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Abstract

Rationale: Patterns of longitudinal lung function growth and decline
in childhood asthma have been shown to be important in
determining risk for future respiratory ailments including chronic
airway obstruction and chronic obstructive pulmonary disease.

Objectives: To determine the genetic underpinnings of lung
function patterns in subjects with childhood asthma.

Methods: We performed a genome-wide association study of 581
non-Hispanic white individuals with asthma that were previously
classified by patterns of lung function growth and decline (normal
growth, normal growth with early decline, reduced growth, and
reduced growth with early decline). The strongest association was also
measured in two additional cohorts: a small asthma cohort and a large
chronic obstructive pulmonary disease metaanalysis cohort.
Interaction between the genomic region encompassing the most
strongly associated single-nucleotide polymorphism and nearby genes
was assessed by two chromosome conformation capture assays.

Measurements and Main Results: An intergenic single-
nucleotide polymorphism (rs4445257) on chromosome 8 was strongly
associated with the normal growth with early decline pattern compared
with all other pattern groups (P = 6.7 X 10~ °; odds ratio, 2.8; 95%
confidence interval, 2.0-4.0); replication analysis suggested this
variant had opposite effects in normal growth with early decline and
reduced growth with early decline pattern groups. Chromosome
conformation capture experiments indicated a chromatin interaction
between rs4445257 and the promoter of the distal CSMD3 gene.

Conclusions: Early decline in lung function after normal growth
is associated with a genetic polymorphism that may also protect
against early decline in reduced growth groups.

Clinical trial registered with www.clinicaltrials.gov
(NCT00000575).

Keywords: CSMD3; asthma; chronic obstructive pulmonary
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At a Glance Commentary

Scientific Knowledge on the
Subject: In people with asthma,
patterns of lung function growth and
decline from early childhood through
early adulthood, including reduced
growth and early decline, may be
indicative of future chronic airway
obstruction, including development of
chronic obstructive pulmonary disease
in later life. These patterns may also
lead to asthma-chronic obstructive
pulmonary disease overlap syndrome
because they identify young subjects
with asthma meeting respiratory
criteria for chronic obstructive
pulmonary disease. A genetic
investigation into these patterns is
warranted.

What This Study Adds to the
Field: We demonstrate evidence of a
genetic effect on abnormal longitudinal
lung function, integrating genetic,
genomic, and chromatin interaction
data. Using replication populations, we
present evidence that the minor allele
of rs4445257 on chromosome 8 is a risk
factor for early decline following
normal growth of lung function, but
protective of early decline following
reduced growth.

The natural history of lung function,
measured by FEV , in normal individuals
is characterized by swift increase in
adolescence, a leveling-off or plateauing in
early adulthood, and a gradual decline into
middle and old age (Figure 1) (1). In
individuals with lung disease, including
asthma, divergences from the canonical
pattern can manifest as reduced growth,
early decline, rapid decline, or a
combination of these (2). A pattern of FEV,
growth and decline characterized by early
decline has been associated with smoking
and respiratory symptoms (3, 4), and
reduced level of lung function has been
associated with increased incidence of later-
life chronic obstructive pulmonary disease
(COPD) (5).

Apart from the longitudinal patterns of
lung growth and decline, reduced FEV, is
of clinical importance, because this is
associated with later chronic airway
obstruction (6-8) and with increased
mortality (9). Reduced lung function is
frequently associated with asthma
incidence, including asthma recurrence and
recurrent wheeze (10). Airway function is
of particular interest in young people with
asthma, a population at risk for chronic
airway obstruction (8, 11-14).

A low level of lung function tends to
remain stable during aging (15). Low FEV,
relative to a person’s age, sex, height, and
race/ethnicity, tends to persist and track

with growth from infancy or early
childhood and into adulthood (16). Among
genetic variants associated with asthma and
COPD, some have subsequently been
associated with rates of lung function
decline among adults (17), whereas other
single-nucleotide polymorphisms (SNPs)
associated with reduced maximal lung
function in the general population were not
associated with decline of FEV in a large
metaanalysis (18). Parallel genome-wide
association studies (GWASs) of lung
function in adults with asthma and in
normal adults found little overlap among
their strongest associations (18, 19).

