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Pouwels SD, Faiz A, den Boef LE, Gras R, van den Berge M,
Boezen HM, Korstanje R, ten Hacken NH, van Oosterhout AJ,
Heijink IH, Nawijn MC. Genetic variance is associated with sus-
ceptibility for cigarette smoke-induced DAMP release in mice. Am J
Physiol Lung Cell Mol Physiol 313: L559–L580, 2017. First pub-
lished June 8, 2017; doi:10.1152/ajplung.00466.2016.—Chronic ob-
structive pulmonary disease (COPD) is characterized by unresolved
neutrophilic airway inflammation and is caused by chronic exposure
to toxic gases, such as cigarette smoke (CS), in genetically susceptible
individuals. Recent data indicate a role for damage-associated molec-
ular patterns (DAMPs) in COPD. Here, we investigated the genetics
of CS-induced DAMP release in 28 inbred mouse strains. Subse-
quently, in lung tissue from a subset of strains, the expression of the
identified candidate genes was analyzed. We tested whether small
interfering RNA-dependent knockdown of candidate genes altered the
susceptibility of the human A549 cell line to CS-induced cell death
and DAMP release. Furthermore, we tested whether these genes were
differentially regulated by CS exposure in bronchial brushings ob-
tained from individuals with a family history indicative of either the
presence or absence of susceptibility for COPD. We observed that, of
the four DAMPs tested, double-stranded DNA (dsDNA) showed the
highest correlation with neutrophilic airway inflammation. Genetic
analyses identified 11 candidate genes governing either CS-induced or
basal dsDNA release in mice. Two candidate genes (Elac2 and Ppt1)
showed differential expression in lung tissue on CS exposure between
susceptible and nonsusceptible mouse strains. Knockdown of ELAC2
and PPT1 in A549 cells altered susceptibility to CS extract-induced
cell death and DAMP release. In bronchial brushings, CS-induced
expression of ENOX1 and ARGHGEF11 was significantly different
between individuals susceptible or nonsusceptible for COPD. Our
study shows that genetic variance in a mouse model is associated with
CS-induced DAMP release, and that this might contribute to suscep-
tibility for COPD.

DAMPs; haplotype association mapping; dsDNA release; ELAC2;
PPT1

CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is a severe
and progressive inflammatory lung disease, characterized by
both chronic bronchitis and emphysema. COPD is mainly

caused by chronic exposure to noxious gases and particles,
including cigarette smoke (CS) (6). Nevertheless, ~30% of
COPD patients are a never smoker, indicating that also other
factors, including biomass smoke exposure, air pollution, pre-
natal factors, and genetics, contribute to the inception of COPD
(37). Moreover, only 20% of the smoking population develops
COPD (45), further indicating that genetic susceptibility is
important for the onset of COPD. To date, treatment options
for COPD are limited, and current treatments are aimed at
reducing the severity of symptoms and reducing the number
and severity of exacerbations, without addressing the underly-
ing cause of the disease. Therefore, a more detailed under-
standing of disease pathophysiology is imperative for the
identification of novel treatment options.

During the early stages of COPD, airway inflammation is
characterized by extensive activation of the innate immune
system, while at later stages of the disease the adaptive im-
mune system is also involved (12). A mechanism triggering
activation of innate immune responses is the release of dam-
age-associated molecular patterns (DAMPs). DAMPs are a
heterogeneous group of molecules that possess a wide variety
of functions under physiological conditions (5). On cellular
damage and necrosis, DAMPs are released from the cells and
act as endogenous danger molecules that alarm and activate the
innate immune system (31). Although DAMPs are a heteroge-
neous group of molecules, they all have in common that, on
release from damaged or necrotic cells, they can activate one or
several pattern recognition receptors (PRRs), including toll-
like receptors and the receptor for advanced glycation end
products (RAGE) (47). The activation of PRRs leads to acti-
vation of inflammatory pathways, including nuclear factor-�B,
inducing the release of inflammatory cytokines, including IL-6,
IL-8, and TNF-� (44). The release of these cytokines, together
with the direct effect of some DAMPs, leads to the attraction of
several innate immune cells, including neutrophils and inflam-
matory monocytes, to the site of tissue damage (47). Recently,
our laboratory postulated that DAMPs may play a crucial role
in the pathophysiology of COPD, as inhaled CS induces
damage to lung resident cells, such as the airway epithelium,
leading to the release of DAMPs and subsequent production of
proinflammatory cytokines, which causes neutrophilic airway
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inflammation (47). Indeed, several DAMPs are increased in
COPD patients compared with both smoking and nonsmoking
controls, including heat shock protein (HSP) 60/70 in serum
(47), S100A8/A9 in bronchoalveolar lavage (BAL) fluid (40),
the human cathelicidin peptide LL-37 in sputum and BAL fluid
(27, 59), and high-mobility group box 1 (HMGB1) in BAL
fluid, sputum, serum, and epithelial lining fluid (14, 25, 28).
Furthermore, the gene encoding RAGE, AGER, has been
identified as a susceptibility gene for lung function decline and

COPD development (7, 8, 51). Together, these data indicate
that DAMPs may play a pivotal role in the pathophysiology of
COPD.

