery efforts focused on identifying
rare, functional variants that segregated
with disease in families identified through
probands with severe, early-onset disease.
We sought additional evidence of
association in a set of severely affected cases
and resistant smoking control subjects from
the COPDGene Study. Some of the results
of this study have been previously reported
in the form of abstracts (13, 14).

Methods

Details of the EOCOPD (Boston Early-
Onset COPD) study have been described
previously (15). Briefly, probands were aged
53 years or younger with prebronchodilator

FEV; of 40% predicted or lowere,
physician-diagnosed COPD, and without
severe alpha-1 antitrypsin deficiency (16).
All first-degree relatives, older second-
degree relatives, and additional affected
family members were eligible for
enrollment. We selected 49 of the largest
pedigrees with at least two individuals
affected with COPD for whole-exome
sequencing analysis. Details of the
COPDGene Study (17), a multicenter
epidemiologic and genetic study of 10,192
smokers, have also been described
previously. Severe (GOLD [Global Initiative
for Chronic Obstructive Lung Disease]
spirometry grade 3 or 4 with post-
bronchodilator FEV; < 50% predicted
and FEV,/FVC < 0.7) cases were under
63 years old and had substantial emphysema
by quantitative computed tomography scan
(>15% at —950 HU). Resistant smoking
control subjects were frequency matched on
pack-years of cigarette smoking, with
normal lung function, age greater than
65 years, and no significant emphysema
(<5% at —950 HU). Sequencing for
both cohorts was performed at the
University of Washington (Seattle, WA),
using Nimblegen V2 capture (Roche
NimbleGen, Inc., Madison, WI) and the
Mumina platform (Illumina, Inc., San
Diego, CA). A subset of the COPDGene
subjects was sequenced via the NHLBI
Exome Sequencing Program, and the
EOCOPD subjects were sequenced as part
of the Center for Mendelian Genomics.
We used the extended pedigrees to
identify rare, predicted deleterious variants
segregating with severe (GOLD grade 3 or 4)

Table 1. Baseline Characteristics of 347 Individuals Chosen from the Boston Early-Onset
Chronic Obstructive Pulmonary Disease Study for Whole-Exome Sequencing

Characteristics GOLD 2-4* GOLD 1T  Normal Spirometry* PRISm
N 155 148 28
Age, yr 56 (14) 52 (14) 42 (14) 53 (16)
Pack-years 43 (0-133) 32 (0-90) 14 (0-163) 30 (0-136)
FEV; % predicted$ 41 (11-78) 86 (80-105) 97 (80-127) 73 (58-79)
FEV,4/FVC ratio$ 44 (21-69) 64 (60-69) 79 (70-92) 77 (71-87)

Definition of abbreviations: GOLD = Global Initiative for Chronic Obstructive Lung Disease; PRISm =

preserved ratio impaired spirometry.

PRISm (55): FEV; < 80% predicted and FEV;/FVC = 0.7. Mean (SE) are presented for age, and mean
(range) are presented for pack-years, FEV,% predicted, and FEV,/FVC ratio for each phenotype

group.

*GOLD 2-4: FEV; <80% predicted and FEV/FVC < 0.7.
tGOLD 1: FEV; = 80% predicted and FEV,/FVC < 0.7.
*Normal spirometry: FEV, = 80% predicted and FEV,/FVC =0.7.

Maximum of pre- and post-bronchodilator values.
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Table 2. Genes with Rare Deleterious Variants Segregating in at Least Two Pedigrees COPD, and absent in smoking control
subjects (normal spirometry, age >40 yr,
with at least 5 pack-years of cigarette