We have previously investigated the
determinants of FEV| pattern and natural
history of participants of the CAMP
(Childhood Asthma Management
Program) cohort, who were recruited at
ages 5-12 years and followed for up to
18 years (2). We report here a GWAS of
the impact of SNPs on longitudinal lung
function growth patterns. Association
results were extended to the Dutch Asthma
Genetics cohort of young-adult subjects
with asthma. Further association of
candidate genetic variants in a COPD
GWAS metaanalysis cohort provided
generalization of these effects to a later-life
low-FEV, sample that realized the lung
function endpoint projected for those with
childhood asthma experiencing premature
lung function decline. Some of the results of
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Figure 1. Longitudinal lung function trajectories. Possible lung function trajectories over a person’s
lifetime are shown; the lung function is plotted for each age as the percentage of the maximum FEV
obtained for a normal individual (maximum usually attained in the 18- to 30-yr range). Normal lung
function growth and decline (Normal growth) is characterized by a steep increase in adolescence,
a plateau in early adulthood, and a gradual decline into old age. Abnormal trajectories (Reduced
Growth, Early Decline, and Reduced Growth with Early Decline) are also shown. The red dotted line
and red brace indicate levels of FEV4 that meet spirometric criteria for chronic obstructive pulmonary
disease (COPD) Global Initiative for Chronic Obstructive Lung Disease (GOLD) stages 2 and 3.

this study have been previously reported in
the form of an abstract (20).

Methods

Cohort Methods
CAMP was a randomized, placebo-
controlled trial of inhaled antiinflammatory
treatments for mild to moderate childhood
asthma followed by three phases of
observational follow-up; the trial and all follow-
up phases included at least annual spirometry
(21, 22). A total of 1,041 participants
enrolled in the trial between 1993 and 1995
at age 5-12 years; follow-up continued to
2012 when participants were age 22-30.
Prebronchodilator FEV; values
obtained on subjects without asthma
in National Health and Nutrition
Examination Survey (NHANES) III (23)
adjusted for age, race/ethnicity, sex, and
height were used to categorize CAMP
participants into four patterns of lung
function growth and decline: (1) normal
growth with a normal plateau or maximum
not yet reached (NG), (2) normal growth
with early decline (NG/ED), (3) reduced
growth with a normal plateau or maximum
not yet reached (RG), and (4) reduced
growth with early decline (RG/ED). NG
was defined as a FEV,; growth curve
predominantly above the 25th percentile

of NHANES III, whereas RG was defined
as a FEV; growth curve below the 25th
percentile. The presence of ED was
indicated by a decrease from maximal level
earlier than expected per NHANES III
normal FEV; growth curves. For further
details, see McGeachie and coworkers (2).

Of 1,041 CAMP participants, 63 were
omitted for FEV; measures too sparse to
classify and 29 were omitted for FEV,
growth trajectories not matching any
pattern. The 949 remaining participants
were classified into one of the four patterns.
Of these 949, a total of 684 (72%) had at
least one FEV; measurement at age 23 years
or older; these 684 subjects were considered
to have high-confidence pattern
assignments (Figure 2).

CAMP GWAS

To preserve as many participants as possible
for genetic association tests, we performed a
GWAS on 581 CAMP white non-Hispanic
patients who were successfully genotyped
using either the Illumina 550 or Illumina
610 microarrays (Illumina Inc., San Diego,
CA) and had an initial pattern assignment
but not necessarily a high-confidence
classification. Genotypes were imputed
using MaCH (24) to over 8 million SNPs by
using phased genotype data from the 1,000
Genomes v3 project at the Channing
Division of Network Medicine. Genotype

McGeachie, Yates, Zhou, et al.: Genetics of Patterns of Longitudinal Lung Function

data were filtered for quality by limiting
investigation to SNPs with a minor allele
frequency of at least 0.05 and probability of
Hardy-Weinberg equilibrium of at least
0.001. A logistic regression test was used to
assess the additive association of each SNP
to longitudinal lung function growth
pattern, using each group in turn and
holding the other three groups as reference
(NG vs. NG/ED + RG + RG/ED, NG/ED
vs. NG + RG + RG/ED, RG vs. NG +
NG/ED + RG/ED, and RG/ED vs. NG +
NG/ED + RG). This resulted in four
separate GWASs being executed each with
6,116,380 SNPs and 581 total participants
in the four FEV, category groups, with
sex and age at enrollment included as
covariates. Examination of ancestry-based
principal components and a quantile-
quantile plot with and without adjustment
showed no evidence of population
stratification (see Figure E1 in the online
supplement) (genome inflation factor,
0.994; lambda, 1.016); principal components
were not adjusted in the final model. For
comparison purposes, we also reran the
GWAS using the intersection of the 581
genotyped CAMP subjects with the 684
high-confidence pattern-assigned CAMP
subjects (n = 396), following the previously
mentioned methodology (Figure 2).

SNP associations were calculated

using PLINK 1.07 (25).