Genetic susceptibility for COPD is complex and is regulated
by many different genes (42). To increase the knowledge about
the genetics of COPD, it is important to study the pathways
that lead to emphysema and neutrophilic airway inflammation
separately. Some studies have been performed investigating
the genetics of emphysema (8). In contrast, limited data are

Fig. 1. Cigarette smoke-induced damage-associated molecular pattern (DAMP) release in bronchoalveolar lavage (BAL) fluid from 28 inbred mouse strains. A:
schematic representation of the experimental setup. Mice were exposed to cigarette smoke or control air for 5 consecutive days. For each cigarette smoke
exposure session, 1, 3, or 5 cigarettes (Cig) were used, with 2 exposures/day, except on the 5th day, when only 1 exposure session was performed. Mice were
euthanized 2 h after the final exposure on the 5th day. BAL fluid, lung tissue, serum, and skeletal muscle samples were isolated, aliquoted, and stored at �80°C
until further use. The cigarette smoke-induced levels of heat shock protein 70 (HSP70; B), high-mobility group box 1 (HMGB1; C), mitochondrial (mt) DNA
(D), and double-stranded (ds) DNA (E) in BAL fluid of 28 inbred mouse strains are shown. Values are average and SE of the mean of the ratio of smoke-exposed
mice (n � 8) to the average of air-exposed mice (n � 8). Significance between DAMP levels of mice exposed to CS and mice exposed to air was tested using
a Mann Whitney U-test. *P � 0.05.
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available investigating the genetics underlying the susceptibil-
ity to neutrophilic airway inflammation. Previously, it was
found that neutrophilic airway inflammation already occurs on
short-term smoke exposure in susceptible mice and humans
(43, 56). We recently performed a genetic screen using 28
inbred mouse strains and identified several susceptibility genes
for short-term CS-induced neutrophilic airway inflammation in
mice using haplotype association mapping (HAM) (46). This
approach has previously been shown to be effective for iden-
tifying susceptibility genes for acrolein-, chlorine-, or ventila-
tor-induced acute lung injury (33–36). In a separate study using
a subset of mice from this screen, we found that mice suscep-
tible for CS-induced neutrophilic airway inflammation display
a different DAMP-release profile in BAL fluid compared with
mice that are not susceptible to CS-induced neutrophilic airway
inflammation (48). Therefore, we hypothesize that an increased
susceptibility for CS-induced DAMP release leads to increased
CS-induced neutrophilic airway inflammation. Here, we fur-
ther explored the effect of genetic susceptibility for neutro-
philic airway inflammation on DAMP release and studied
which genes regulate CS-induced DAMP release, using in
vitro, in vivo, and in silico approaches.

In these studies, we have identified two novel candidate
genes for the susceptibility to CS-induced DAMP release and
show that these genes contribute to the susceptibility for
CS-induced airway inflammation, indicating that the tendency
for CS-induced DAMP release may contribute to the suscep-
tibility for COPD.

MATERIALS AND METHODS

Experimental design. This study was performed after approval
from the Institutional Animal Care and Use Committee of the Uni-
versity of Groningen. For this study, 28 inbred mouse strains (females,
age 8–10 wk; n � 16 mice/strain, The Jackson Laboratory, Bar
Harbor, ME) were exposed to gaseous-phase CS from Kentucky 3R4F
research reference cigarettes (Tobacco Research Institute, University
of Kentucky, Lexington, KY) or air as control, as described previously
(50). In short, filters were removed from each cigarette before being
smoked in 5 min at a rate of 5 l/h and mixed with ambient air at a rate
of 60 l/h using whole body exposure in 6-liter Perspex boxes. Female
mice (n � 8/group) were exposed to CS of one to five cigarettes or
filtered air (n � 8/group) for 5 consecutive days, with two exposures/
day (50). Mice were euthanized 2 h after the final exposure session
(Fig. 1A). Lung tissue (four individual lobes) and BAL fluid (1 ml,
100-�l aliquots) were collected and stored at �80°C until further use.
BAL neutrophil counts were analyzed using differential cell counts
performed with cytospin smears using the May-Grünwald Giemsa
method (2).

HAM analysis. HAM was performed for the log-transformed BAL
double-stranded DNA (dsDNA) levels, as described before, using the
efficient mixed-model association (EMMA), which conducts tests for
association on single nucleotide polymorphisms (SNPs) with two
alleles and is corrected for confounding from population structure and
genetic relatedness (4, 29, 50). The analysis was performed using a
high-density SNP map of 4 � 106 SNPs. SNP names and locations
were based on mouse genome build 38. The publicly available
R-package implementation of EMMA (available at http://mouse.cs.
ucla.edu/emma/) was used. The standard significance threshold of -log
(P) � 5 was used (4, 30).

DAMP measurements and gene expression analysis. DAMPs were
measured in cell-free BAL fluid using ELISA for HSP70 (Human/
Mouse/Rat Total HSP70/HSPA1A DuoSet, R&D Systems, Minneap-
olis, MN) and HMGB1 (HMGB1 Detection Kit, Chondrex, Redmond,

WA), using the Quant-iT PicoGreen dsDNA Assay Kit for dsDNA
(Invitrogen, Carlsbad, CA) and quantitative real-time-PCR using iTaq
Universal SYBR Green Supermix (Bio-Rad, Richmond, CA) for
mitochondrial DNA (mtDNA), as described before (60). Primers for
mouse cytochrome-c oxidase III (Mtco3), 5=-ACGAAACCACATA-
AATCAAGCC-3= (forward) and 5=-TAGCCATGAAGAATGTAG-
AACC-3= (reverse) were synthesized and purchased from Invitrogen.
Standard curves for mtRNA were prepared using purified mtDNA as
targets.

