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Rationale: Previously reported linkage to FEV; (LOD score = 5.0) on
6q27 in the Framingham Heart Study (FHS) led us to explore a
candidate gene, SMOC2, at 168.6 Mb.

Objectives: We tested association between SMOC2 polymorphisms
and FEV, and FVC in unrelated FHS participants.

Methods: Twenty single-nucleotide polymorphisms (SNPs) around
SMOC2 were genotyped in 1,734 subjects.

Measurements and Main Results: SNP data were analyzed using multi-
ple linear regression models incorporating sex, age, body mass
index, height, and smoking history as covariates, and analyses were
repeated within strata of ever- and never-smokers. The minor allele
of SNP rs1402 was associated with higher mean FEV; (p = 0.003)
and FVC (p = 0.02) measures. In never-smoking subjects, association
with higher measures was observed with the minor allele of
rs747995 (FEV;, p = 0.0006; FVC, p = 0.0008). These two SNPs lie
in different haplotype blocks and reside in intron 4 of SMOC2.
Haplotype analysis revealed a common G-T haplotype (rs747995-
rs1402) with 77% frequency in never-smoking FHS subjects. The
G-T haplotype was associated with reduction of 126 ml for FEV,
(p = 0.0002) and 157 ml for FVC (p = 0.0002). The G-T haplotype
was similarly associated in a set of never-smoking subjects from the
Family Heart Study (FEV,, p = 0.03; FVC, p = 0.03).

Conclusions: The replication of the association in two populations
supports the possibility that SMOC2 might play an important role
in the determination of FEV, and FVC.
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The observation that pulmonary diseases cluster in families (1, 2)
and the substantial heritability of spirometric pulmonary func-
tion measures demonstrated in population-based samples (3-10)
support the hypothesis that genetic factors influence both vari-
ability in pulmonary function and risk of chronic obstructive
pulmonary disease (COPD). The spirometric measurements of
FEV,, FVC, and FEV,/FVC are estimated to be between 15
and 60% heritable in population-based samples (8, 10). Familial
factors may influence lung size during development, as well as
affect the response to environmental toxins such as cigarette
smoke.

Today, o;-antitrypsin deficiency is the only proven genetic
determinant of COPD (11-16). The homozygous deficiency of
the serine protease inhibitor as-antitrypsin is associated with
early-onset emphysema in smokers in their fourth decade of life
and nonsmokers in their fifth decade (17) and accounts for less
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

oy-Antitrypsin deficiency is the only proven genetic deter-
minant of chronic obstructive pulmonary disease.

What This Study Adds to the Field

The study provides evidence for the implication of yet an-
other gene, SMOC2, in lung function. SMOC2 was found
to affect FEV, and FVC in two different populations, the
NHLBI Framingham Heart Study and the NHLBI Family
Heart Study.

than 2% of all COPD (18). The heterozygous form of the muta-
tion has been inconsistently associated with an increased risk of
COPD. Mutations in alleles of aj-antichymotrypsin, a highly
homologous protease inhibitor (19), have also been associated
with obstructive lung disease in case-control studies (20).

Genomewide linkage for pulmonary function measures has
been performed in population-based family studies. In the Fra-
mingham Heart Study (FHS), linkage was identified on chromo-
some 6qter: FEV, (LOD [logarithm of the odds] = 2.4) and
FEV/FVC (LOD = 1.4) (21). A follow-up study demonstrated
that the addition of new markers resulted in stronger evidence
for linkage to FEV, at 184.5 cM (LOD = 5.0) (22). The linkage
in FHS lies in the region of 184 cM (D6S503) to 190 cM (D6S281)
on 6q27. Linkage in this region was not reported in the population-
based sample from the National Heart, Lung, and Blood Institute
(NHLBI) Family Heart Study (23). To identify the possible gene
on 6q27 that is contributing to the linkage peak observed in the
Framingham sample, we adopted a candidate gene approach.
One candidate gene is the “secreted protein acidic and rich in
cysteines” (SPARC)-related modular calcium binding 2 gene
(SMOC2).