Dutch Asthma Genetics Cohort

A selection of 114 subjects with asthma
taken from a cohort of 281 Dutch Asthma
Genetics participants was used for
replication based on longitudinal lung
function data availability (14). This cohort
comprised subjects with longitudinal
prebronchodilator FEV, ranging from ages
13 to 44 years. Subjects were chosen that
had at least one FEV, value before the age
of 25 years and at least two measurements
before the age of 29 (median [range], 18
[6-40] measurements before the age of 29).
Longitudinal prebronchodilator FEV,; per
subject were smoothed using LOESS splines
(SPSS, version 22; IBM, Armonk, NY). A
group of four asthma researchers (M.J.M.,
J.M.V,, D.S.P,, and S.T.W.) classified

each subject as either ED, no ED, or
unclassifiable. Classifications were initially
performed separately and where discrepant
compared with arrived at consensus
classifications. This resulted in 91 total
subjects with asthma classified as either ED
or no ED. These subjects were then
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Figure 2. Diagram of included populations. CAMP (Childhood Asthma Management Program) is the
primary discovery population; the Dutch cohort and chronic obstructive pulmonary disease
metaanalysis cohort were used for generalization of the association to related lung-function cohorts.
COPD = chronic obstructive pulmonary disease; ECLIPSE = Evaluation of COPD Longitudinally to
|dentify Predictive Surrogate End-points; ED = early decline; GenKOLS = Genetics of Chronic
Obstructive Lung Disease study; GWAS = genome-wide association study; NAS = Normative Aging
Study; NETT = National Emphysema Treatment Trial; NG = normal growth pattern (without early
decline); NG/ED = normal growth with early decline pattern; RG = reduced growth pattern (without
early decline); RG/ED =reduced growth with early decline pattern.

classified as RG or NG by comparison with
NHANES III, as previously mentioned.
Genome-wide genotyping was previously
available on 83 of the 91 selected subjects
with asthma, from the Illumina 317 and the
MMumina 370 Duo chips (Illumina); the
rs4445257 SNP passed quality control
metrics. Complete details have been described
previously (26). Association of rs4445257 to
ED was performed using a logistic regression
test (SPSS, version 22; IBM).

COPD Metaanalysis GWAS

COPD GWAS results from a combined
analysis of subjects from the National
Emphysema Treatment Trial/Normative
Aging Study, Norway GenKOLS, Evaluation
of COPD Longitudinally to Identify
Predictive Surrogate Endpoints, and
COPDGene studies were used to replicate
the association observed in CAMP with
early longitudinal lung function decline.
Greater detail on this metaanalysis has been
reported previously (27). Briefly,

1468

genotyping was performed on a total of
12,337 non-Hispanic white (n=9,767) and
African American (n = 2,570) subjects
using Illumina platforms (HumanHap 550,
Quad 610, or OmniExpress). These data
were then imputed to 1,000 Genomes Phase
1 v3 reference samples using MaCH (24)
and minimac (28). GWAS was performed
separately in each cohort for both moderate
to severe COPD (Global Initiative for
Chronic Obstructive Lung Disease grade 2
and above) and severe COPD (Global
Initiative for Chronic Obstructive Lung
Disease grade 3 and above) adjusting for
age, pack-years of smoking exposure, and
principal components of genetic ancestry
using PLINK 1.07 (25), and results were
combined via fixed-effects metaanalysis
using METAL (version 2010-08-01) (29).

Genomic Validation

Our most strongly associated GWAS SNP
was imputed in the CAMP cohort. We
subsequently genotyped rs4445257 in

CAMP using a TagMan assay for allelic
discrimination (Applied Biosystems,

Foster City, CA), available as assay
C__11868548_10. TagMan analysis was
performed using the QuantStudio 12K
Flex Software version 1.2.2 (Thermo Fisher
Scientific, Waltham, MA) according to
manufacturer’s specifications.

Candidate genes from our GWAS
analysis were assessed for differential
expression in a sample of 366 human fetal
lung tissues (postconception age 54-137 d).
Details of our fetal tissue sample collection
and RNA isolation have been described
previously (30). Expression was measured
using the Affymetrix GeneChip Human
Gene 1.0 ST array (Affymetrix, Santa Clara,
CA). The complete microarray data are
available through the Gene Expression
Omnibus of the National Center for
Biotechnology Information (http://www.
ncbinlm.nih.gov/geo/, accession number
GSE68896). Differential expression across
postconception age during human lung
development was assessed by performing
linear regression adjusted for sex and
intrauterine smoke exposure status.