For mRNA expression analyses, RNA was isolated from lung
tissue homogenate using Trizol (Invitrogen). Further purification
of RNA was performed using RNeasy Plus Mini Kit (Qiagen,
Valencia, CA), and any remaining DNA was removed using the
RNase-Free DNase Set (Qiagen, Valencia, CA). The total amount
of RNA was quantified using a Nanodrop-1000 (Nanodrop Tech-
nologies, Wilmington, DE). Afterwards, cDNA synthesis was
performed according to the manufacturer’s protocol using the
iScript cDNA synthesis kit (Bio-Rad, Richmond, CA). Quantifi-
cation of cDNA targets was performed with the TaqMan technol-
ogy using the ABI 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA). All reactions were run in duplicate.
Normalization was performed using multiple housekeeping genes
(HKG), which were included on each plate (B2m, Ipo8, Pgk1). The
level and stability of expression of the HKGs were determined in
all samples, and the most appropriate set of HKGs was chosen
(Ipo8 and Pgk1 in all cases in this paper) using NormFinder (1).
Gene expression analyses were performed using commercially
available primer/probe sets specific for target genes (Invitrogen
Life Technologies, Carlsbad, CA): Aox3l1 (Mm01255397_m1),
Arhgap44 (Mm00812556_m1), Arhgef11 (Mm01219448_m1),
Cap1 (Mm00482950_m1), Cflar (Mm01255578_m1), Dscaml1
(Mm01174253_m1), Elac2 (Mm01332348_m1), Enox1 (Mm013-
15253_m1), Myocd (Mm00455051_m1), Ppt1 (Mm00477-
078_m1), and Trip11 (Mm01336257_m1). Genotypes were deter-
mined using the publicly available Jackson Laboratory mouse SNP
database (available at http://www.informatics.jax.org/snp).

Cell culture and CS extract stimulation. The human bronchial
epithelial cell-lines, 16HBE (kindly provided by Dr. D. C. Gruenert;
University of California, San Francisco, CA) and Beas2B (ATCC,
CRL-9609) and the adenocarcinoma human alveolar cell-line A549
were cultured in RPMI-1640 supplemented with 10% fetal calf serum
(Biowhittaker, Verviers, Belgium), 100 U/ml penicillin, and 100
mg/ml streptomycin. Before usage, cells were grown to confluence
and serum-deprived overnight. CS extract (CSE) was prepared using
two Kentucky 3R4F research-reference filtered cigarettes and a Wat-
son Marlow 603S smoking pump at a rate of 8 l/h (Watson-Marlow,
Delden, The Netherlands). Before use, filters were cut from both of
the cigarettes. The gaseous-phase CS of two cigarettes was led
through 25 ml of RPMI-1640 medium supplemented with 100 U/ml
penicillin and 100 mg/ml streptomycin, and this solution was set at
100% CSE.

Small interfering RNA transfection. Downregulation of candidate
genes was performed with commercially available small interfering

Table 1. Characteristics of the young, healthy individuals
susceptible or nonsusceptible for the development of COPD

Young Nonsusceptible Young Susceptible

n 18 17
Age, yr 25 	 8.33 29.35 	 8.50
Pack years 4 	 6.77 4.2 	 3.52
Sex, male (%) 16 (88.89) 11 (64.7)
FEV1, %predicted 103.65 	 7.52 100.74 	 8.40

Values are means 	 SD, unless stated otherwise; n, no. of subjects. FEV1,
forced expiratory volume in 1 s. Differences in variables before and after
treatment were analyzed using a two-sided, paired, Student’s t-test.
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RNA (siRNA) assays, according to the manufacturer’s protocol
(MISSION endoribonuclease-prepared siRNA for PPT1, ELAC2,
ENOX1, and ARHGEF11; Sigma-Aldrich, St. Louis, MO), using
RNAiMAX lipofectamine as a transfection reagent (Invitrogen).

Cells were exposed to various concentrations of CSE for 4 h before
being incubated with serum- and CSE-free medium for 16 h. The
levels of dsDNA and RNA were determined in cell-free superna-
tant using the Quant-iT Pico- and Ribo-Green dsDNA Assay Kits,

Fig. 2. The levels of damage-associated molecular patterns (DAMPs) in bronchoalveolar lavage (BAL) fluid from 28 inbred mouse strains on cigarette smoke
(CS; A, C, and E) or air exposure (B, D, and F). The levels of heat shock protein 70 (HSP70; A and B), high-mobility group box 1 (HMGB1; C and D), and
mitochondrial (mt) DNA (E and F) in BAL fluid of 28 mouse strains on CS or air exposure are shown. Values are average and SE of the mean of 8 mice/group.
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respectively (Invitrogen). The percentage of viable, apoptotic, and
necrotic cells was determined using an annexin V (Immunotools,
Friesoythe, Germany) and propidum iodide (Sigma-Aldrich) stain-
ing for flow cytometry.