SMOC?2 (locus ID: 64094) harbors a Kazal domain, two thy-
moglobulin type-1 domains, two EF-hand calcium-binding do-
mains, and a putative signal peptide (24). The SMOC2 Kazal
domain, like aj-antitrypsin, encodes for a serine protease inhibi-
tor. The thymoglobulin type-1 domains might also act as inhibi-
tors of several proteases. The SMOC2 gene has been cloned
and characterized (25). The protein was reported to be expressed
in the lung and in the aorta, and the mRNA has been reported
to be up-regulated during neointima formation in a rat balloon
injury model (24), which suggests that SMOC2 may play an
important role in lesion growth. Here, we examine the associa-
tion between 20 single-nucleotide polymorphisms (SNPs) span-
ning 1,477 kb around and in SMOC2 and spirometry measures
in the FHS population. In addition, we report a haplotype analy-
sis of the implicated SNPs evaluated in a sample from the NHLBI
Family Heart Study.
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Some of the results of these studies have been previously
reported in the form of an abstract and poster at the American
Society of Human Genetics 2003 annual meeting (26).

METHODS
FHS Subjects and Analysis

This study examined unrelated subjects from the FHS offspring cohort,
a sample of white Americans of predominantly western European de-
scent. In 1971, FHS recruited the biologic offspring of the original
participants and the spouses of these offspring. A cohort of unrelated
offspring participants was sampled by selecting one member from each
family, yielding a sample of 1,888 individuals. The spirometric methods
used in the FHS have been previously described (21,22, 27). Spirometric
data were available on 1,734 of the unrelated subjects. The mean value
of spirometry and covariates at two time points was used when available.
Participants having only one examination with spirometry were in-
cluded with data from a single exam.

Analyses were performed using a multiple linear regression model
with FEV; or FVC as the dependent variable and a dominant modeling
strategy. The models included as covariates age, sex, height, body mass
index (BMI) (kg/m?), smoking status (never, former, or current), and
pack-years. In addition, SNPs were analyzed within strata of never-
and ever-smokers using the same covariates. Haplotype association,
adjusted for covariates, was assessed using the program haplo.stats (28,
29) (Haplo.stats software is available at http://cran.r-project.org/src/
contrib/Descriptions/haplo.stats.html).

Family Heart Study Subjects and Analysis

The Family Heart Study participants evaluated in this report comprise
225 white families being studied for linkage to BMI on chromosome
7 (30). Details of the original design have been described previously
(31). SNP and haplotype association was evaluated using Family Based
Association Tests implemented in the FBAT program (32, 33) (FBAT
software is available at http://www.biostat.harvard.edu/~fbat/default.
html). The analysis was performed in the full sample and stratified by
smoking using phenotypic residuals for FEV, and FVC that were ad-
justed for age, age-squared, BMI, height, smoking status, and pack-
years in separate regression models by sex (23). The p values reported
are FBAT results testing the null hypothesis of no linkage and no
association. Estimates of the SNP and haplotype effects on FEV,; and
FVCin liters were generated using regression models adjusting for the
same covariates. Haplotypes were predicted in families using Merlin
(34) (Merlin software is available at http://www.sph.umich.edu/csg/
abecasis/Merlin/download/).

SNP Genotyping

We evaluated 42 SNPs selected from the SNP Consortium Database
(www.ncbi.nlm.nih.gov/SNP) using assays based on the Sequenom
matrix-assisted laser desorption/ionization time-of-flight mass spectro-
metry platform (35). All SNPs were genotyped in at least 32 individuals
to establish their heterozygosity. Polymorphic SNPs were typed in all
unrelated FHS subjects. Lab controls and duplicate samples were geno-
typed for quality control. All SNPs were tested for Hardy-Weinberg
equilibrium (HWE). Two SNPs exhibiting modest departure from
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HWE were regenotyped using TagMan assays on a Prism 7900HT
Sequence Detection System (Applied Biosystems, Foster City, CA).
The ABI Prism system was also used for genotyping in the Family
Heart Study subjects.