Hi-C Analysis of Non-Small Cell Lung
Cancer Cells NCIH460
Genome-wide chromosome conformation
capture (Hi-C) was performed as described
next using two biologic replicates of
NCIHA460 cells (31, 32). Hi-C libraries were
sequenced on an Hi-Seq2000 Illumina
platform (paired end, 50 bases each). Reads
were mapped to the human genome (hg19)
using a previously published iterative
mapping procedure, and polymerase chain
reaction (PCR) duplicates were removed
(33). Chromatin interaction data were then
binned in 40-kb bins, and the data were
corrected for intrinsic biases, such as
mappability and restriction site density, as
described previously (33). Hi-C interaction
maps for biologic replicates were highly
concordant (Pearson correlation >0.9) and
were pooled. Hi-C data were produced as
part of the ENCODE project and will be
made publicly available according to
ENCODE data release standards. The data
are also available in Gene Expression
Omnibus (accession number pending).
The combined Hi-C dataset was used to
determine the positions of Topologically
Associating Domain (TAD) boundaries:
contiguous regions where loci display
relatively high interactions, separated by
boundaries that prevent interactions across
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them. Hi-C data for chromosome 8 from
position 111 to 118 Mb (hgl9 |
chr8:111,000,000-118,000,000) were
extracted from the genome-wide dataset to
identify TAD boundaries in the relevant
genomic region. The “insulation” score

of each 40-kb bin was calculated by
computing the average interaction signal
within a square starting at the interaction
matrix diagonal and extending 400 kb in each
direction (10 X 10 bins), as described in more
detail (34, 35). This captured the number of
interactions across a given bin. Relative
insulation scores were obtained by dividing
each insulation score by the average of all
insulation scores. Local minima representing
TAD boundaries were then identified by
scanning the entire region with a sliding
window of size 800 kb and marking the
midpoint of the 40-kb bin having the lowest
insulation index value as a TAD boundary.
Visual comparison of the insulation profile
with the Hi-C interaction map confirmed the
correct identification of TAD positions.

Circularized Chromosome
Conformation Capture

A circularized chromosome conformation
capture (4C) assay was used to assess the
interaction frequency between rs4445257

and the promoters of neighboring genes.
4C templates were generated based on a
published protocol with slight modifications
(36, 37). Human bronchial epithelial cells
(Beas-2B cell line) were cross-linked with
2% formaldehyde for 10 minutes at room
temperature. After cross-linking, cell nuclei
were isolated and DNA was digested with a
primary restriction enzyme recognizing a
4-bp restriction site (Mbol; NEB, cat. no.
R0147). This was followed by proximity
ligation. A secondary restriction enzyme
digestion was performed with a 4-bp restriction
enzyme (Nlalll; NEB, cat. no. R0125)
recognizing a different sequence than the
primary enzyme, followed again by proximity
ligation. Approximately 100-ng template

was used for the subsequent PCR reaction,
with conditions as follows: 95°C denaturing
for 3 minutes and 30 cycles of 95°C for

30 seconds, annealing at 56°C for 30 seconds,
and extension at 72°C for 1 minute followed
by extension at 72°C for 5 minutes. Primers
used in 4C-PCR are listed in Table E1.

Results

We performed a discovery GWAS of each of
four longitudinal lung function patterns

Table 1. Descriptive Characteristics of the CAMP Cohort by Lung Function Pattern

(one group compared with the other three)
in 581 non-Hispanic white CAMP subjects
with both complete genotype and phenotype
data (Figure 2). Baseline characteristics of
this group are shown in Table 1. In the 581,
we had 164 (28.2%) classified as NG,

116 (20.0%) as ED, 155 (26.7%) as RG, and
117 (20.1%) as RG with ED; additionally
29 (4.99%) had sparse data or an
undeterminable pattern. The group of

581 used in GWAS was not significantly
different from the remainder of the CAMP
cohort (see Table E2), apart from racial
homogeneity, and a lower proportion of
sparse/undetermined patterns. We have
previously conducted a misclassification
analysis of pattern assignment in this cohort,
finding that two qualified pulmonologists had
high agreement on pattern determination
(kappa, 0.92 and 0.89, for two replicates) (2).
Additionally, this reference includes more
details of the baseline and longitudinal
differences between pattern groups.

For GWAS statistical significance, we
chose a threshold of P less than 1.25 X 10,
representing the standard GWAS cutoff of
P less than 5 X 10~8 (38), adjusted for four
separate GWASs. We found evidence of a
strong genetic association for the NG/ED
pattern on the long arm of chromosome 8