Human gene expression analysis. The study was approved by the
Medical Ethics Committee of the University Medical Center Gro-
ningen (UMCG), and all subjects gave their written, informed con-
sent. The study protocol was consistent with the Research Code of the
UMCG (https://www.umcg.nl/EN/RESEARCH/RESEARCHERS/
GENERAL/RESEARCHCODE/paginas/default.aspx) and national
ethical and professional guidelines (htttps://www.federa.org).Young,
healthy individuals were classified as susceptible when the prevalence
of COPD in smoking first- or second-degree relatives older than 40 yr
met the following criteria, two of two, two of three, three of three,
three of four, or four of four smoking family members had developed
COPD, and were classified as nonsusceptible when none of the
smoking first- or second-degree relatives who were at least 40 yr of
age (at least two should be identified) had been diagnosed with COPD.
Subjects were included in the study if they had smoked only occa-
sionally and were able to start or stop smoking on demand. Bronchial
brushings for gene expression profiling were performed after smoking
three cigarettes within 3 h and after a smoking cessation period of at
least 48 h (n � 35). The characteristics of the study participants are
summarized in Table 1. The change in bronchial epithelial gene
expression before and after smoking of three cigarettes was deter-
mined using a linear regression analysis, with time defined as a
categorical variable with two levels (1 � baseline, 2 � after smoking
of three cigarettes), adjusted for age and sex as possible confounding
variables. Geij represents the log2 gene expression value for a gene in
sample i from patient j, εij represents the error that is assumed to be
normally distributed:

Geij � �0 � �1XAge�i � �2XSex�i � �3XTime�i

where 
0 is the constant (offset) term and 
1XAge�i, 
2XSex�i, and

3XTime�i are the independent variables. The change in bronchial
epithelial gene expression before and after smoking of three cigarettes
was determined between young occasional smokers either susceptible
or nonsusceptible for COPD. This analysis was performed using a
linear mixed-effects model with time defined as a categorical variable
with two levels (1 � baseline, 2 � after smoking of three cigarettes)
adjusted for age and sex. Geij represents the log2 gene expression

value for a gene in sample i from patient j, εij represents the error that
is assumed to be normally distributed, and �j represents the patient
random effect:

Geij � �0 � �1XAge�i � �2XSex�i � �3Xsusceptibility_for_COPD�i

� �4XTime�i � �3Xsusceptibility_for_COPD�i : �4XTime�i

Statistical analysis. All data are shown as means 	 SE, except for
mRNA expression data, which is shown as box-whisker plots indi-
cating the mean 	 interquartile range, with the whiskers indicating
the highest and lowest data point. A Mann-Whitney U-test was used
to test for differences between groups. To test for differences in basal
gene expression between mouse strains, a one-way ANOVA with
Turkey’s multiple-comparison correction was performed. Normality
in distribution of BAL dsDNA levels was tested using the Shapiro-
Wilk normality test, with a significance threshold of P � 0.05.
Correlations were determined using a linear regression analysis, with
a significance threshold of P value of �0.001.

RESULTS

Susceptibility for CS-induced DAMP release is genetically
determined. To investigate whether susceptibility to CS-in-
duced neutrophilia can be explained by differences in DAMP
release, we made use of a previously established data set from
a genetic screen where 28 different inbred mouse strains were
exposed to CS for 5 consecutive days (Fig. 1A) (46). We
measured the levels of four well-known DAMPs, HSP70,
HMGB1, mtDNA, and dsDNA, in BAL fluid on air and CS
exposure (Fig. 1, B–E). While basal (air-exposed) levels of all
DAMPs showed some variation between strains (Fig. 2), the
CS-induced DAMP levels varied more extensively between
strains for all four DAMPs studied. This was most pronounced
for dsDNA, in which CS exposure induced a 6-fold induction
in BAL fluid of BALB/cByJ, the most susceptible strain for
neutrophilic airway inflammation, and a 0.1-fold decrease in
the nonsusceptible I/LnJ strain, while its levels did not strongly
differ between the strains at baseline (Fig. 3).

Next, we investigated whether the number of neutrophils in
BAL fluid of 28 mouse strains after CS exposure correlated

Fig. 3. The levels of double-stranded (ds) DNA in 28 inbred mouse strains on cigarette smoke (CS) or air exposure. The levels of dsDNA in bronchoalveolar
lavage (BAL) fluid of 28 mouse strains on CS (A)or air exposure (B) are shown. Values are average and SE of the mean of 8 mice/group. C: the association
between the dsDNA levels in BAL fluid of 28 mouse strains on CS exposure and air exposure. Correlation was tested using a linear regression analysis
(r � 0.7019, P � 0.0001).
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with the levels of DAMPs in the BAL fluid after CS exposure.
A strong and significant correlation between dsDNA and air-
way neutrophilia (r � 0.8077, P � 0.0001) was found (Fig.
4A), but not for HMGB1 (r � 0.061, P � 0.349), HSP70
(r � 0.0227, P � 0.7276), or mtDNA (r � 0.0177, P �
0.7886) (Fig. 4, B–D).

These data show that CS-induced DAMP release varies
largely between different mouse strains, indicating the contri-
bution of a genetic component to the magnitude of this re-
sponse. Furthermore, of the four DAMPs analyzed, dsDNA
showed the largest variation between strains and showed the
strongest correlation with CS-induced airway neutrophilia,
making dsDNA the most relevant for further investigation.

Identification of susceptibility genes for basal and CS-in-
duced BAL dsDNA levels in mice. To investigate which genes
are associated with basal dsDNA levels in mice, a HAM
analysis was performed using the EMMA (33, 46) software on
the log-transformed dsDNA levels in 28 different inbred mouse
strains. BAL dsDNA levels in air-exposed mice strongly cor-
related with CS-induced dsDNA levels after removal of the
outliers BALB/c and BALB/cByJ (r � 0.7019, P � 0.0001),
indicating that dsDNA release is, at least in part, regulated by
mechanisms that operate, irrespective of CS exposure (Fig.
3C). Therefore, we first analyzed BAL dsDNA levels in both
mice groups, using CS exposure as a covariate for the analysis.
This analysis identified 99 SNPs associated with dsDNA levels
with genomewide significance (Table 2), of which 49 were
located within a gene and had less than six mouse strains with

missing data (Table 3). The genes significantly associated with
dsDNA release consist of Aox3l1 (2 SNPs) and Cflar (1 SNP)
on chromosome 1; Arhgef11 (3 SNPs) on chromosome 3; Ppt1
(1 SNP) and Cap1 (4 SNPs) on chromosome 4; Elac2 (2
SNPs), Arhgap44 (26 SNPs), and Myocd (7 SNPs) on chro-
mosome 11; and Trip11 on chromosome 12 (3 SNPs) (Fig. 5).