Linkage Disequilibrium and Haplotype Analysis

Linkage disequilibrium (LD) between all markers was assessed using
Haploview (36) (Haploview software is available at http:/www.broad.mit.
edu/mpg/haploview/download.php). Haplotype blocks were estimated
using the confidence interval method (37). The default settings were
used to define SNP pairs in strong LD. A block was identified when
at least 95% of SNP pairs in a region met criteria for strong LD.
Haplotype block information was used to select SNPs for haplotype
analysis. SNP rs747995 was selected for the haplotype because of the
association observed in nonsmokers, and rs1402 was selected for its
position outside of the LD block that included rs747995 and due to its
observed association with phenotype in the complete sample. These
two SNPs generated a strong haplotype result in the Framingham sam-
ple and were genotyped and tested for association in the Family Heart
Study. To explore haplotypes among smokers, rs2248421, rs1402, and
1s968440, each identified for association with FEV| in the ever-smokers
and representing different LD blocks, were combined.

RESULTS

Characteristics of the unrelated FHS and the Family Heart Study
subjects are presented in Tables 1 and 2. In both populations,
nonsmoking subjects had a higher FEV,/FVC ratio than smokers.
SNPs in and near the SMOC2 gene were selected from the
National Center for Biotechnology Information (NCBI) data-
base on the basis of their location. A total of 42 SNPs were
genotyped; 15 SNPs were found to be nonpolymorphic in the
initial screening test. The remaining 27 SNPs were typed in all
FHS subjects; 7 were out of HWE (p < 0.01) and excluded from
further analyses. SNPs rs747995 and rs714937 had moderate
departure from HWE (0.01 < p < 0.05) and were retyped on
the ABI platform. The genotypes between the Sequenom and
ABI were largely consistent, with 98.5% identical genotypes
for 15747995, and 99.1% identical genotypes for rs1402. The
mismatched genotypes were discarded and only concordant calls
were used in association analyses.

FHS Sample

Table 3 shows characteristics of the 20 SNPs in and around
SMOC?2 that were used for association analysis. The SNPs are
presented according to their chromosomal location in build 36.1.
All tested SNPs in SMOC2 are intronic and their minor allele
frequency is between 3 and 44 %. Only one SNP (rs1402) showed
significant association to FEV, (p = 0.003) and FVC (p = 0.02)
in the complete sample with the presence of the minor allele
(G) associated with a mean FEV, 96 ml higher and mean FVC
84 ml higher than common allele homozygotes (Table 3). A
second SNP, rs747995, was significantly associated with only

TABLE 1. CHARACTERISTICS OF THE UNRELATED NHLBI FRAMINGHAM SUBJECTS

Nonsmokers

Smokers

Males (n = 267)

Females (n = 317)

Males (n = 608) Females (n = 548)

Age, yr 51.4 = 10.0 52.8 9.9 53.6 + 9.4 52.0 £ 9.1
Body mass index 27.5+3.7 26.7 = 5.5 28.1 = 4.0 25.8 = 4.9
FEV;, % predicted 99 +0.14 101 = 0.13 94 + 0.15 96 + 0.16
FVC, % predicted 100 = 0.13 101 £ 0.13 97 +0.13 99 +0.13
FEV,/FVC ratio 0.76 + 0.07 0.77 + 0.05 0.74 = 0.07 0.75 = 0.07
Current smoking, % 35.9 42.9
Pack-years 28.8 = 22.7 203 194

Values are mean *+ SD, except % current smoking.
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TABLE 2. CHARACTERISTICS OF THE NHLBI FAMILY HEART STUDY SUBJECTS

Nonsmokers

Smokers

Males (n = 248)

Females (n = 363)

Males (n = 257) Females (n = 194)

Age, yr 50.1 = 14.4 52.7 £ 13.6 544 =133 525+ 125
Body mass index 28.1 = 5.0 283 = 7.1 279 = 4.7 27.8 = 6.7
FEV;, % predicted 101 = 14 102 =15 89 =18 97 £ 19
FVC, % predicted 106 + 14 108 + 15 98 + 15 106 = 17
FEV,/FVC ratio 0.76 = 0.07 0.77 = 0.06 0.72 = 0.10 0.74 = 0.08
Current smoking, % 31.5 29.4
Pack-years 33.1 = 28.5 19.8 £ 19.0

Values are mean + SD, except % current smoking.

