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Abstract

Rationale: Pulmonary emphysema overlaps partially with
spirometrically defined chronic obstructive pulmonary disease and is
heritable, with moderately high familial clustering.

Objectives: To complete a genome-wide association study
(GWAS) for the percentage of emphysema-like lung on
computed tomography in the Multi-Ethnic Study of
Atherosclerosis (MESA) Lung/SNP Health Association Resource
(SHARe) Study, a large, population-based cohort in the United
States.

Methods: We determined percent emphysema and upper-lower
lobe ratio in emphysema defined by lung regions less than —950 HU
on cardiac scans. Genetic analyses were reported combined across
four race/ethnic groups: non-Hispanic white (n = 2,587), African
American (n = 2,510), Hispanic (n = 2,113), and Chinese (n = 704)
and stratified by race and ethnicity.

Measurements and Main Results: Among 7,914 participants, we
identified regions at genome-wide significance for percent
emphysema in or near SNRPF (rs7957346; P=2.2 X 10~%) and PPT2
(rs10947233; P = 3.2 X 10~ %), both of which replicated in an
additional 6,023 individuals of European ancestry. Both single-
nucleotide polymorphisms were previously implicated as genes
influencing lung function, and analyses including lung function
revealed independent associations for percent emphysema. Among
Hispanics, we identified a genetic locus for upper-lower lobe
ratio near the o-mannosidase-related gene MAN2BI
(rs10411619; P=1.1 X 10~ °; minor allele frequency [MAF],
4.4%). Among Chinese, we identified single-nucleotide
polymorphisms associated with upper-lower lobe ratio near
DHX15 (rs7698250; P = 1.8 X 10~ '% MAF, 2.7%) and

MGATS5B (rs7221059; P=2.7 X 10~ % MAF, 2.6%), which acts on
a-linked mannose. Among African Americans, a locus near

a third a-mannosidase-related gene, MANICI (rs12130495; P =
9.9 X 10~ MAF, 13.3%) was associated with percent
emphysema.

Conclusions: Our results suggest that some genes previously
identified as influencing lung function are independently associated
with emphysema rather than lung function, and that genes related
to a-mannosidase may influence risk of emphysema.

Keywords: emphysema; computed tomography; multiethnic;
cohort study; genetic association

At a Glance Commentary

Scientific Knowledge on the Subject: Emphysema
assessment by computed tomography is only moderately
correlated with lung function and occurs in the absence of
spirometrically defined chronic obstructive pulmonary
disease. Percent emphysema is heritable and some studies
suggest familial clustering of percent emphysema is greater
than for lung function. Existing knowledge on the genetics
of emphysema has been mostly limited to rare mutations
causing o;-antitrypsin deficiency.

What This Study Adds to the Field: We report the first
genome-wide association study to probe the genetics of
quantitative emphysema on computed tomography in

a general population sample. We demonstrate that genetic loci
previously associated with lung function in non-Hispanic
whites also contribute to emphysema and that common
variants in genes related to a-mannosidase, which degrades
o -antitrypsin, are associated with percent emphysema in
Hispanics, African Americans, and Chinese.

Together, pulmonary emphysema and chronic
obstructive pulmonary disease (COPD) are the
third leading cause of death in the United
States (1). Emphysema is defined by
a permanent enlargement of air spaces with
destruction of alveolar walls (2, 3), and COPD
is defined by airflow limitation that is not fully
reversible (4). Although often considered
one disease, emphysema and COPD overlap
less than previously thought. Emphysema on
computed tomography (CT) is only
moderately correlated with lung function, is
absent in some patients with COPD, and
occurs in the absence of COPD (5, 6).
Pulmonary emphysema is common in
the general population, occurring in 30-50%
of cigarette smokers, 8% of cigar smokers,
and 3% of never-smokers at autopsy (7-9).
Histologic studies subdivide emphysema
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into centrilobular, which is characterized by
the loss of respiratory bronchioles and is
predominantly observed in the upper lobes
(10); panlobular, which is characterized by
uniform destruction of the secondary
pulmonary lobule and is diffuse or basilar;
and paraseptal, which is characterized by
single or multiple bullae and is peripheral
(11). Autopsy studies suggest
centrilobular and panlobular emphysema
have a similar prevalence in the general
population (12).