Gene No. Var. No. Seg. (Novel) Variant Type king). S i iant )
smoking). Segregating variants were stop,
STRN4 5 2 0) 5 NS splice, Or nonsynonymous variants
PDE3B 6 2 (1) 1 stop gained, 1 NS charac.terlzed as del'eterlous by the
HSPA5 7 2 (0) 2 NS Combined Annotation-Dependent
ZUFSP 7 2 (1) 1 stop gained, 1 NS Depletion score (18) and Condel (19) with
TKT 9 2 (1) 1 splice site donor, 1 NS minor allele frequency (MAF) of less than
POLAT 9 2@ 2NS 0.1% in public datasets. We used
ADAMTS1 11 2 (0) 2 NS ; P ’ .
GBF1 14 2 (0) 2 NS simulations to assess the power of this
RPAP1 17 2 (0) 2 NS approach under different levels of genetic
? 'ég57 1; g 2(1); g Ng heterogeneity. In addition to our
KIAA1274 1 20 5NS segregimon anlaly.sw, we performeld a
ARHGEF17 29 2 (1) 2 NS secondary analysis using a recently
PLXNAT 23 2 (0) 2 NS described gene discovery method, pVAAST
0oDZz3 25 2 (0) 2 NS (version 2.1.6) (20), that attempts to
TULP4 25 2(9) 2 NS combine rare variant association with
g@z‘gz_% % g 28 g Hg linkage to discover disease genes.
PLXNA4 35 3 (0) 1 stop gained, 2 NS To attempt to validate associations
HERC1 38 3(1) 3NS identified by our approach, we performed
EVPL 42 20 2 NS gene-based association tests in severe cases
fgﬁ;—’B‘g gg g 8 g Ng versus resistant smoking control subjects
RYR3 56 2 (1) 2 NS from COPDGene. Our primary analysis was
pPDCD2L 3 2 (1) 1 stop gained, 1 NS a burden test on affection status for varijants
DIABLO 5 2 (0) 2 NS with MAF less than 5% using permutation-
}géEL oo g g (?) g Ng based P values in ScoreSeq (21), adjusting
PALM2 6 5 gog 5 NS for sex and ancestry. We considered
P2RX5 6 2 (1) 1 stop gained, 1 NS evidence of replication if either: (I) there
MAP7D2 6 22 2 NS was an enrichment of segregating genes
SEZ6L2 8 2 (1) 1 splice site acceptor, 1 NS with consistent direction of effect and
’g’l\qﬂ%’g g g g); g Ng P value less than 0.05 using the burden test
OR9G4 10 2 (0) 2 NS (equivalent to a one-sided P < 0.025); or
ALCAM 10 2(1) 1 start lost, 1 NS (2) if any individual gene met significance
RHBDF2 10 2 (0) 2 NS after Bonferroni correction (corrected
%5393158 , 18 g % g Ng P < 0.05). To determine if our top genes
' demonstrated enrichment in any functional
RXFP1 10 21 2 NS
BCAR3 10 2 gog 2 NS categories, we performed analyses using
RABGGTA 11 2(1) 2 NS TopGO and STRING (7, 22, 23). We
CCDC19 12 20 2 NS additionally assessed lung tissue expression
gf\gg’A7F 12 g g; g NS of segregating genes in patients with severe
CYP11B1 14 2 (0) 2 NS COPD and Wlth normal spirometry. Fmally,
BAI1 15 2 (1) 2 NS we examined genes near loci previously
LRGUK 15 2 (0) 2 NS reported in association with COPD or lung
g%"(\) 2239 2113 g (EI)) g Ng function in GWAS or in Mendelian diseases
NEDD4 o5 5 20; 5 NS related to COPD for evidence of either
SCN7A o5 2 (0) 2 NS segregation in our family-based study or
POLR1A 25 2(1) 2 NS association in our case-control study.
LAMB3 28 2 (0) 2 NS Additional analyses and methods are
ZIEIIL-\ILT? gg g gg g Ng available in the online supplement.
CHTF18 33 2 (0) 2 NS
FLNB 35 2 (0) 2 NS
0Dz4 37 2(1) 2NS Results
PCDH15 39 2 (0) 2 NS
I;;-(II\I-ID 1 3% g 8; g Ng Variant Filtering Analysis in the
MLYCD 6 2 (0) 2 NS Boston EOCOPD Study
FMNL1 9 2 (0) 2 NS Of 351 total subjects, 4 were excluded based

on pedigree, racial, or sex mismatches.

Continued
(Continued) Baseline characteristics of the analyzed
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Table 2. (Continued)

Gene No. Var. No. Seg. (Novel) Variant Type
COX10 11 2 (0) 2 NS
PLD1 13 2 (0) 2 NS
NID1 25 22 2 NS
PLEKHG1 25 2 (0) 2 NS
CFTR 27 2 (0) 2 NS

Definition of abbreviations: No. Seg. = number of pedigrees harboring a segregating variant;

NS = nonsynonymous; No. Var. = total number of variants.