We next analyzed which SNPs were specifically associated
with the CS-induced dsDNA levels, using the log-transformed
BAL dsDNA levels of smoke-exposed mice only as input for
the analysis. With the use of all 28 mouse strains available in
the EMMA database, no significant hits were found. This may
be caused by the extreme effect of CS exposure on BAL
dsDNA levels in the BALB/cJ and the BALB/cByJ strains,
acting as outliers in the analysis. Therefore, these strains
were removed from the HAM analysis for CS-induced
dsDNA release. This second analysis identified 48 signifi-
cant SNPs specifically associated with CS-induced dsDNA
levels (Table 4), of which 18 were located within a gene and
had less than 6 mouse strains with missing data (Table 5).
The genes significantly associated with CS-induced dsDNA
release are Ppt1 (1 SNP) and Cap1 (1 SNP) on chromosome
4; Dscaml1 (1 SNP) on chromosome 9; Myocd (6 SNPs) on
chromosome 11; and Enox1 on chromosome 14 (9 SNPs)
(Fig. 6).

Three of the genes associated with CS-induced dsDNA
levels, Ppt1, Cap1, and Myocd, were also associated with the
basal dsDNA levels in the analysis corrected for CS expo-
sure status, indicating that only two genes, Dscaml1 and

Fig. 4. Correlation between cigarette smoke-
induced damage-associated molecular pattern
(DAMP) release and neutrophil count in bron-
choalveolar lavage (BAL) fluid. The correla-
tion between the number of neutrophils in
BAL fluid of cigarette smoke-exposed mice
and the levels of double-stranded (ds) DNA
(A), high-mobility group box 1 (HMGB1; B),
heat shock protein 70 (HSP70; C), and mito-
chondrial (mt) DNA (D) in BAL fluid on
expose to cigarette smoke for 5 days is shown.
The levels of dsDNA show a significant posi-
tive linear correlation with neutrophilic infil-
trate (P � 0.0001, r � 0.8077), while the
levels of HMGB1 (P � 0.3490, r � 0610),
HSP70 (P � 0.7276, r � 0.0227), and mtDNA
(P � 0.7886, r � 0.0177) do not show a
significant correlation with neutrophilic infil-
tration.
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Table 2. Single nucleotide polymorphisms significantly associated with bronchoalveolar lavage double-stranded DNA levels
after short-term cigarette smoke exposure in cigarette smoke- and air-exposed mice

Chromosome No. P Value Position Rsid No. Major Alleles No. Minor Alleles No. Missing Alleles Beta Gene

1 1.133E-06 58359650 NES16379965 10 15 3 �0.153 Aox3l1
1 5.456E-06 58360789 NES16379942 10 14 4 �0.147 Aox3l1
1 7.659E-06 58805222 NES12804923 8 15 5 �0.156 Cflar
1 7.364E-06 59780091 mm37–1-59780091 15 12 1 �0.124
3 9.810E-06 58655690 NES12922997 5 15 8 �0.181 Clrn1
3 6.272E-06 87439679 NES14672658 14 14 0 �0.142 Arhgef11
3 6.272E-06 87442284 NES14672597 14 14 0 �0.142 Arhgef11
3 5.605E-06 87487048 mm37–3-87487048 13 14 1 �0.147 Arhgef11
4 5.357E-06 3136046 NES08672116 6 7 15 �0.194
4 5.357E-06 3136100 NES08672117 6 7 15 �0.194
4 1.338E-06 122526998 NES09192855 16 9 3 0.149 Ppt1
4 2.579E-06 122551421 NES09192317 17 9 2 0.142 Cap1
4 6.625E-06 122550824 NES09192312 10 16 2 �0.138 Cap1
4 6.625E-06 122550987 NES09192313 10 16 2 �0.138 Cap1
4 6.625E-06 122551398 NES09192316 10 16 2 �0.138 Cap1
4 1.858E-06 122612792 NES09190609 15 10 3 0.144
4 4.319E-06 122607260 NES09190752 11 14 3 �0.144
4 6.485E-06 123538006 mm37–4-123538006 17 11 0 0.142
4 3.506E-06 123571200 NES09195959 16 10 2 0.137
4 1.701E-06 123635445 NES09194053 12 14 2 �0.146
4 1.858E-06 123635179 NES09194049 15 10 3 0.144
4 1.858E-06 123636696 NES09194072 15 10 3 0.144
4 1.701E-06 123671465 NES09192986 12 14 2 �0.146
4 1.701E-06 123671910 NES09192992 12 14 2 �0.146
4 1.701E-06 123672979 NES09192925 12 14 2 �0.146
4 1.858E-06 123670557 NES09193039 15 10 3 0.144
4 1.858E-06 123671493 NES09192987 15 10 3 0.144
4 1.858E-06 123671697 NES09192991 15 10 3 0.144
4 1.858E-06 123671952 NES09192994 15 10 3 0.144
4 1.858E-06 123672236 NES09192963 15 10 3 0.144
4 1.858E-06 123672264 NES09192964 15 10 3 0.144
8 3.600E-06 7946277 NES14109173 8 19 1 �0.155
8 3.600E-06 7948439 NES14109038 8 19 1 �0.155
8 3.600E-06 7949088 NES14109046 8 19 1 �0.155
8 3.600E-06 7955394 NES14108974 8 19 1 �0.155
8 3.600E-06 7955590 NES14108977 8 19 1 �0.155
8 3.600E-06 7957841 NES14108946 8 19 1 �0.155
8 3.600E-06 7961296 NES14108824 8 19 1 �0.155
8 3.600E-06 7963293 NES14108855 8 19 1 �0.155
8 3.600E-06 7965049 NES14108720 8 19 1 �0.155
8 3.600E-06 7965252 NES14108722 8 19 1 �0.155
8 3.600E-06 7965725 NES14108727 8 19 1 �0.155
8 3.600E-06 7979810 NES14108369 8 19 1 �0.155
8 3.600E-06 7979862 NES14108371 8 19 1 �0.155
8 3.600E-06 7980132 NES14108373 8 19 1 �0.155
8 3.600E-06 7980284 NES14108374 8 19 1 �0.155
8 3.600E-06 7981043 NES14108386 8 19 1 �0.155
8 3.600E-06 7981992 NES14108330 8 19 1 �0.155
8 3.600E-06 7982713 NES14108312 8 19 1 �0.155
8 3.600E-06 7982896 NES14108313 8 19 1 �0.155
8 3.600E-06 7982996 NES14108315 8 19 1 �0.155
8 3.600E-06 7983074 NES14108318 8 19 1 �0.155
8 3.600E-06 7983620 NES14108323 8 19 1 �0.155
8 3.600E-06 7984300 NES14108261 8 19 1 �0.155
8 3.600E-06 7986873 NES14108209 8 19 1 �0.155
8 3.600E-06 7987232 NES14108214 8 19 1 �0.155