Smoking is the major environmental
cause of COPD, yet less than one-third of heavy
smokers develop COPD (13). Nonsmoking
environmental influences and genetic
differences contribute to the remaining
variance in risk of COPD, and genome-wide
association studies (GWAS) have identified

: Genome-Wide Study of Percent Emphysema on CT Scan

several promising genes for COPD and low
lung function (14-18). Deficiency of o;-
antitrypsin (A1AT) caused by mutations in
SERPINALI is the major established cause of
panlobular emphysema (19-22).

Pulmonary emphysema can be assessed
on CT scans as the percentage of
emphysema-like lung, hereafter referred to
as percent emphysema. Percent emphysema
predicts symptoms, lung function decline,
and mortality among patients with COPD
and is associated with cardiac dysfunction
in the general population (23-26). Yet
smoking is only modestly correlated with
percent emphysema (27) and few other
environmental risk factors for percent
emphysema have been described (28).

Because percent emphysema is
heritable (29, 30), we performed a GWAS
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for percent emphysema on CT scan in
a large, population-based cohort.

Methods

Study Sample

The Multi-Ethnic Study of Atherosclerosis
(MESA) is a population-based longitudinal
study of subclinical cardiovascular disease
(31). Between 2000 and 2002, MESA
recruited 6,814 men and women 45-84
years of age from six US sites that were free
of clinical cardiovascular disease. The
MESA Family Study recruited 1,595
African American and Hispanic family
members ages 45-84 years of age
specifically for genetic analysis and the
MESA Air Pollution Study recruited an
additional 257 participants (32).
Participants who did not consent to genetic
analyses or who had no usable genetic
material were excluded, resulting in

a combined sample of 7,914 participants
comprising the MESA SNP Health
Association Resource (SHARe) sample.

Percent Emphysema

Percent emphysema was assessed as
previously described (33) for all participants
on the lung fields of cardiac CT scans,
which were acquired under a standardized
protocol (34). Percent emphysema was
defined as lung regions below —950
Hounsfield units (HU) and upper-lower
lobe ratio in emphysema (henceforth
termed “upper-lower lobe ratio”) was
computed as the percent emphysema in the
cranial one-eighth of the scan divided by
the area in the caudal one-third of the imaged
lung. The interscan intraclass correlation
coefficient of percent emphysema on 100%
replicate scans was 0.94. Percent emphysema
measured from cardiac scans correlates with
those from full-lung scans in the same MESA
participants (33); the correlations of upper-
lower lobe ratio in these participants was 0.78
comparing cardiac with full-lung scans on
multiple-detector CT scanners and 0.68
comparing cardiac scans on electron beam
tomography scanners with full-lung scans on
multiple-detector CT scanners.

Genotyping

All participants were genotyped using
the Affymetrix Human SNP array 6.0
(Affymetrix Inc., Santa Clara, CA), with
897,981 single-nucleotide polymorphisms
(SNPs) passing study-specific quality
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control. IMPUTE v2 (35) was used to
perform imputation (36) of an additional
approximately 2 million SNPs in each
race/ethnic group for inclusion in GWAS
analyses. Additional details are provided
in the online supplement.

Genetic Association Analysis in

MESA Lung/SHARe

Race/ethnic-specific analyses were performed
in linear regression models with adjustment for
age, sex, study site, CT scanner, tube current,
principal components of ancestry, height,
weight, cigarettes per day (for current smokers
only), pack-years, and asthma. Results were
combined by fixed-effect meta-analyses across
all four MESA race/ethnic groups.

We examined genomic control values
of all GWAS for evidence of residual
population stratification, undetected family
structure, or other sources of inflation in
type I error. GWAS results that attained
a threshold of P = 5.0 X 10~ ° were
considered genome-wide significant. We
further performed fine mapping using
imputation to the 1,000 genomes (37) for
genetic loci reported at genome-wide
significance. Additional details are provided
in the online supplement.