No. Var. is the total number of variants in the gene meeting our primary filtering criteria (minor allele
frequency <0.1%, Combined Annotation-Dependent Depletion and Condel scores). No. Seg. (Novel) is
the number of pedigrees harboring a variant with a segregating variant, with the number of segregating
novel variants in the parenthesis. Variant type indicates the functional impact of the segregating variants,
defined by the genetic variant annotation and effect prediction toolbox SnpEff (56); shown are the
number of variants with the specified impact and that segregate in at least one pedigree.

347 Boston EOCOPD Study individuals
are shown in Table 1. After quality
control, 124,288 substitution variants
remained for analysis. Out of the 347
sequenced subjects, we identified 107
affected subjects with severe and very
severe COPD; we also identified 34
unaffected current or former smokers
with normal lung function.

A total of 10,144 rare (MAF < 0.1%)
predicted functional (nonsynonymous, stop,
or splice) variants were assessed for
segregation in EOCOPD pedigrees. Using a
dominant model, 1,164 variants in 1,081
genes segregated with COPD affection status
in at least one family, of which 261 variants
in 256 genes were private (not previously
reported, and seen in only one family).
Among these 1,081 genes, 2 segregated in
3 different families, and 67 segregated in 2
different families. Among the 69 genes that
segregated in at least 2 families, 5 of the genes
contained only segregating novel variants
(not present in any public database used in
estimating the minor allele frequencies and
also not present in the ExAC database [24];
see Table 2). A total of 5 of the 69 genes
included 1 stop variant that segregated
in a family; no genes had more than 1
segregating stop variant. A flow chart of our
analysis is shown in Figure 1, and a list of the
segregating genes can be found in Table 2.

No genes had variants that segregated
in at least two families with an autosomal
recessive model using our filtering criteria.
Additional analyses using a less-stringent
MAF threshold identified nine genes with
variants of allele frequency less than 5%
segregating in a recessive model (see the
online supplement). With a compound
heterozygous model, three genes with

1356

variants of allele frequency less than 1%
segregated in at least two families using
our filtering criteria (see the online
supplement). Gene set enrichment tests
using TopGO (22) and enrichment tests on
the 69 genes within the protein-protein
interaction network using STRING (7) did
not identify significant enrichment (see the
online supplement). In addition to our
segregation analysis, we explored
alternative methods of identifying novel
disease genes in our pedigrees. An analysis
with pVAAST (version 2.1.6) (20)
identified three genes that were statistically
significant after Bonferroni correction
(SAA2, SAA4, and LIMSI); however, none
of these had supportive evidence of
association in COPDGene. Of the top genes
(P<1X 10™* identified in this analysis,
only one overlapped with genes from our
segregation analysis (RXFPI; see the online
supplement).

Power of Segregation Analyses under
Genetic Heterogeneity

Using simulations, we assessed the power of
our approach to identify highly penetrant
variants under different levels of genetic
heterogeneity. Details of the simulations can
be found in the online supplement. Figure 2
shows the probability of observing at least
two (Figure 2A) and four (Figure 2B)
segregating families for different numbers
of causal genes. As expected, the probability
goes down dramatically as the number of
causal genes increases. In a one-parent/one-
offspring (P-10) scenario, the probability
of detecting any one of the causal genes
drops to 68% for 25 causal genes; the
probability is even smaller for families
with one parent and three offspring.

However, the probability of observing a null
gene segregating in at least two families
(ie., false positive) for P-10 in this scenario
is 7.9%. With a larger number of variants and
higher MAFs, this probability goes up, which
means there would be more false positives
for larger genes with greater variation (more
variants with larger MAFs) using the
segregation criteria.

We also plot the probability of
observing (at least) n segregating P-10
families for different numbers of causal
genes (Figure 2¢) where n is 1-10. We can
see that with 10 (or fewer) causal genes, we
would have relatively high probability to
observe one causal gene segregating in at
least four families (75%). With 25 or more
causal genes, this probability drops
dramatically, and we are unlikely to observe
at least four families harboring segregating
variants in the same gene. These
simulations suggest that our results are
consistent with at least a moderate level of
genetic heterogeneity of severe COPD.