11 2.650E-07 64800867 NES08496202 11 14 3 �0.144 Elac2
11 2.650E-07 64801842 NES08496212 11 14 3 �0.144 Elac2
11 2.280E-06 64764572 mm37–11–64764572 6 21 1 �0.163
11 1.872E-06 64921523 NES08494443 6 21 1 �0.160 Arhgap44
11 1.872E-06 64924716 NES08494384 6 21 1 �0.160 Arhgap44
11 8.613E-06 64910882 NES08494687 6 19 3 �0.151 Arhgap44
11 8.613E-06 64922067 NES08494457 6 19 3 �0.151 Arhgap44
11 8.613E-06 64924352 NES08494381 6 19 3 �0.151 Arhgap44
11 8.613E-06 64929534 NES08494314 6 19 3 �0.151 Arhgap44
11 8.613E-06 64930953 NES08494276 6 19 3 �0.151 Arhgap44
11 8.613E-06 64931187 NES08494263 6 19 3 �0.151 Arhgap44

Continued
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Enox1, are specifically associated with CS-induced dsDNA
release. On inspection of the gene ontology of the 11 genes
associated with overall or CS-induced dsDNA release, we
did not identify a single pathway in which all genes operate
(Table 6). However, several of these genes, i.e., Cflar, Ppt1,
Cap1, Enox1, and Elac2, are involved in apoptosis and DNA
damage responses.

Gene expression of candidate genes in lung tissue of mice
susceptible or nonsusceptible for CS-induced dsDNA release.
SNPs can modify gene function by altering regulation of gene
expression at the mRNA or protein level, or by directly
altering protein function in case of nonsynonymous coding
SNPs. As can be seen in Tables 3 and 5, we did not identify
any nonsynonymous coding SNPs in our analysis. There-
fore, we compared lung tissue gene expression levels be-
tween mouse strains susceptible and nonsusceptible for
CS-induced dsDNA release. To this end, two susceptible
mouse strains, BALB/cByJ and PL/J, and two nonsuscep-
tible mouse strains, C58/J and A/J, were selected for further
analysis. The basal mRNA expression of the 11 candidate
genes identified using HAM analysis was determined in lung
tissue of these strains (Fig. 7). In all cases, a single haplo-
type block spanning (part of) the gene was identified, and
genotype of a representative SNP within the haplotype block
is provided.

The two susceptible mouse strains showed a higher basal
expression of Ppt1 compared with the nonsusceptible mouse

strains, while the expression of Enox1 was only higher in the
susceptible BALB/cByJ strain. In contrast, the expression of
Elac2 was higher in the two nonsusceptible mouse strains. For
Arhgap44, Arhgef11, Cap1, and Trip11, the expression is the
lowest in the nonsusceptible A/J strain but with also low
expression in the susceptible BALB/cByJ strain, whereas for
Dscaml1, Aox3l1, and Myocd, the highest basal expression was
found in the C58/J strain. Finally for Cflar, no differences in
basal gene expression were shown between the different
strains. The overall differences in basal mRNA expression
levels between strains were relatively small, and only for Ppt1
and Elac2 was an association with genotype found.