Replication Cohorts

We sought replication of significant

SNPs from the combined analysis in two
independent cohorts of European ancestry:
the COPD Pathology: Addressing Critical
gaps, Early Treatment and diagnosis

and Innovative Concepts (COPACETIC)/
NELSON study, a lung cancer screening study
of smokers; and the Framingham Heart
Study, a population-based cohort. In addition,
we sought replication of these SNPs, as

well as SNPs identified in race/ethnic-specific
analysis of Hispanics and African Americans,
among African Americans participants in
the COPD Gene Study, a case—control study
of COPD (see online supplement for details).

Additional Follow-up Studies

To follow-up on genetic association of the
SNP MAN2B1 SNP rs10411619 in MESA
Hispanics (see ResuLTs), we performed

a case—control study of 17 Hispanic
participants carrying the minor allele (C)
at rs10411619 and 70 control subjects
homozygous for the major allele matched
on age, sex, and smoking; subjects found
to be carriers of SERPINAI S alleles

were excluded. We further examined
selected o-mannosidase gene regions

(MANIAI, MANIA2, MANIBI, MANICI,
MAN2AI, MAN2A2, MAN2B1, MAN2B2,
MAN2CI) in addition to the endoplasmic
reticulum degradation-enhancing o-
mannosidase-like proteins EDEM1I,
EDEM?2, and EDEM3 for signals of genetic
association in all race/ethnic groups from
MESA, and in combined analysis across
race/ethnic groups. Finally, we examined
association of emphysema traits with gene
expression of o.-mannosidase genes
demonstrating statistically significant SNP
associations (MAN2BI and MANICI; see
REsuLTs) in peripheral blood mononuclear
cells from an independent sample of 101
individuals (see online supplement for details).

Results

Characteristics of the MESA Lung/
SHARe Participants
The mean age of the 7,914 MESA Lung/
SHARe participants was 62 years; 53.6%
were female; and the race/ethnic
distribution was 32.7% non-Hispanic white
(henceforth termed “white”), 31.7% African
American, 26.7% Hispanic, and 8.9%
Chinese. The median percent emphysema
ranged from 2.2% in African Americans to
3.6% in whites, and median upper-lower
lobe ratio ranged from 0.68 in African
Americans to 0.95 in Chinese. Percent
emphysema and upper-lower lobe ratio
traits were relatively distinct from one
another, with correlations ranging from
—19% to 10% within race/ethnic groups
(see Table El in the online supplement).
Smoking history varied considerably
across race/ethnic groups: 55.8% of whites,
52.9% of African Americans, 45.4% of
Hispanics, and 25.2% of Chinese
participants had ever smoked. Percent
emphysema also exhibited heterogeneity
across race/ethnic groups, with greater
values among whites compared with other
groups and greater upper-lower lobe ratio
among Chinese compared with other
groups. FEV, divided by FVC was available
for approximately half the cohort and was
lower among whites compared with other
groups (see Table E1).

GWAS of Emphysema Phenotypes
across Race/Ethnic Groups

We completed GWAS analyses of percent
emphysema and upper-lower lobe ratio at
—950 HU, and for comparison at —910 HU.
The results were largely similar, and all loci
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identified at genome-wide significance for
—910 HU were also genome-wide
significant for —950 HU. Here, we present
primary results from analysis at —950 HU
(Table 1), and results at —910 HU are
shown in Table E2.

In combined analysis across race/ethnic
groups, two loci reached genome-wide
significance for percent emphysema
(Table 1; see Table E2 and Figures E1 and
E2). The top SNP for the first locus,
rs7957346 (P = 2.2 X 10™%), lies between
the genes SNRPF and CCDC38 (Figure 1A;
see Figure E3). The associated SNP allele is
common, with allele frequency ranging
from 0.46 to 0.61 in the studied race/ethnic
groups (Table 2). Estimated effects for
rs7957346 were stronger in ever-smokers
than never-smokers across race/ethnic
groups (see Table E3), although this
observation did not reflect a statistically
significant gene-smoking interaction (P =
0.20 combined across race/ethnic groups).
The second SNP, rs10947233 (P = 3.2 X
10~%), lies in an intron of the gene PPT2
(Figure 1B; see Figure E4). Allele
frequencies for this SNP ranged from 0.009
to 0.227 across race/ethnic groups
(Table 2).