Association Analysis in COPDGene
In the COPDGene dataset, a total of
204 severe cases and 195 resistant smoking

g Y
Boston Early-Onset COPD
Study Exome sequencing
in 49 pedigrees

A

Predicted deleterious
variants with MAF < 0.1%

Genes with variants
segregating in at least
two families

g Y

Test in COPDGene Exome
sequencing in 200 severe
cases/200 resistant
smoking controls

Segregating genes with
increased burden of rare
variants in cases

Figure 1. A flow chart of the study design.
COPD = chronic obstructive pulmonary disease;
MAF = minor allele frequency.
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control subjects with 206,324 variants
remained after quality control (see the
online supplement). Baseline characteristics
of the subjects are shown in Table 3.
Among the 69 genes with variants
segregating in at least two families, we
identified four genes that showed a
nominally significantly (P < 0.05, using the
T5 test in ScoreSeq [21]) increased burden
of deleterious variants in cases (P value
for enrichment of genes with nominally

significant result in COPDGene among the
69 genes = 0.079). Details of the variants
segregating in these four genes are shown in
Table E2 in the online supplement, and
individual pedigree diagrams are shown in
Figures 3-6 (the sexes of the individuals have
been modified to maintain anonymity).

The counts of deleterious rare variants for all
four genes in the COPDGene dataset are
presented in Table 4. Of note, in the
COPDGene case—control dataset, all of the

Qiao, Lange, Beaty, et al.: Exome Sequencing Analysis in Early-Onset COPD

deleterious rare variants with MAF less than
1% in activated leukocyte cell adhesion
molecule (ALCAM; also known as CD166)
are present in the COPD cases.

Gene Expression in Lung Tissue

We sought complementary evidence of a
role in COPD pathogenesis for genes
identified through segregation by assessing
differential expression in COPD lung tissue.
Among the 69 genes segregating in at least
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Table 3. Baseline Characteristics of Individuals Chosen from the COPDGene Study for Whole-Exome Sequencing

Group

Cases of COPD (n=204)

Resistant smoking control subjects (n =195)

Emphysema
Male Sex (%) Age (yn Pack-Years FEV; % Predicted (% < —950 HU)
51 57.4+40 50.3 +19.5 30.0 =101 29.5+9.9
44 70.3+3.9 49.8 +20.0 99.7 £ 9.7 1.8+x14

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; HU = Hounsfield units.
Means (SE) are presented for age, pack-years, FEVy % predicted, and computed tomography emphysema for each phenotype group.

2 families, 63 of them had evidence for
expression in the lung by RNA-Seq
(fragments per kilobase of exon per million
fragments mapped > 0.5 in more than 50%
of samples) in the Lung Genomics Research
Consortium (http://www.lung-genomics.
org/; [25]; P=0.035 using hypergeometric
test). In lung tissue from 111 subjects with
severe COPD and 40 control subjects with
normal spirometry (26), 13 of the 69 genes
segregating in at least two EOCOPD
families showed nominally (P < 0.05)
significant difference in expression in
COPD (enrichment P = 0.144); two of them
(PDCD2L and HSPA5) showed significant
(false discovery rate < 0.05) differences in
expression in COPD (P =0.03 for
enrichment in false discovery rate-corrected
differential expressed genes). Among the
four genes that are also nominally significant
in the COPDGene, RARS (arginyl-transfer
RNA [tRNA] synthetase) was differentially

A Family 16

expressed in the lung at a nominal level of
significance (unadjusted P =0.038).

Evidence for Segregation and
Association of Candidate Genes

We compiled a list of genes (Table E8) based
on proximity to published genome-wide
associations for COPD and lung function (3,
27-31), and also genes from Mendelian
syndromes with manifestations of
emphysema (32). Of these genes, 96 had
variants present in the family-based data,
and eight of the genes had evidence of a
rare, predicted deleterious variant that
segregated in at least one family (Table 5).
Although none of these genes had variants
that segregated in at least two families, we
noted that a second variant in FAMI13A
(rs114577372) just above the MAF cutoft
(0.2%) also appeared to segregate with
affection in one pedigree. Five of these
genes reached a nominal significance level
in the case-control dataset. Results for the

variant segregation analysis and the
case—control association analyses are
shown in Table 5. For CCDC38, we also
examined the specific single-nucleotide
polymorphism, rs10859974, previously
described in association with protection
from development of COPD; 61 cases and
83 control subjects harbored this single-
nucleotide polymorphism, directionally
consistent with a prior report (33).