FVC. After stratification by never/ever smoking status, however,
seven SNPs showed significant association (p < 0.05) with FEV,
or FVC in at least one of the strata (Table 4). In nonsmokers,
SNP rs747995 showed the strongest association with FEV, (p =
0.0006) and FVC (p = 0.0008), with the minor allele associated
with a 149 ml higher FEV, and 177 ml higher FVC compared
with common allele homozygotes.

The region spanning the genotyped SNPs was assessed for
patterns of LD, and three LD blocks were identified (Figure 1).
Block 1 harbored four SNPs, including rs747995 (SNPs 6-9 in
Figure 1), and the three SNPs in this block with minor allele
frequencies (MAF) between 14 and 20% each showed associa-
tion with FEV, and FVC in nonsmokers. The lower MAF SNP
in this block (rs1884475, MAF = 5%) was modestly associated
with FVC in smokers. SNP rs1402 was in the region adjacent to
this block. A haplotype of SNPs rs747995 and rs1402 revealed
a significant global haplotype association with FEV, (p = 0.02)
and FVC (p = 0.02) using all unrelated FHS subjects and a 0.05
significance level. The haplotype association was stratified by

smoking status, and although the global haplotype association
in ever-smokers did not suggest association (FEV,, p = 0.19;
FVC, p = 0.59), the global haplotype association in the strata
of never-smokers was statistically significant (FEV, p = 0.0008;
FVC, p = 0.002). Table 5 presents the different haplotypes of
rs747995-1s1402 in never-smokers, the haplotype frequency, B-
estimates, and p values for FEV, and FVC. In never-smoking
subjects, one common two-SNP haplotype (77%), representing
alleles G and T from SNPs rs747995 and rs1402, respectively,
was found to be associated with 126 ml lower FEV, (p = 0.0002)
and 157 ml lower FVC (p = 0.0002).

A haplotype incorporating the rs2248421, rs1402, and
r$968440 SNPs was significantly associated with FEV, and FVC
(p = 0.006 for both) in the stratum of smokers (Table 6). The
three-SNP haplotype result identified a 1.7% frequent haplotype
(T-T-A) associated with 255 ml lower mean FEV, and 294 ml
lower mean FVC in smokers. This haplotype was not globally
significant in the nonsmokers, and the effect of the T-T-A haplo-
type in nonsmokers was estimated to be only a 19 ml lower
mean FEV,.

TABLE 3. GENOTYPED SINGLE-NUCLEOTIDE POLYMORPHISMS ON 6q27 AND THEIR
ASSOCIATION WITH PULMONARY FUNCTION MEASURES (FEV; AND FVC) IN NHLBI