There were no genome-wide significant
associations for upper-lower lobe ratio.

Replication. Both of the identified
SNPs replicated in meta-analysis across the
NELSON and the Framingham Heart Study
(combined n = 6,023, see Table E4;
1s7957346, P = 0.016; rs10947233, P =
3.05 X 10~>; see Table E5).

Among 2,519 African Americans in the
COPD Gene Study (see Table E6),

rs10947233 could not be assessed because
of low imputation quality and rs7957346
did not achieve nominal significance (see
Table E7).

SNPs in SNRPF and PPT2, lung
function, and percent emphysema. Our top
reported SNP, rs7957346, is less than 1 kb
from SNP rs1036429 previously reported for
pulmonary function in GWAS of
approximately 90,000 individuals (38).
Linkage disequilibrium with the pulmonary
function SNP rs1036429 accounted for
much of the observed effect of SNRPF SNP
rs7957346 in whites, and to a lesser
degree African Americans and Chinese,
but not in Hispanics (see Table E8). The
PPT2 SNP rs10947233 itself was reported in a
prior GWAS for pulmonary function (39).

There was a strong independent
association of both SNP rs7957346 and
rs10947233 with percent emphysema after
adjustment for FEV/FVC ratio. In
contrast, association of these SNPs with
the FEV,/FVC ratio, which was significant
in the relatively modest sample with
spirometry data available, was rendered
null after adjustment for percent
emphysema (see Table E9). Similar
analyses in the replication cohorts of
whites supported the observation that
percent emphysema mediates the
association between these SNPs and FEV/
FVC ratio (see Table E5).

Fine mapping. Fine mapping of the
PPT?2 locus identified an additional SNP
rs9391855 (P = 5.6 X 10~°) (see Table E10)
that showed a stronger association with
percent emphysema across race/ethnic
groups than the index SNP rs10947233.

The most strongly associated SNP from fine
mapping lies within an intron of the

gene AGER at a genomic position more
than 20 kb downstream of the gene PPT2.
These two SNPs exhibit high linkage
disequilibrium, with R* values of 0.8, 0.83,
0.96, and 1.0, in the 1,000 Genomes AMR,
EUR, ASN, and AFR reference panels,
respectively.

GWAS of Emphysema Phenotypes
within Race/Ethnic Groups

Among Hispanics, SNP rs10411619 reached
genome-wide significance for association
with upper-lower lobe ratio (P = 1.1 X
10~°) (Table 1). This SNP lies
downstream of the a-mannosidase gene
MAN2BI (Figure 2). The MAN2B1 SNP
rs10411619 minor allele (C) is somewhat
common in Hispanics (minor allele
frequency [MAF], 4.4%) and African
Americans (MAF, 20.6%) but quite rare
in the other race/ethnic groups

(MAF < 1%) (Table 3).

Exploratory analyses stratified by
principal component analysis-based
clusters within the Hispanic cohort (40)
indicated stronger estimated effects in the
Mexican and Puerto Rican subgroups, with
relatively weaker SNP effects in the
Dominican/Cuban and Central/South
American subgroups (see Table E11). Local
ancestry analysis confirmed the SNP
showed evidence of association even after
adjusting for ancestry estimated from SNPs
within the 4-Mb region flanking
rs10411619 (see Table E12).

Among Chinese, we observed genome-
wide significant association with upper-

Table 1: Summary of SNPs Reaching Genome-Wide Significance in the Genome-Wide Association Study of Percent Emphysema

on Computed Tomography Scan

Effect/
Other
Group SNP ID (Chr: NCBI36.3 position) Nearest Gene(s) Allele Effect Allele Freq.*
Combined rs7957346 (12: 94,784,605) SNRPF (downstream), C/A  0.458/0.379/0.497/0.609
analysis CCDC38 (downstream)
across rs10947233 (6: 32,232,402) PPT2 (intron) T/G 0.033/0.020/0.009/0.227

race/ethnic

groups

Hispanic rs10411619 (19: 12,613,425) MAN2B1 (downstream) T/C 0.956

Chinese rs7698250 (4: 24,124,729) DHX15 (downstream) T/C 0.027
rs7221059 (17: 72,500,039) MGAT5B (downstream) C/A 0974