Discussion

The reasons for varied susceptibility to
COPD remain largely unknown. Although
most efforts have focused on identifying
common variants through candidate gene
studies and GWAS, a subset of patients with
COPD have monogenic diseases, including
severe ap-antitrypsin deficiency and cutis laxa.
We sought to identify novel genetic
candidates for severe, early-onset disease by

T
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49y
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B Family 33
® B—®
FEV1+ 34% FEV1_ 85% GoLDo GOLD34
86y 87y GOLD1 GOLD2
75py 74py
& & ® = & = d
[} €
- - - + - +
FEV1 70% FEV1 87% FEV1 84% FEV152% FEV180% FEV1 25%
61y 64y 55y 63y 53y 52y
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52y FEV1101% FEV188% FEV192%
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Figure 3. Pedigree plots of the families with segregating variants in activated leukocyte cell adhesion molecule (ALCAM). Individuals colored in red
are the cases of severe and very severe chronic obstructive pulmonary disease (COPD); individuals colored in blue are control subjects with normal
spirometry, number of pack-years above 5, and age above 40 years. COPD severity (or GOLD [Global Initiative for Chronic Obstructive Lung Disease] 0,
for those with normal spirometry) is indicated by solid symbols. An open circle/square indicates neither case nor control; “+” symbol under the circle
indicates that the individual carries a segregating variant in the gene of interest; “—” symbol indicates the individual does not carry the variant; otherwise
the variant status is unknown for the subject. Below the carrier status, phenotype FEV;% predicted, age, and pack-years (py) are shown for the

sequenced subjects.
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Figure 4. Pedigree plots of the families with segregating variants in dynein, axonemal, heavy chain 8 (DNAHS). Individuals colored in red are the cases of
severe and very severe chronic obstructive pulmonary disease (COPD); individuals colored in blue are control subjects with normal spirometry, number
of pack-years above 5, and age above 40 years. COPD severity (or GOLD [Global Initiative for Chronic Obstructive Lung Disease] O, for those with
normal spirometry) is indicated by solid symbols. An open circle/square indicates neither case nor control; “+” symbol under the circle indicates that the
individual carries a segregating variant in the gene of interest; “—" symbol indicates the individual does not carry the variant; otherwise the variant status
is unknown for the subject. Below the carrier status, phenotype FEV,% predicted, age, and pack-years (py) are shown for the sequenced subjects.

performing a filtering-based segregation
analysis in exome sequencing data from the
family-based Boston EOCOPD Study. We
considered MAF, predicted functional impact,
and segregation with severe COPD in families.
To strengthen evidence for segregation,
we further required genes to have segregating
variants in at least two different pedigrees,
and identified 69 genes with rare, predicted

deleterious variants that segregated in at least
two families. The absence of genes with
segregating functional variants in more than
three families suggests that coding genetic
determinants of severe EOCOPD may be
highly heterogeneous. In an independent
dataset of cases with severe COPD and
resistant smoking control subjects, four of
these genes had an increased burden of rare

deleterious variants in cases. ALCAM is a
member of a subfamily of Ig receptors (34)
and is expressed in many cells, including
lung endothelial cells, where it appears to
control flux into the alveolar airspace (35)
and inhibits the transendothelial migration
of monocytes in rat lung (36). In a
transcriptomic analysis of human lung
development, ALCAM expression was
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Figure 5. Pedigree plots of the families with segregating variants in arginyl-TRNA synthetase (RARS). Individuals colored in red are the cases of severe
and very severe chronic obstructive pulmonary disease (COPD); individuals colored in blue are control subjects with normal spirometry, number of
pack-years above 5, and age above 40 years. COPD severity (or GOLD [Global Initiative for Chronic Obstructive Lung Disease] O, for those with normal
spirometry) is indicated by solid symbols. An open circle/square indicates neither case nor control; “+” symbol under the circle indicates that the
individual carries a segregating variant in the gene of interest; “—" symbol indicates the individual does not carry the variant; otherwise the variant status
is unknown for the subject. Below the carrier status, phenotype FEV% predicted, age, and pack-years (py) are shown for the sequenced subjects.
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Figure 6. Pedigree plots of the families with segregating variants in golgi brefeldin A resistant guanine nucleotide exchange factor 1 (GBF7). Individuals
colored in red are the cases of severe and very severe chronic obstructive pulmonary disease (COPD); individuals colored in blue are control subjects with normal
spirometry, number of pack-years above 5, and age above 40 years. COPD severity (or GOLD [Global Initiative for Chronic Obstructive Lung Disease] O, for
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is unknown for the subject. Below the carrier status, phenotype FEV,% predicted, age, and pack-years (py) are shown for the sequenced subjects.