FRAMINGHAM HEART STUDY SUBJECTS

FEV, FVC
SNP rs  Chromosomal Chromosomal Minor  Minor Allele
SNP Number Cluster ID Location Region Allele Frequency (%) B- Estimate p Value - Estimate p Value
1 rs1548349 168202694 Coding FRMD1 G 0.083 0.023 0.49 0.006 0.88
2 rs902393 168206473 Coding FRMDT A 0.086 0.023 0.42 0.029 0.38
3 rs1232314 168632154 Intron 1 SMOC2 G 0.216 -0.014 0.52 -0.016 0.52
4 rs2248785 168656395 Intron 2 SMOC2 A 0.045 —0.033 0.39 —0.048 0.28
5 rs2248421 168659271 Intron 2 SMOC2 T 0.037 —0.054 0.2 —0.095 0.05
6 rs2255680 168670298 Intron 3 SMOC2 A 0.197 0.009 0.7 0.024 0.36
7 rs747995 168673665 Intron 4 SMOC2 A 0.143 0.038 0.17 0.066 0.04
8 rs1884475 168673825 Intron 4 SMOC2 T 0.046 —0.024 0.54 —0.063 0.16
9 rs714937 168674344  Intron 4 SMOC2 A 0.195 0.005 0.84 0.019 0.48
10 rs1402 168686225 Intron 4 SMOC2 G 0.07 0.096  0.003 0.084 0.02
11 rs753149 168722764 Intron 7 SMOC2 T 0.049 —0.033 0.36 0.009 0.84
12 rs968440 168782529 Intron 9 SMOC2 G 0.339 0.029 0.19 0.043 0.09
13 rs911948 168783978 Intron 9 SMOC2 A 0.309 0.028 0.19 0.028 0.26
14 rs196450 168815325 3’ SMOC2 C 0.429 -0.014 0.55 —0.005 0.85
15 rs196458 168859305 3’ SMOC2 G 0.078 -0.012 0.69 0.002 0.94
16 rs196472 168867264 3’ SMOC2 A 0.222 —0.034 0.13 —0.043 0.09
17 rs1407516 168869733 3’ SMOC2 C 0.249 —0.003 0.9 —0.009 0.72
18 rs1401 169175653 3’ SMOC2 T 0.303 -0.018 0.42 —0.02 0.42
19 rs736190 169522023 3’ SMOC2 A 0.165 0.006 0.8 —0.005 0.86
20 rs1001844 169679886 Intron WDR27 T 0.058 -0.016 0.65 -0.03 0.47

Definition of abbreviation: SNP = single-nucleotide polymorphism.

All SNPs were identified in the public SNP database (www.ncbi.nlm.nih.gov/SNP) and are presented by their cluster identification
numbers. The physical position (in base pairs) and chromosomal regions correspond to genome build 36.1. The association
analysis for all subjects is presented. B-Estimates and p values for FEV, and FVC are presented. Unit 8 values are represented in
liters with a negative sign associated with a lower mean FEV; and FVC in minor allele carriers. p Values < 0.05 are shown in bold.
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TABLE 4. SINGLE-NUCLEOTIDE POLYMORPHISM ASSOCIATION WITH FEV, AND FVC IN NEVER-
AND EVER-SMOKING NHLBI FRAMINGHAM HEART STUDY SUBJECTS

Never-smoking

Ever-smoking

FEV; FvC FEV; FvC
SNP ID B- Estimate p Value B-Estimate p Value B-Estimate p Value B- Estimate p Value
1 rs1548349 —0.067 0.21 —-0.032 0.62 0.069 0.10 0.025 0.59
2 rs902393 —-0.008 0.86 —-0.007 0.91 0.036 0.32 0.044 0.28
3 rs1232314 —-0.03 0.41 —0.028 0.52 —-0.007 0.81 —0.01 0.75
4 152248785 0.007 0.91 0.052 0.5 —-0.053 0.26 —0.094 0.08
5 152248421 0.042 0.55 0.046 0.59 —-0.102 0.05 —0.161 0.007
6  rs2255680 0.092 0.01 0.135 0.002 -0.037 0.2 -0.037 0.25
7 rs747995* 0.149 0.0006 0.177 0.0008 —-0.022 0.53 0.006 0.89
8  rs1884475 0.057 0.39 0.075 0.35 —0.058 0.23 -0.122 0.02
9 rs714937* 0.076 0.04 0.122 0.006 —0.034 0.25 -0.039 0.25
10 rs1402 0.09 0.08 0.118 0.06 0.103 0.01 0.069 0.13
11 rs753149 —0.003 0.95 0.034 0.62 —0.046 0.32 —0.005 0.93
12 rs968440 -0.018 0.62 0.025 0.56 0.05 0.05 0.057 0.06
13 rs911948 0.019 0.59 —0.006 0.88 0.034 0.21 0.045 0.14
14 rs196450 —0.023 0.55 0.01 0.82 -0.011 0.7 -0.014 0.69
15 rs196458 —-0.085 0.09 —-0.036 0.55 0.024 0.52 0.02 0.64
16 5196472 —-0.056 0.11 —-0.071 0.09 —-0.023 0.4 —0.03 0.34
17 rs1407516 —0.009 0.8 —0.002 0.96 0.0003 0.99 -0.011 0.72
18  rs1401 —0.043 0.22 —-0.026 0.54 —-0.002 0.93 -0.015 0.62
19 15736190 0.0009 0.98 0.024 0.6 0.008 0.79 -0.02 0.56
20 51001844 0.019 0.74 0.075 0.28 —0.031 0.49 -0.078 0.12