Trait Beta SE P Value
Percent emphysema —0.055 0.010 22 x 1078
Percent emphysema —0.150 0.027 32 x 1078
Upper-lower lobe ratio —0.177 0.029 1.1 x 10°°
Upper-lower lobe ratio ~ 0.463 0.073 1.8 x 107'°
Upper-lower lobe ratio —0.328 0.059 2.7 x 1078

Definition of abbreviation: SNP = single-nucleotide polymorphism.
Results are presented based on the basic model of genetic association, including adjustment for age, sex, study site, computed tomography scanner,
principal components of ancestry, height, weight, tube current, cigarettes per day, pack-years, and asthma.

*Effect allele frequencies of SNPs reported for meta-analysis are reported for white/African American/Hispanic/Chinese ethnic groups, respectively; effect
allele frequencies less than 0.01 indicates data for the corresponding race/ethnic group were not included in meta-analysis.

Manichaikul, Hoffrman, Smolonska, et al.: Genome-Wide Study of Percent Emphysema on CT Scan
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Figure 1. Regional association plots for statistically significant genome-wide association study regions based on meta-analysis to combine results across
all Multi-Ethnic Study of Atherosclerosis race/ethnic groups on (A) chromosome 12 region including SNRPF/CCDC38 for percent emphysema, and

(B) chromosome 6 region including PPT2 for percent emphysema —950 HU. Both plots are generated using the LocusZoom tool with HapMap Il CEU as
the reference for calculating linkage disequilibrium. SNP = single-nucleotide polymorphism.

lower lobe ratio for two SNPs, rs7698250
(P=1.8 X 1079 and rs7221059 (P =
2.7 X 107®) (Table 1). The SNP
rs7698250 lies downstream of the gene
DHX15 (Figure 3A) and has a higher
frequency in Chinese (MAF, 2.7%) and
African Americans (MAF, 4.9%) than

in Hispanics (MAF, 1.2%) and whites
(MAF <1%). SNP rs7221059 lies

412

downstream of the gene MGAT5B
(Figure 3B) and has a relatively lower
frequency in Chinese (MAF, 2.6%)
compared with whites (MAF, 19.3%),
African Americans (MAF, 35.1%), and
Hispanics (MAF, 26.8%). MGAT5B is

a glycosyltransferase that acts on a-linked
mannose of N-glycans (41), suggesting

a shared pathway with MAN2BI.

There were no genome-wide
significant associations for percent
emphysema in analyses stratified by race/
ethnicity.

Case-control study of plasma AIAT
levels and emphysema relating to
MAN2BI1. a-Mannosidase degrades
mannose but also accelerates degradation
of A1AT (42). Altered a-mannosidase
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Table 2: Detailed Race/Ethnic—-Specific Results for Loci from Combined Analysis across Race/Ethnic Groups

SNP ID (Effect/Other Allele);

Trait Nearest Gene(s) Group N Beta SE P Value
Percent emphysema rs7957346 (C/A); White 2,431 —0.028 0.017 0.100
SNRPF, CCDC38 African American 2,469 —0.055 0.018 2.5 x 1073
Hispanic 2,065 —-0.085 0.019 7.1 x 107°
Chinese 702 —0.065 0.031 0.036
Meta-analysis -0.055 0.010 22 x 1078
Percent emphysema rs10947233 (T/G); White 2,430 —0.199 0.049 4.4 x 107°
PPT2 African American 2,466 —0.148 0.064 0.020
Hispanic — — — —
Chinese 702 -0.120 0.038 15x 1073
Meta-analysis —0.150 0.027 32x10°8

Definition of abbreviation: SNP = single-nucleotide polymorphism.