We next identified the effect of CS exposure on gene
expression of the 11 candidate genes by measuring the mRNA
expression in lung tissue of the 2 susceptible and 2 nonsuscep-
tible mouse strains exposed to air or smoke (Fig. 8). Here, CS
exposure leads to a decrease in Arhgef11, Elac2, Enox1, and
Trip11 gene expression in at least one of the nonsusceptible
mouse strains. This effect was even stronger for Dscaml1,
where the mRNA expression was not only decreased by CS
exposure in the nonsusceptible strains, but also significantly
increased by CS in the susceptible mouse strains. In contrast,
CS leads to a decrease in Ppt1 gene expression for both
susceptible mouse strains and in Myocd gene expression for the
susceptible BALB/cByJ strain. For Aox3l1, Arhgap44, and
Cflar, hardly any effect of CS exposure on gene expression was
shown. Only for Ppt1 and Elac2 were the effects of CS

Table 2.—Continued

Chromosome No. P Value Position Rsid No. Major Alleles No. Minor Alleles No. Missing Alleles Beta Gene

11 3.637E-07 64976888 mm37–11–64976888 6 20 2 �0.153 Arhgap44
11 1.430E-06 64952961 NES08493948 6 22 0 �0.162 Arhgap44
11 1.430E-06 64953373 mm37–11–64953373 6 22 0 �0.162 Arhgap44
11 1.430E-06 64973258 mm37–11–64973258 6 22 0 �0.162 Arhgap44
11 1.430E-06 64977356 mm37–11–64977356 6 22 0 �0.162 Arhgap44
11 1.872E-06 64948946 NES08493991 6 21 1 �0.160 Arhgap44
11 1.872E-06 64949028 NES08493992 6 21 1 �0.160 Arhgap44
11 6.787E-06 64966804 NES08493729 6 20 2 �0.154 Arhgap44
11 8.613E-06 64947351 NES08494044 6 19 3 �0.151 Arhgap44
11 8.613E-06 64949090 NES08493994 6 19 3 �0.151 Arhgap44
11 8.613E-06 64949443 NES08493986 6 19 3 �0.151 Arhgap44
11 8.613E-06 64955529 NES08493916 6 19 3 �0.151 Arhgap44
11 8.613E-06 64966470 NES08493761 6 19 3 �0.151 Arhgap44
11 8.613E-06 64967419 NES08493710 6 19 3 �0.151 Arhgap44
11 8.613E-06 64967871 NES08493715 6 19 3 �0.151 Arhgap44
11 8.613E-06 64968072 NES08493716 6 19 3 �0.151 Arhgap44
11 8.613E-06 64968132 NES08493717 6 19 3 �0.151 Arhgap44
11 8.613E-06 64968261 NES08493718 6 19 3 �0.151 Arhgap44
11 1.780E-09 64999358 NES08493493 9 15 4 �0.150 Myocd
11 1.430E-06 64990379 mm37–11–64990379 6 22 0 �0.162 Myocd
11 3.781E-06 65009295 NES08493388 10 17 1 �0.133 Myocd
11 3.781E-06 65016012 NES08493236 10 17 1 �0.133 Myocd
11 5.452E-06 65014320 mm37–11–65014320 10 17 1 �0.131 Myocd
11 6.920E-06 65014221 mm37–11–65014221 10 18 0 �0.127 Myocd
11 6.920E-06 65028777 mm37–11–65028777 10 18 0 �0.127 Myocd
12 3.750E-06 21839677 NES17527922 12 2 14 �0.255 Ak020054
12 3.750E-06 23095234 NES17528416 12 2 14 �0.255
12 6.326E-06 103089429 NES11404685 5 22 1 �0.168 Trip11
12 6.326E-06 103097667 NES11404353 5 22 1 �0.168 Trip11
12 6.326E-06 103098300 NES11404363 5 22 1 �0.168 Trip11
16 2.793E-06 11870630 NES15692525 6 12 10 �0.185 Cpped1
17 1.514E-06 35534387 NES17324125 7 11 10 �0.185 H2-q8

Significance cutoff is set at –log(P) � 5. Rsid, reference sequence identification number. Major and minor alleles indicate the number of mouse strains with
the most and least abundant allele for the SNP, respectively. Missing alleles indicate the number of mouse strains with missing data for the SNP. SNP names
and locations were based on mouse genome build 38.
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exposure on gene expression levels in lung tissue in accordance
with the identified genotypes.

Together, we found small, yet significant, differences in the
basal mRNA expression levels between different strains. How-
ever, only for Ppt1 and Elac2 were the gene expression levels
associated with the genotype of the haplotype block identified
in our EMMA analysis, indicating that one of the SNPs
present in the haplotype block might function as an expres-
sion quantitative trait locus (eQTL). CS exposure induced
changes in gene expression of the candidate genes in spe-

cific strains, with the strongest effect on Dscaml1, which
increased in the susceptible strains and decreased in at least
one nonsusceptible strain. Furthermore, for Ppt1, the de-
crease in expression was only noted in susceptible mouse
strains, while for Elac2 the CS-induced decrease in gene
expression was only noted in nonsusceptible mouse strains.
These data indicate that, for these two genes, the effect of
CS on their gene expression regulation may contribute to
differences in susceptibility for CS-induced dsDNA release
in the mouse model.

Table 3. Selected single nucleotide polymorphisms significantly associated with bronchoalveolar lavage double-stranded
DNA levels after short-term cigarette smoke exposure in cigarette smoke- and air-exposed mice