significantly associated with the second
principal component, which included the
surfactant-associated claudin CLDN18,
CXCL5, and the major histocompatibility
complex class II molecules HLA-DRA and
HLA-DRBI (37). ALCAM also may have a
role in regulation of proteolysis; in a
melanoma model, ALCAM truncation
impaired matrix metalloproteinase-2
activation (38). DNAHS encodes for an outer
arm dynein heavy chain (39) and is a
candidate for involvement in primary ciliary
dyskinesia (6). Recently, variants in DNAH8
were identified in association with heavy
smoking (40). RARS cytoplasmic is a
member for the aminoacyl-tRNA synthetase
family, an enzyme that catalyzes the ligation
of amino acids to their specific tRNAs (39).
Although a lung-specific genetic defect
involving RARS has not, to our knowledge,
been described, murine knockouts of p38, an
aminoacyl-tRNA synthetase cofactor,

develop respiratory distress, and p38 is
required for lung cell differentiation (41).
Antibodies against several synthetases

(but not arginyl-tRNA) lead to the
antisynthetase syndrome, which includes
interstitial lung disease as one of its
manifestations (42). Finally, GBFI (Golgi-
specific brefeldin A-resistance guanine
nucleotide exchange factor 1) is a guanine
nucleotide exchange factor that regulates the
recruitment of proteins to membranes (43).
GBF1 appears to be important for neutrophil
chemotaxis and superoxide production
involving phosphatidyl inositol 3-kinase
(44). Phosphatidyl inositol 3-kinase
inhibitors are an area of therapeutic
development in COPD (45).

We also note the appearance of variants
in cystic fibrosis transmembrane conductance
regulator (CFTR) that segregated with
affection status in two families. The first,
rs121908752, has been previously described

Table 4. Segregating Genes with Marginally Significant P Values in the COPDGene

Case—Control Dataset

MAC for Most Deleterious Variants

Gene T5 P Value
ALCAM 0.041
RARS 0.039
DNAHS8 0.026
GBF1 0.048

Cases Control Subjects
3 0
2 1
29 20
6 2

Definition of abbreviation: MAC = minor allele count.

T5 P values are two-sided (with increased burden of rare variants in cases) obtained for variants with
allele frequency less than 5% using a burden test. MAC values are shown for variants with allele
frequency less than 0.1% most likely to be deleterious (see main text).
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as pathogenic (46); the second, rs149279509,
is of unclear effect (47). Neither of these
families appeared to harbor other possibly
pathogenic CFTR variants or the AF508
mutation (rs121909001). Several studies have
demonstrated a potential role for CFIR in
COPD (48), although a clear effect of these
variants has not been demonstrated (49).
Although our main findings focused on a
dominant model for segregation, we also
examined a recessive model. Although none
of these genes demonstrated evidence for
segregation in more than one family, one of
the genes from this analysis was ABCA13,
which segregated in a family with three
siblings with severe COPD. A second model,
attempting to model potential compound
heterozygotes (as true phasing was not
available), identified a few genes containing
pairs of variants that segregated with COPD
status in at least two pedigrees (see the
online supplement).

In addition to identifying novel disease
candidates, we also attempted to identify
evidence for rare variants in previously
published candidate genes for COPD or lung
function. A total of 12 genes were shown to be
segregating in families or have a marginally
significant P value in the case-control
dataset. We identified segregating variants in
FAM13A, common variants in and near
which have been strongly associated with
COPD and lung function (3). A recent
sequencing study of 100 smokers without
COPD identified a nonsynonymous variant
in CCDC38 associated with protection from
development of COPD; this locus has also
been associated with FEV,/FVC in cohort
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Table 5. Results for Published Candidate Genes in the Variant Segregation Analysis and Case-Control Association Analysis

Gene Source
CCDC38 Lung function
DNER Lung function
EGLN2 COPD
FAM13A COPD
GPR126 Lung function
MECOM Lung function
NMBR Lung function
KCNJ2 Lung function
CYP2A6 COPD
RHOBTB3 Lung function
THSD4 Lung function
ZNF323 Lung function

EOCOPD (No. of Pedigrees)

SNP Location

12-96272113
2-230231749
19-41307024

4-89950680
6-142723802
3-169099162
6-142409506
17-68171232

[ Yo N o X o Jr QUi QUi QU Qi QU G Gy

COPDGene P Value Effect
0.0457 Protective
0.6453 Deleterious
0.9071 Protective
0.6424 Deleterious
0.9141 Deleterious
0.0588 Protective
0.7902 Deleterious
0.0021 Protective
0.0382 Protective
0.0330 Protective
0.0347 Protective

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; EOCOPD = Early-Onset Chronic Obstructive Pulmonary Disease Study;

SNP = single-nucleotide polymorphism.