Definition of abbreviation: SNP = single-nucleotide polymorphism.
* SNPs genotyped using both Sequenom and ABI platforms and cleaned for any genotype inconsistencies between methods.

p Values < 0.05 are shown in bold.

Family Heart Study Sample

Similar to the FHS, the Family Heart Study is a population-
based family cohort, and the lung function characteristics shown
in Table 2 show similarity to the Framingham sample. We at-
tempted to replicate the SNP and haplotype association observed
in never-smokers in a sample from the NHLBI Family Heart
Study. SNPs rs747995 and rs1402 were tested using a dominant/
recessive model in FBAT in the full sample of never- and ever-
smokers, and the minor allele of rs1402 was associated with both
FEV, (p = 0.05) and FVC (p = 0.03). The presence of the minor
allele (G) of rs1402 was associated with a higher mean FEV, by
85 ml and FVC by 100 ml compared with the common allele
homozygotes. In these samples, rs747995 was significantly associ-
ated with FVC (p = 0.02), with the minor allele (A) associated
with higher FVC levels for the homozygous genotype. A total
of 21 individuals carried the AA genotype of rs747995, and they
had a mean FVC 264 ml higher than carriers of the G allele.
In the full sample, the haplotype of rs747995 and rs1402 was
borderline globally significant for association with FVC (p =
0.07). In never-smokers, the G-T haplotype of rs747995 and
rs1402 showed association to FEV; and FVC (p = 0.03 for both),
although the global haplotype tests did not produce significant
results (FEV,, p = 0.14; FVC, p = 0.06). Table 5 presents the
different haplotype results for NHLBI Family Heart Study non-
smoking subjects using an additive genetic model for comparison
with FHS results. Similar to the observed effects in Framingham,
the Family Heart study results indicate the common haplotype
(80%) to be associated with lower mean levels of FEV, and
FVC and a 7% haplotype associated with higher levels.

Bioinformatic analysis for the region harboring the haplotype
showed that rs747995 and rs1402 reside in intron 4 of SMOC2.
Figure 2 shows a genomic view of the two haplotyped SNPs and
their location in SMOC2. Further analysis showed that the region
of SMOC2 intron 4 harbors an antisense encoding mRNA
(AK130868) (Figure 2).

DISCUSSION

Using linkage analysis, we previously identified a quantitative
trait locus influencing FEV, on 6q27 (LOD score = 5 at 184.5
cM) (22). In an effort to identify a gene(s) in the linkage region
that influences FEV, and/or FVC, we applied a candidate gene
approach. One candidate gene on 6q27 is SMOC2, which has
homology to the protease inhibitor «;-antitrypsin, the one gene
known to influence the development of COPD in smokers.

The SMOC2 homology to al-antitrypsin is characterized by
the domain homology. SMOC2 encodes an EF-hand calcium-
binding domain, two thymoglobulin-like domains, a follistatin-
like domain, and a novel domain without known homologs (25).
The thymoglobulin domains bind and act as inhibitors to differ-
ent proteases, such as serine and cysteine proteases (38, 39).
The follistatin-like domains, including the Kazal-type protease
inhibitor domain, are usually indicative of serine protease inhibi-
tors (such as the thymoglobulin domain) (40). Thus, SMOC2
contains multiple domains with the potential to act as protease
inhibitors, and protease/antiprotease imbalances represent a
leading hypothesis in the etiology of COPD.