The basic model of genetic association includes adjustment for age, sex, study site, computed tomography scanner, principal components of ancestry,
height, weight, tube current, cigarettes per day, pack-years, and asthma. Results for rs10947233 are not reported for Hispanics because minor allele
frequency less than 0.01.

isoenzymes have been reported in subjects (see Tables E14 and E15) status, whereas 5 (7.0%) of the 71 control
individuals carrying rare severe (estimated effect = 15.9 mg/dl; P = 0.015).  subjects had observable emphysema.
deficiency mutations (PiZZ) associated They also had lower levels of percent These results, in conjunction with the

with A1AT deficiency (43) and mutations emphysema in the basilar lung (estimated overall genetic association results for
in an a-mannosidase-related gene have  effect = —1.1%; P = 0.022), whereas the rs10411619, suggest the MAN2B1

been implicated in the onset of end- effect on percent emphysema in the SNP minor allele confers protection
stage liver disease in individuals with upper-lobe did not reach nominal against (basilar) emphysema through
PiZZ (44). significance (P = 0.84). None of the minor increased levels of A1AT.
Cases with MAN2BI rs10411619 allele carriers had pulmonary emphysema Candidate gene study of
minor allele (C) had increased plasma on qualitative assessment by a thoracic a-mannosidase-related genes. MANICI
levels of A1AT compared with control radiologist (J.H.M.A.) masked to case SNP rs12130495 was statistically
Piotted SNPs MIIMN 1M 0010 QM ONUNMT G E TN 0 OO T CE D0 T IR e Errm e e o marmenn emen
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Figure 2. Regional association plot for statistically significant genome-wide association study region near MAN2B7 on chromosome 19, reported for
analysis of upper-lower lobe ratio in emphysema in race/ethnic-specific analysis of Multi-Ethnic Study of Atherosclerosis Hispanics. The plot is generated
using HapMap Il CEU as the reference panel for calculating linkage disequilibrium, using the LocusZoom tool. SNP = single-nucleotide polymorphism.

Manichaikul, Hoffrman, Smolonska, et al.: Genome-Wide Study of Percent Emphysema on CT Scan 413



Table 3: Detailed Race/Ethnic-Specific Results for Locus Identified Near MAN2B1 and Results for SNPs Reported as Statistically
Significant in the Candidate Gene Association of Selected a-Mannosidase Genes and SERPINA1

SNP ID (Effect/Other Allele);

Trait

Upper-lower lobe
ratio in emphysema MAN2B1

(downstream)

Percent emphysema
MAN1C1
(intron)

Nearest Candidate Gene

rs10411619 (T/C);

rs12130495 (T/G);

Group Effect Allele Freq. N Beta SE P Value
White 0.992 — — — —
African American 0.796 2,440 -0.021 0.013 0.105
Hispanic 0.956 2,061 —0.177 0.029 1.1 X 10°°
Chinese 0.999 — — — —
Meta-analysis -0.048 0.012 6.7 x 10°°
White 0.083 2,432 0.010 0.032 0.753
African American 0.133 2,469 -0.120 0.027 9.9 x 10°©
Hispanic 0.058 2,065 -0.096 0.041 0.020
Chinese 0.001 — — — —
Meta-analysis -0.072 0.019 1.1 x107*

Definition of abbreviation: SNP = single-nucleotide polymorphism.
Results are shown for the most strongly associated SNP for each locus reaching the Bonferroni threshold for statistical significance in at least one ethnic
group, under the basic model of genetic association. The number of SNPs under consideration across all candidate genes was as follows: 2,643 in whites;
2,924 in African Americans; 2,804 in Hispanics; 2,216 for Chinese; and 3,263 in meta-analysis. Results that reached the Bonferroni threshold for

a particular race/ethnic group are shown in bold. SNP association results are not shown for ethnic groups with minor allele frequency less than 0.01.

significantly associated at the candidate
gene level (Bonferroni threshold of 0.05/
2,924 = 1.7 X 10~°) with percent
emphysema in African Americans (P =
9.9 X 10~%). The associated allele was
highly polymorphic in African
Americans, Hispanics, and whites, but
not in Chinese (Table 3). Evidence of
association in African Americans was
strengthened (P = 7.7 X 107%) (see Table
E12) after adjustment for local ancestry
computed for the 4-Mb region flanking
this SNP.