Genes that are segregating in at least one EOCOPD pedigree or have a P value less than 0.05 using the T5 test in the COPDGene dataset are
listed here. No. of Pedigrees indicates the number of pedigrees with a segregating variant. COPDGene P value refers to the result from the T5 test.

studies. In our dataset, we found a marginally
significant P value in the protective direction
in the burden test on the case—control
dataset, and a directionally consistent allele
count in the control subjects versus cases for
rs10859974, supporting the protective effect
of this variant. Of note, this study also
described ABCA13 and GBFI as genes
harboring three or more rare variants in
resistant smoking control subjects; these data
would be inconsistent with our findings,
illustrating the challenges of these analyses
and potential benefits of examining a severely
affected group (37). We also identify several
other genes at GWAS loci that may harbor
rare variants. However, none of our findings
meets the thresholds imposed for multiple
testing corrections, and further study is
required to confirm these findings.

Identification of rare variants in
complex disease has been challenging.
Several recent successes have demonstrated
statistically significant results, most relying
on very large sample sizes (6, 50). In
contrast, since the initial reports of using
exome sequencing to identify the etiology
of a Mendelian disorder, many studies have
used filtering/segregation approaches with
varied success (18). A limited number of
studies have also identified high penetrance
variants in complex disease, including
pulmonary disease (51-53), although none
has identified such variants in COPD.

Our analysis has several limitations.
First, our threshold chosen for MAF and
functional scores are rather arbitrary. A
well-defined consensus for these thresholds
is not clear, particularly in the setting of
different genetic risk factors (locus

heterogeneity) and the presence of affected
subjects who may have varying amounts
of genetic risk. More detailed phenotypic
data could help identify similar Mendelian
subtypes (21). Our decision to use a 0.1%
allele frequency reflects in part the strong
relationship between cigarette smoking and
COPD, as a pathogenic variant could be
present at some frequency potentially much
higher than 0.1% in nonsmokers. Although
we acknowledge the limitations of
bioinformatics predictive tools, leaving

out Combined Annotation-Dependent
Depletion score/Condel predictions for
filtering appeared to strongly bias our
selection for larger genes, which are more
likely to harbor variation (e.g., TTN).
Another essential limitation of segregation
analysis is that it is not yet possible, to our
knowledge, to provide a valid P value on
these segregation events, due to the
complicated family structure and missing
parental information. A test incorporating
these ideas to correct for gene size or family
structure has been developed (54); however,
it can be applied to pairs of cases with the
same relationships only, and no solution
currently exists to extend this approach to
more complex pedigrees. COPD is strongly
related to cigarette smoking. Unaffected
subjects in the family dataset were younger
and had fewer pack-years than control
subjects in the case—control dataset. Thus, it is
possible that the segregating variants we
identify are related to nicotine addiction. This
and other differences between the studies
could be a source of bias. Our association
analysis in COPDGene is also likely
underpowered, as power greatly depends on
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the MAF of the causal variants and the effect
size (see the online supplement); thus, causal
genes may not reach nominal significance,
and our identified genes with nominal
significance could be false positives.

Our study is, to our knowledge, the first
whole-exome analysis of severe COPD. Our
analysis focused on a unique cohort of
pedigrees identified through a proband with
severe, early-onset disease to enrich for rare
variants of high penetrance. We sought
supportive evidence in a second,
case—control cohort also selected for severe
disease and resistant smoking control
subjects. Our analysis prioritizes a set of
promising genes for further study, but also
suggests that rare coding variants that
markedly increase susceptibility to severe
COPD are likely to be found in many genes.
Future studies could include replication in
additional subjects with severe COPD and
functional analysis for the effects of the given
variants. Our work illustrates many of the
challenges of rare variant analysis in a
complex disorder with known Mendelian
subtypes, and suggests that genetic
heterogeneity is a likely limitation for this
approach. Our experience suggests that
additional methods to identify rare variants of
high penetrance in families may be needed.
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