To assess the role of SMOC2 in association with FEV, and
FVC, we studied a set of 1,734 unrelated individuals from the
FHS (Table 1). Although a significant association with both
FEV, and FVC was found in the total sample for only 1 of
the 20 SNPs tested, an additional 6 SNPs showed significant
association with lung function when the sample was stratified
on smoking status. SNPs that showed significant association to
FEV, and FVC in nonsmokers (rs2255680, rs747995, and
rs714937) were located in introns 3 and 4 of SMOC2. SNP
1rs2248421, which resides in intron 2, showed significant associa-
tion to FVC in ever-smokers, and rs1884475 and rs1402 (intron
4) were also associated in the ever-smoking sample. HapMap
data suggest that 21 haplotype blocks may be present within
SMOC2 (http://www.hapmap.org/). Although we may not have
sampled SNPs from each of these blocks to rule out other regions
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Figure 1. Linkage disequilibrium (LD) block structure around SMOC2. The color scheme (white to black) represents the increasing strength of LD.
Values for D' (X100) are shown, and empty boxes indicate D' = 1. Three LD blocks were identified using the confidence interval method.

TABLE 5. HAPLOTYPE ASSOCIATION RESULTS FOR SINGLE-
NUCLEOTIDE POLYMORPHISMS IN THE SMOC2 GENE
WITH FEV; AND FVC IN NEVER-SMOKERS FROM THE NHBI
FRAMINGHAM AND FAMILY HEART STUDY

FEV, FVC
rs747995 rs1402 Frequency B-Estimate p Value B-Estimate p Value
Framingham Heart Study Unrelated Subjects
G T 0.77 —0.126  0.0002 —0.157  0.0002
G G 0.07 0.092 0.10 0.139  0.04
A T 0.16 0.124  0.002 0.140  0.004

Family Heart Study Subjects
G T 0.80 —0.062 0.03 -0.122 0.03
G G 0.07 0.169  0.05 0.186  0.05
A T 0.13 0.001 0.29 0.077 0.29

The different haplotypes for rs747995-rs1402 single-nucleotide polymor-
phisms, the haplotype frequency, and the p value for each haplotype with FEV,
and FVC in the Framingham and Family Heart Study are presented. Haplotype-
specific B-estimates with a negative sign are associated with lower mean FEV; (L)
and FVC (L) and those without signs are associated with higher mean FEV; (L)
and FVC (L). p Values < 0.05 are shown in bold.

of the gene as harboring associated SNPs, the area of strongest
association was localized to the region around exons 3 and 4.

The SMOC2 region was assessed for patterns of LD to identify
SNPs for haplotype analysis (Figure 1). We identified a common

TABLE 6. HAPLOTYPE ASSOCIATION ANALYSIS FOR SINGLE-
NUCLEOTIDE POLYMORPHISMS IN SMOC2 WITH FEV,; AND
FVC IN EVER-SMOKERS FROM UNRELATED SUBJECTS FROM
THE NHLBI FRAMINGHAM HEART STUDY

FEV, FvC

rs2248421 rs1402 rs968440 Frequency B-Estimate p Value B-Estimate p Value

T T A 0.017 —0.255 0.006 —0.294 0.003
C A 0.597 —0.048 0.02 —0.045 0.06
T T G 0.022 -0.032 0.67 -0.123  0.12
C G G 0.022 0.114 0.14 0.088 0.33
C G A 0.045 0.092 0.07 0.065 0.26
C T G 0.297 0.048 0.03 0.064 0.01

Haplotype-specific B-estimates with a negative sign are associated with lower
mean FEV; (L) and FVC (L) and those without signs are associated with higher
mean FEV; (L) and FVC (L). p Values < 0.05 are shown in bold.
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Figure 2. Genomic view of 6q27 harboring the SMOC2 region. Single-nucleotide polymorphisms genotyped in the Framingham sample are labeled,
the intron/exon structure of SMOC2 is shown, and the SMOC2 and AK130868 mRNA are depicted. (Available from the UCSC Genome Browser

website: http://genome.ucsc.edu).

haplotype (rs747995-rs1402) with a frequency of 77% in the
nonsmoking FHS subjects that was associated with lower FEV,
and FVC levels (p = 0.0002 for both). Two minor haplotypes
of 7 and 16% frequency were associated with higher FEV, and
FVC levels.