Normal Growth

Normal Growth, Early

Reduced Growth

Reduced Growth, Early

(n=164; 28.2%) Decline (n=116; 20.0%) (n=155;26.7%) Decline (n1=117;20.1%) P Value
Sex, male, n (%) 89 (54.27) 71 (61.21) 106 (68.39) 70 (59.83) 0.081
Race, white, n (%) 164 (100.00) 116 (100.00) 155 (100.00) 117 (100.00) —
Age, yr 8.44 (+2.20) 9.21 (= 2.02) 8.56 (+2.10) 9.44 (+2.01) <0.001
Age at diagnosis, yr 3.30 (+2.49) 3.40 (* 2.48) 2.66 (+2.32) 2.99 (+2.34) 0.041
Height, randomization, cm 130.42 (+14.00) 136.18 (+13.31) 131.03 (+13.21) 136.33 (+13.40) <0.001
Height, end of trial, cm 152.64 (+13.10) 158.07 (+=14.05) 153.64 (+13.99) 158.30 (=12.91) <0.001
Weight, randomization, kg 31.11 (=10.96) 35.88 (+11.30) 30.31 (+10.34) 33.78 (=10.62) <0.001
Weight, end of trial, kg 49.98 (+15.28) 56.41 (+17.19) 48.19 (+16.03) 53.61 (=16.30) <0.001
BMI, randomization, kg/m 17.80 (+2.94) 19 01 (%£3.37) 17.19 (+2.95) 17.78 (£2.97) <0.001
BMI, end of trial, kg/m 20.93 (+3.87) 2.23 (+4.56) 19.89 (+£4.05) 21.04 (+4.57) <0.001
Treatment group, steroids, n (%) 43 (26.22) 36 (31.03) 45 (29.03) 37 (31.62) 0.75
ED/Hosp through trial, n 0.71 (=1.51) 0.47 (=1.04) 0.97 (+1.89) 0.61 (=1.40) 0.053
Serum IgE, logo IU/ml 2.59 (x0.67) 2.48 (=0.73) 2.59 (+0.65) 2.73 (=0.71) 0.052
Eosinophils, log1o count 2.43 (=0.61) 2.45 (=0.65) 2.50 (+0.50) 2.62 (=0.41) 0.028
PCyo, log mg/ml 0.24 (+1.22) 0.36 (x1.14) —0.03 (=1.06) -0.23 (+1.18) <0.001
Pre-BD FEV;, L 1.70 (=0.48) 1.87 (=0.48) 1.50 (=0.42) 1.61 (x0.41) <0.001
Post-BD FEV4, L 1.84 (£0.51) 2.01 (=0.50) 1.66 (+£0.44) 1.81 (x£0.45) <0.001
Pre-BD FEV{% predicted 101.93 (=12.15) 100.11 (=11.84) 86.88 (+12.21) 85.65 (=12.71) <0.001
Post-BD FEV,% predicted 110.25 (+12.05) 107.96 (+=11.05) 97.00 (=10.74) 96.05 (=10.67) <0.001
Bronchodilator response, % 0.09 (+0.07) 0.08 (+£0.09) 0.12 (+0.11) 0.13 (=0.11) <0.001

Definition of abbreviations: BD = bronchodilator; BMI =

body mass index; CAMP = Childhood Asthma Management Program; ED/Hosp = number of emergency

department or hospitalizations required for asthma during trial period; PCoo = methacholine concentration required for a 20% reduction in airway volume.
Randomization and end of trial time points are approximately 48 months apart. All measures were taken at baseline unless otherwise indicated.
P values were computed by two-sided analysis of variance test. Data are mean (£SD) unless otherwise indicated. Treatment group:
randomized CAMP trial arm assignment to budesonide (inhaled corticosteroid) versus either nedocramil or placebo. BD response was computed

as (post-BD FEV4 — pre-BD FEV,)/pre-BD FEV;.
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Figure 3. Locus plot of single-nucleotide polymorphism associations with normal growth and early
decline on chromosome 8. The peak at rs4445257 is approximately 633 kbp upstream from CSMD3
and approximately 1.4 Mbp downstream from TRPS7. Color indicates linkage disequilibrium from

rs4445257 ().

(see Figure E2), represented by the SNP
1$4445257 (P=6.7 X 10~°) (Figure 3,
Table 2). Each minor allele (G) conferred
an odds ratio (OR) of 2.83 (95% confidence
interval [CI], 1.98-4.04) of membership in
the NG/ED pattern compared with the
reference allele (T). Parallel analyses of
the other three categories did not result

in any genetic signals associated with FEV;
pattern at the genome-wide significance
level (P=1.25 X 10~ %). The SNP
rs4445257 lies between the Cub and

Sushi multiple domain 3 (CSMD3) and
trichorhinophalangeal syndrome I (TRPSI)
genes, and has moderate prevalence in
populations of European ancestry (minor
allele G, frequency 28%; reference allele T).
This SNP was imputed from CAMP
genotypes with very high confidence (MaCH
imputation 7* value of 0.99). Subsequent
direct genotyping of this SNP in CAMP
confirmed the imputed association, although
attenuated (P=7.9 X 10~ % OR, 2.22 [95%
CI, 1.57-3.16]), with 26.5 discordant alleles
and 10 missing genotypes. A sensitivity
analysis using only subjects with the smaller
high-confidence phenotypes (n=396)
resulted in less significant associations
overall, but rs4445257 nonetheless remained
the strongest signal (P=2.2 X 10" °)