Replication. There was a consistent
direction of association between MAN2BI
SNP rs10411619 with upper-lower lobe
ratio among African Americans, although
it did not reach nominal statistical
significance, and MANICI SNP rs12130495
replicated among Hispanics (P = 0.020)
(Table 3).

Among SNPs identified in Chinese,
we were unable to evaluate SNP
rs7698250 among other race/ethnic
groups in part because of low MAF and in
part because of poor imputation quality,
and SNP rs7221059 did not demonstrate
evidence of association (all race/
ethnic-specific P values > 0.1) (see
Table E13).

There was no evidence that SNPs
rs10411619 and rs12130495 were
associated with percent emphysema
among 1,621 African Americans with
COPD and control subjects or among 898
African American control subjects
without COPD in the COPDGene Study
(see Table E7).
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Expression of MAN2B1 and MAN1C1
and Emphysema Phenotypes

MAN2BI expression was associated with
reduced upper-lower lobe ratio in a fully
adjusted regression model (one-tailed
nominal P = 0.047) (see Table E16),
whereas MANICI expression was
associated with increased percent
emphysema (one-tailed nominal P = 0.026).
For both gene expression results, the
observed direction of effect was consistent
with the hypothesis that a-mannosidases
degrade A1AT, yielding increased percent
emphysema and increased basilar
emphysema in particular.

Association of SNPs from Previous
GWAS of Airflow Obstruction

and Emphysema

We examined SNPs in genes previously
reported to be associated with airflow
obstruction, COPD (14-17), and
radiologist-read emphysema (45). After
multiple testing correction for examination
of 11 SNPs related to COPD, we found
statistically significant associations for the
RARB region SNP rs1997352 with percent
emphysema among whites (P = 0.001)

(see Table E17); and for HHIP SNP
rs13141641 with percent emphysema among
whites (P = 0.0036) and in combined analysis
across race/ethnic groups (P = 2.3 X 107°).

Discussion

This GWAS of percent emphysema and
upper-lower lobe ratio on CT scan identified

two SNPs in or near the genes SNRPF and
PPT?2 that were consistent across all four
racial/ethnic groups, replicated in two
independent cohorts of European ancestry
and were independent of quantitative
measures of lung function. We further
identified loci for upper-lower lobe ratio in
MAN2B1, MANICI, and MGAT5B among
Hispanics, African Americans, and
Chinese, respectively, all of which relate to
a-mannosidase. The minor allele at the
implicated MAN2B1 SNP was associated
with increases in A1AT levels and less
basilar emphysema, suggesting a novel
modulation of the mannosidase-A1AT
pathway that may be relevant to the
etiology of emphysema.

This report, which represents the
largest GWAS of individuals with measures
of emphysema on CT scan to date, found
associations for percent emphysema
among approximately 8,000 individuals in
genomic regions previously implicated in
large-scale GWAS meta-analysis of
spirometric measures of pulmonary
function in up to 90,000 individuals of
European descent (38, 39). Our analyses
indicate both of the SNPs we have reported
here are more strongly associated with
emphysema than with pulmonary function,
and their association with pulmonary
function is likely mediated by their
association with percent emphysema.
Additional fine mapping of the PPT2 region
revealed a novel SNP in the AGER gene,
highlighting potential ambiguity in
identifying the causal gene underlying this
genetic association signal. SRAGE, a protein
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Figure 3. Regional association plot for statistically significant genome-wide association study regions identified for upper-lower lobe ratio in emphysema
in race/ethnic-specific analysis of Multi-Ethnic Study of Atherosclerosis Chinese. The plots for the loci near (A) DHX15 and (B) MGAT5B are generated
using HapMap Il JPT+CHB as the reference panel for calculating linkage disequilibrium using the LocusZoom tool. SNP = single-nucleotide

polymorphism.

product of AGER, was recently reported as
a biomarker of emphysema in patients with
COPD (45).