To replicate these results in a separate sample, we genotyped
the two SNPs in the associated haplotype (rs1402-rs747995) in
a set of 225 pedigrees from the NHLBI Family Heart Study.
Both SNPs individually were associated with pulmonary function
in the full Family Heart Study sample. For rs1402, the genetic
model and estimates of the effect on FEV, and FVC were consis-
tent with the observations from the FHS. For rs747995, the
minor allele association with higher levels of lung function was
observed more clearly for carriers of two copies of the minor
allele than one. This recessive model result compared with a
dominant model result calls into question whether the heterozy-
gote genotype has a replicated effect on phenotype, but in both
studies, the minor allele homozygotes for rs747995 were ob-
served with higher mean spirometry. Nonetheless, haplotype
analysis of the two SNPs revealed that both the haplotype fre-
quencies and their association with lung function among never-
smokers were similar in the two samples. Haplotype association
was observed despite the absence of linkage to pulmonary func-
tion on 6q27 in the Family Heart Study. The replication of the
haplotype frequency and effect confirms that these SNPs are
common in the general population and provides strong evidence
that they are associated with FEV, and FVC.

The two SNPs we identified span a small region (~ 12,560
bp) on 6q27 that flank exon 4 of SMOC2. How this region
impacts SMOC?2 gene function is not currently known. Effects
on expression, splicing, or properties of the SMOC2 gene prod-
uct are possible. In addition, an identified antisense mRNA
transcript (AK130868) in this region could impact readout from
SMOC2. Further functional analyses using various combinations
of these SNPs may help to confirm these findings and provide
insight into the function of each variant and transcripts.

Because this was a population-based study with a low preva-
lence of overt obstructive lung disease, it was not possible to
determine whether SMOC2 haplotypes were associated with
COPD per se. Different SNPs showed association to lung func-
tion in smokers and never-smokers, with the strongest associa-
tion signal found in never-smoking subjects. Moreover, the effect
of the alleles on lung function appears to be modified by exposure
to cigarette smoke. We observed minor allele effect estimates

associated with higher lung function in never-smokers and lower
lung function in smokers. If the haplotypes identified correspond
to different SMOC?2 isoforms, those isoforms may influence lung
function differently in the presence or absence of smoking. The
association of the A-T and G-G haplotypes with higher lung
function in nonsmokers may reflect a gene variant(s) with an
impact on lung growth and development, whereas the association
of haplotypes with reduced lung functions in smokers, if con-
firmed, may reflect a gene variant with an increased susceptibility
to proteolytic lung injury. Whether SMOC2 variants directly
affect susceptibility to development of COPD either by modi-
fying lung volumes attained during growth and development or
by influencing response to environmental irritants such as to-
bacco smoke would be better addressed in a clinical sample.

One limitation of this study is the ability to address how the
SMOC2 variants explain the linkage result previously described.
Due to scarce DNA resources, only a subset of the participants
previously studied for linkage are available for new genotyping.
Although we previously obtained an LOD score of 5 on 6q27,
the smaller sample currently available generates only an LOD
of 1.38. Adjusting for the rs747995 and rs1402 SNPs in linkage
increased the LOD to 1.47, suggesting that although the SNPs
account for variance in FEV,, they do not necessarily account
for the linkage observed.

In summary, the strong association of SNPs and haplotypes
in the intron-4 region of SMOC2 with the pulmonary function
measurements FEV, and FVC suggests that common SMOC2
sequence variants are associated with pulmonary function in
the general population. This inference is strengthened by the
identification of a common haplotype associated with lung func-
tion in two populations, unrelated FHS and Family Heart Study
sample. Identification of the specific genetic variant affecting
lung function may permit improved COPD risk assessment.
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