(see Figure E3).
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We then performed a generalization
analysis of our strongest signal in two
additional respiratory disease cohorts that
display related but distinct lung-function
phenotypes. We first assessed rs4445257
for association with NG/ED in a cohort of
83 Dutch subjects with asthma. Of Dutch
subjects successfully classified into the
four lung function patterns, 16 had NG,
four had NG/ED, 38 had RG, and 25
RG/ED. Because few subjects had the
NG/ED phenotype, we combined NG/ED
and RG/ED into one category and
observed a nearly significant protective
effect for ED of the G minor allele of
rs4445257, when compared with the two
no-decline groups (P = 0.051; OR, 0.38 per
minor allele). This observed effect was
in the opposite direction from our
discovery asthma cohort. To further
elucidate the role of rs4445257, we tested
association with COPD case status (P =
0.0487) in a large metaanalysis of COPD
cohorts (6,633 cases and 5,704 control
subjects) (27). The association with
COPD was stronger when restricted to
patients with severe COPD phenotypes
(3,497 cases and 5,704 control subjects;
P =0.016). Importantly, however, the
minor allele was protective of COPD (OR,
0.89 [95% CI, 0.80-0.98] and OR, 0.91

[95% CI, 0.84-0.99] in severe COPD),
again in the opposite direction of effect
from our discovery cohort (Table 2).

Because the Dutch Cohort was
composed of mostly RG/ED rather than
NG/ED, we conducted an interaction
analysis of rs4445257 with RG in CAMP, as
follows. We used joint ED (combining
NG/ED and RG/ED) as a phenotype, and
using RG as a covariate, using a regression
composed as follows: ED =RG + SNP +
RG X SNP (Table 2). We observed
significant effects of rs4445257 on ED,
where minor alleles predisposed to ED
(P=5.6X10"% OR, 11.5 [95% CI, 4.0-
33.2]); of RG on ED (P=2.8 X 10" % OR,
6.4 [95% CI, 2.3-17.4]), where RG
predisposed to ED; and also a significant
interaction effect of rs4445257 and RG,
where minor alleles of the SNP in the
presence of RG were protective of ED
(2.7 X 10~% OR, 0.27 [95% CI, 0.13-0.55]).
This interaction model provided a better
fit than the model with just rs4445257
(P=8.3 X 10"* likelihood ratio test). In
stratified analysis within the NG group,
rs4445257 was significantly associated
with ED (P=1.4 X 10" % OR, 3.1 [95%
CI, 1.9-5.0]); but within the RG group,
rs4445257 was nonsignificant (P =0.51;
OR, 0.83 [95% CI, 0.48-1.4]). This
evidence shows that rs4445257 may
interact with RG in its effect on ED; it
may be a risk factor for ED in cases of
NG, but did not have a significant
protective effect in cases of RG.

To identify possible biologic
mechanisms of rs4445257, we used
chromatin experiments to localize its
interactions to nearby genes. The SNP
rs4445257 is located 633 kb from the
nearest gene (CSMD3) and over 1.4 Mb
from the nearest gene in the other
direction (TRPSI), making direct
assignment of a relevant target gene
difficult. We applied the Hi-C
methodology in the small-cell lung
cancer cell line NCIH460 to identify
interaction domains (TADs) and their
boundaries (39). Figure 4 shows the
Hi-C interaction map of an 8-Mb
region surrounding rs4445257.
rs4445257 was located in a large
TAD (bp 114,440,001-115,800,001,
chromosome 8, GRCh37.p13), with the
CSMD3 promoter located in the 40-kb bin
that contained the TAD boundary. TRPS!
was located in a different TAD separated
from rs4445257 by a cluster of TAD
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Table 2. Association Tests of SNP rs4445257

CAMP
Base model
NG/ED vs. (NG + RG + RG/ED)
Interaction analysis (multiple regression)
(NG/ED + RG/ED) vs. (NG + RG)
rs4445257
RG/ED vs. NG/ED
rs4445257 X (RG/ED vs. NG/ED)

Likelihood ratio of interaction vs. base model

Stratified analysis
NG/ED vs. NG
RG/ED vs. RG

Dutch Asthma Cohort
(NG/ED + RG/ED) vs. (NG + RG)

COPD metaanalysis
COPD case vs. control
Severe COPD case vs. control

Odds Ratio
P Value (Minor Allele G)
6.7x107° 2.83 (1.98-4.04)
56x10°° 11.5 (4.0-33.2)
2.8 % 10:;‘ 6.4 (2.3-17.4)
271077 0.27 (0.13-0.55)
8.3 X 10"
1.4%x1076 3.1 (1.9-5.0)
0.51 0.83 (0.48-1.4)
0.051 0.38
0.0487 0.89 (0.80-0.98)
0.016 0.91 (0.84-0.99)

Definition of abbreviations: CAMP = Childhood Asthma Management Program; COPD = chronic
obstructive pulmonary disease; NG = normal growth pattern (without early decline); NG/ED = normal
growth with early decline pattern; RG = reduced growth pattern (without early decline); RG/ED =
reduced growth with early decline pattern; SNP = single-nucleotide polymorphism.