In the GWAS among Hispanics, we
identified an SNP near the gene MAN2BI

Manichaikul, Hoffrman, Smolonska, et al.: Genome-Wide Study of Percent Emphysema on CT Scan

that was statistically significantly associated
with upper-lower lobe ratio. We found
increased levels of A1AT among carriers of
the minor allele at the MAN2BI SNP
rs10411619 in a selected group of MESA

Hispanic participants. These results suggest
this variant may confer additional
protection of the lung against elastase in
response to increased levels of A1AT.
Further investigation of related candidate
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genes identified SNPs in MANICI
associated with percent emphysema among
African Americans, a finding that replicated
among MESA Hispanics. In an
independent multiethnic cohort, the MESA
COPD Study, gene expression of MAN2BI
in peripheral monocytes demonstrated
statistically significant association with
reduced upper-lower lobe ratio and gene
expression of MANICI was associated with
increased percent emphysema. The
identification of associations of emphysema
with common variants in the o-
mannosidase pathway raises the question as
to whether common variants in SERPINA1I
might be associated with emphysema. Our
results (data not shown) indicate little to no
association between known common
functional variants in SERPINAI and
emphysema.

We observed consistent directions of
effect for each of the statistically significant
SNPs reported here in our genetic
association studies, with decreased percent
emphysema for SNPs associated with
percent emphysema and increased upper-
lower lobe ratio for SNPs associated with
upper-lower lobe ratio. Thus, our study
suggests a predominance of protective
variants against emphysema or basilar
emphysema, which may be crucial in
development of therapeutics for prevention
of disease. In particular, our observations
suggest a-mannosidases could be an
effective target for prevention and
treatment of emphysema.

In addition, DHX15 is an ATP-
dependent RNA helicase that plays
a regulatory role in pre-mRNA splicing and
has been shown to interact with RBM15
(47), a gene in the 3p21.3 genetic locus for
breast and lung cancers (48, 49). We note,
however, that both genetic association

findings reported from race/ethnic-specific
analysis of Chinese are for relatively less
frequent variants with MAF in the range of
2.5-3%. Therefore, the Chinese-specific
results should be interpreted with caution.

SNRPF, PPT2, and HHIP
demonstrated consistent associations across
race/ethnic groups, suggesting that some
genes have consistent effects on the risk or
severity of emphysema across all race/
ethnic groups. However, MGAT5B SNP
rs7221059 seen at genome-wide
significance in Chinese was notably less
frequent in Chinese compared with whites,
African Americans, and Hispanics yet
revealed no consistent associations in these
other groups. Differing linkage
disequilibrium and environmental factors
present possible explanations for race/
ethnic differences in the observed genetic
associations.

Limitations of the study include
a modest sample size for GWAS,
particularly among Chinese; however, the
present study is the largest GWAS of
quantitative lung CT phenotypes to date.
The MESA cardiac scans did not include the
lung apices; however, we have previously
validated them against full-lung scans (33),
they have confirmed multiple prior
hypotheses (25), they have shown
prognostic significance (50), and, perhaps
most importantly, they included the region
of the lung most relevant to A1AT-related
emphysema.

Whereas the combined analysis
replicated in two independent cohorts of
Europeans and the SNP in MANICI
replicated in MESA Hispanics, none of the
SNPs identified in MESA replicated in
African American smokers from the
COPDGene Study. We speculate that
oversampling of COPD cases, which may

bias results of analysis for quantitative
phenotypes, such as percent emphysema,
may have contributed to the null results in
the latter study. In addition, only percent
emphysema was available for replication
analysis in COPDGene, whereas it would
have been preferable to examine upper-lower
lobe ratio. Finally, we did not pursue
replication of race/ethnic-specific results in
cohorts of Hispanics or Chinese, because
MESA is, to our knowledge, the only large-
scale cohort representing these groups and
having both GWAS and percent emphysema
phenotypes available.

We report the first GWAS to probe the
genetics of quantitative measures of
emphysema using high-quality CT
phenotypes in a general population sample.
Our results suggest morphologic assessment
of the lung on CT can build substantially
on previous knowledge of the genetics of
emphysema, which has been limited almost
entirely to rare mutations causing A1AT
deficiency. The observed findings suggest
that common variants in loci previously
associated with lung function among whites
actually contribute to emphysema and that
common variants in genes related to
o-mannosidase, which degrades A1AT,
may be associated with emphysema in
Hispanics, African Americans, and
Chinese.
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