All tests are logistic regression. P values less than 0.05 are statistically significant.

boundaries, making it a less likely target
gene. To confirm the interaction of
rs4445257 with CSMD3, we performed a
4C assay followed by PCR to assess the
possible chromatin interaction between
rs4445257 and the promoter of CSMD3 in
Beas-2b cells, a bronchial epithelial cell
line. Consistent with the Hi-C data, we
observed PCR products amplified from
primer pairs targeting rs4445257 and the
promoter of CSMD3, in contrast to pairs
targeting rs4445257 and the TRPSI
promoter (see Figure E4). This indicates
that chromatin arrangement brings
rs4445257 in contact with the CSMD3
promoter, enabling a possible molecular
interaction between the two loci.
Together, these physical interaction
results strongly implicated CSMD3 as the
relevant target gene of rs4445257.

The public GTEx project database
indicated significant evidence that
rs4445257 is an eQTL for CSMD3 in nerve
tissue (P =0.009) (40). In a sample of
bronchial epithelial cells from 45 subjects
with asthma from the ABRIDGE cohort
(41), a neighboring SNP, rs73706006, in
high LD with rs4445257 (> = 0.99) showed
significant association with the expression
of CSMD3 (P =0.0004) (see Figure E5). In
both GTEx and ABRIDGE, minor alleles

were associated with a decrease in
expression.

The fact that at least reduced lung
function trajectories seem to be set early in
life (16) suggests a possible developmental
role for CSMD3. Therefore, we investigated
the role of the CSMD3 gene in human lung
development using genome-wide gene
expression profiles available from 366
human fetal lung tissue samples (30).
CSMD3 demonstrated lower expression as
postconception age of the sample was
higher (P =0.007), indicating a potential
role in lung programming that manifests
later in life, or a gene with multiple separate
effects in the lung.

To determine if previous SNP and gene
associations with asthma and/or lung
function-related phenotypes were also
associated with longitudinal lung function
patterns, we performed a lookup of
known SNPs in our GWAS results
(see Tables E4-E7). Of 484 identified
SNPs, 436 were assayed or imputed in our
CAMP cohort. For each of these, we
report the association strength with NG
(see Table E4), NG/ED (see Table E5), RG
(see Table E6), and RG/ED (see Table E7).
None of these SNPs reached statistical
significance after multiple testing
correction for 436 tests.
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Discussion

Finding genetic associations to abnormal
longitudinal lung function patterns may
help to identify patients at risk for chronic
airway obstruction and the genetic effects
that influence airway disease. The SNP
rs4445257 was associated with early lung
function decline in two asthma cohorts, and
also associated with COPD. In a model
including RG and an interaction term, there
was a positive effect of interaction,
suggesting that this SNP may operate
differently in cohorts with reduced growth
before reaching lung function plateau in
early adulthood, and with normal growth
with normal lung function plateau.
Although false-positive associations

may explain our observed results, we
hypothesize that rs4445257 minor

alleles are protective of early lung
function decline in the presence of
reduced lung function growth, while
being a risk factor for early decline in the
presence of normal lung function growth.
Thus, this SNP may interact with an
unknown genomic or environmental
factor that correlates with maximally
attained FEV; (i.e., RG vs. NG), which
would also account for the allele’s
observed interaction effect with RG on
ED in the CAMP cohort (42).

The interaction of two genomic loci
(our rs4445257 locus and another, unknown
locus associated with RG) is perhaps likely
in light of the polygenic and pleiotropic
genomic architecture of complex diseases
and traits (43). Although longitudinal data
would be required to make a definitive
assessment, it is possible the COPD cohort is
one where the RG phenotype dominates,
similar to the cohorts discussed by Lange and
coworkers (5). The complex genetic
relationship uncovered here parallels the
complex phenotypic development that
characterizes mild and moderate persistent
asthma from childhood into adulthood. That
other SNPs previously associated with asthma
and lung function-related phenotypes were
not associated with longitudinal lung function
patterns may indicate that the conditions
have separate genetic etiologies, and that
longitudinal phenotypes are different from
cross-sectional ones.

The SNP rs4445257 was part of a major
locus of high association with the NG/ED
category (Figure 3), a locus between
CSMD3 and TRPSI and functionally linked

1471



| 112, 6aa, aeal

113, ae0, ooa|

2 Mo}
114,000, 860|

{ hgig
115, 600, ooa|
HG19 hESC BR TADs

116, 000, 808|

117, 6a8, soa|

HG19 IMR98® BR TADs

Basic Gene Annotation Set from ENCODE/GENCODE Version 19
1 RF11-1101KS.1 =4 RNU4-37F

H RF11-5803.21
KB-1299A7.21
RF11-946L20.2 14
RFP11-11408.11
RP11-946L20.4 H

HG19 Snps +/- Sebp
» <=
|

CSMD3 Y_RNA | TRFS1 it EIF3H

CSMDZ EHHHIE-HHH i TRPS1 foefit EIF3H )

csmos EEHHHHEHHH# { RP11-267LS.11 TRFS1 |} uTP23 |

Mo EEH-HIE-HHH i TRPS1 uTP23 |
CEMD3 H i AF178030.21 AF138343.11 UTP23 |4
ACHB24996.11 AC1878968.11 TRPS1 |-j+ UTF23 4
sSnoU13 1 RP11-67HZ2.1 || LINC@0S36 m——e—#4 RAD21
MIR20S3 1 RP11-67H2.1 1 RNASSP276 | rRAD21 |

Figure 4. Hi-C interaction data (40 kb bins) in NCI-H460 lung epithelium cells on chromosome 8 from 110 to 118 Mbp. Clear domains of increased
chromatin interaction are observed as triangles that correspond to topologically associating domains (TADs), separated by boundaries. The dark line
through the heatmap represents the TAD insulation score calculated from the Hi-C data. Dips in the plot represent domain boundaries that are also
indicated as green blocks at the bottom of the heatmap. Single-nucleotide polymorphism (SNP) rs4445257 is shown with a blue highlighted arrow in the
genome snapshot under the heatmap and is located in a large domain. The promoter of CSMDG3 is at the boundary of this domain, indicating possible

interaction with the SNP; the promoter of TRPS

to CSMD3 through Hi-C and 4C
experiments. Together, these results
suggested potential regulation of the
expression of CSMD3 by a narrow region
containing rs4445257. This region contains
several SNPs in high LD with rs4445257,
including rs73706006 4 kbp away

(Figure 3). More research is required to
determine if other variants in this region
effect CSMD3 expression.

The CSMD3 gene has not previously
been associated with conditions related to
lung function or to respiratory diseases,
such as asthma or COPD. CSMD3 encodes
a transmembrane protein that is primarily
expressed in the brain, nervous tissue,
and testis (UniGene [44], GTEx [40]),
although CSMD3 expression has also
been observed in lung tissue (Illumina
Body Map [45], Human Protein Atlas
[46]). Although its biologic function is
unclear (47), CSMD3 encodes a protein
structurally similar to that of CSMDI,
which itself has been implicated in
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1 is located in a different domain.

asthma-COPD overlap syndrome (48).
In lung carcinomas, mutations in CSMD3
were found (49) and suppression of
CSMD3 in airway epithelial cells resulted
in increased proliferation of those cells
in culture (49).

Gene-expression pathway analysis of
brain tissue has implicated CSMD3 in
GABAergic neuronal fate and neuronal
development (47). y-Aminobutyric acid
signaling is primarily responsible for
maintenance of muscle tone (50), including
airway smooth muscle tone (51, 52).
There is growing evidence that airway
smooth muscle tone is a predisposing
factor for airway hyperresponsiveness
(53, 54), and may contribute to reduced
prebronchodilator lung volume in people
with asthma (55). It is possible that
rs4445257 influences CSMD3 expression to
affect airway epithelial proliferation and
related epithelial integrity and/or airway
smooth muscle tone, either of which
predisposes for asthma, asthma

exacerbations, and lower lung function;
however, further investigation is needed
to address such possibilities.

The present study has several
limitations. Our best interpretation of our
results leads to an unusual mixed effect of
rs4445257 on early decline of FEV |, where it
seems to predispose to ED in the presence
of NG but be protective for early decline in
the presence of RG. Larger sample sizes
would be helpful in evaluating this effect
further, as would additional cohorts with
detailed longitudinal lung function
measured throughout adolescence and
young adulthood, although samples
meeting these criteria are difficult to obtain.
The COPD generalization cohort, although
large, does not contain longitudinal
pulmonary function assessments over
extended time periods, and as such we
cannot accurately assess lung function
patterns in that group. Therefore we are
unable to determine if this population is
predominantly a cohort of RG, as would
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be consistent with our hypothesis, or of
ED, or of rapid decline, and this or a
combination of these patterns resulted in
COPD. Finally, our chromatin studies have
demonstrated that the action of rs4445257
on CSMD3’s promoter is likely, and some
evidence of association to CSMD3

functional variant.

expression was found in GTEx data, but
further work is required to verify this and
determine what exact variant is the

protective of early decline in reduced growth
groups. This SNP physically interacts with the
CSMD3 promoter in vitro, and is associated
with expression of the CSMD3 gene.

Early decline of FEV; after normal
growth is potentially associated with a genetic
polymorphism (rs4445257) that may be

Author disclosures are available with the text
of this article at www.atsjournals.org.
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