Chromosome No. P Value Position Rsid
No. Major

Alleles
No. Minor

Alleles
No. Missing

Alleles Beta
Function

Class BALB/cByJ PL/J C58/J A/J Gene

1 1.133E-06 58359650 NES16379965 10 15 3 �0.153 Int C C T T Aox3l1
1 5.456E-06 58360789 NES16379942 10 14 4 �0.147 Int C C G G Aox3l1
1 7.659E-06 58805222 NES12804923 8 15 5 �0.156 Int T T C C Cflar
3 6.272E-06 87439679 NES14672658 14 14 0 �0.142 Int T T C C Arhgef11
3 6.272E-06 87442284 NES14672597 14 14 0 �0.142 Int T T C C Arhgef11
3 5.605E-06 87487048 mm37–3-87487048 13 14 1 �0.147 Int T T C C Arhgef11
4 5.357E-06 3136046 NES08672116 16 9 3 0.149 uk uk uk uk uk Ppt1
4 2.579E-06 122551421 NES09192317 17 9 2 0.142 Int G G G A Cap1
4 6.625E-06 122550824 NES09192312 10 16 2 �0.138 Int G G G T Cap1
4 6.625E-06 122550987 NES09192313 10 16 2 �0.138 Int T T T A Cap1
4 6.625E-06 122551398 NES09192316 10 16 2 �0.138 Int C C C T Cap1

11 2.650E-07 64800867 NES08496202 11 14 3 �0.144 Int C C T T Elac2
11 2.650E-07 64801842 NES08496212 11 14 3 �0.144 Int C C T T Elac2
11 1.872E-06 64921523 NES08494443 6 21 1 �0.160 Int A A C C Arhgap44
11 1.872E-06 64924716 NES08494384 6 21 1 �0.160 Int T T G G Arhgap44
11 8.613E-06 64910882 NES08494687 6 19 3 �0.151 Int C C A A Arhgap44
11 8.613E-06 64922067 NES08494457 6 19 3 �0.151 Int A A G G Arhgap44
11 8.613E-06 64924352 NES08494381 6 19 3 �0.151 Int C C T T Arhgap44
11 8.613E-06 64929534 NES08494314 6 19 3 �0.151 Int T T C C Arhgap44
11 8.613E-06 64930953 NES08494276 6 19 3 �0.151 Int C C T T Arhgap44
11 8.613E-06 64931187 NES08494263 6 19 3 �0.151 Int G G A A Arhgap44
11 3.637E-07 64976888 mm37–11–64976888 6 20 2 �0.153 uk C C T T Arhgap44
11 1.430E-06 64952961 NES08493948 6 22 0 �0.162 Int C C T T Arhgap44
11 1.430E-06 64953373 mm37–11–64953373 6 22 0 �0.162 Int G G A A Arhgap44
11 1.430E-06 64973258 mm37–11–64973258 6 22 0 �0.162 Int G G A A Arhgap44
11 1.430E-06 64977356 mm37–11–64977356 6 22 0 �0.162 uk C C T T Arhgap44
11 1.872E-06 64948946 NES08493991 6 21 1 �0.160 Int C C T T Arhgap44
11 1.872E-06 64949028 NES08493992 6 21 1 �0.160 Int C C T T Arhgap44
11 6.787E-06 64966804 NES08493729 6 20 2 �0.154 Int G G A A Arhgap44
11 8.613E-06 64947351 NES08494044 6 19 3 �0.151 Int T T C C Arhgap44
11 8.613E-06 64949090 NES08493994 6 19 3 �0.151 Int A A G G Arhgap44
11 8.613E-06 64949443 NES08493986 6 19 3 �0.151 Int C C T T Arhgap44
11 8.613E-06 64955529 NES08493916 6 19 3 �0.151 Int A A T T Arhgap44
11 8.613E-06 64966470 NES08493761 6 19 3 �0.151 Int A A T T Arhgap44
11 8.613E-06 64967419 NES08493710 6 19 3 �0.151 Int G G C C Arhgap44
11 8.613E-06 64967871 NES08493715 6 19 3 �0.151 Int G G A A Arhgap44
11 8.613E-06 64968072 NES08493716 6 19 3 �0.151 Int A A T T Arhgap44
11 8.613E-06 64968132 NES08493717 6 19 3 �0.151 Int G G A A Arhgap44
11 8.613E-06 64968261 NES08493718 6 19 3 �0.151 Int C C G G Arhgap44
11 1.780E-09 64999358 NES08493493 9 15 4 �0.150 Int T T C C Myocd
11 1.430E-06 64990379 mm37–11–64990379 6 22 0 �0.162 UTR A A G G Myocd
11 3.781E-06 65009295 NES08493388 10 17 1 �0.133 Int C C T T Myocd
11 3.781E-06 65016012 NES08493236 10 17 1 �0.133 Int G G A A Myocd
11 5.452E-06 65014320 mm37–11–65014320 10 17 1 �0.131 Cs P:227 G G C C Myocd
11 6.920E-06 65014221 mm37–11–65014221 10 18 0 �0.127 Int C C T T Myocd
11 6.920E-06 65028777 mm37–11–65028777 10 18 0 �0.127 Int A A G G Myocd
12 6.326E-06 103089429 NES11404685 5 22 1 �0.168 Int C C uk T Trip11
12 6.326E-06 103097667 NES11404353 5 22 1 �0.168 Int G G uk A Trip11
12 6.326E-06 103098300 NES11404363 5 22 1 �0.168 Int G G uk A Trip11

Significant SNPs were located within a gene and had less than six mouse strains with missing data. Significance cutoff is set at –log(P) � 5. The number of
major and minor alleles indicate the number of mouse strains with the most and least abundant allele for the SNP, respectively, from the 28 mouse strains used
in our analyses. Number of missing alleles indicates the number of mouse strains with missing data for the SNP. Function class is intronic (Int),
synonymous-codon (Cs) with the amino acid and location, or 3=-untranslated region (UTR). Missing information is noted as unknown (uk). Position is the base
pair location of the SNP. SNP names and locations were based on mouse genome build 38.
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Fig. 5. Haplotype association mapping identifies susceptibility genes for cigarette smoke-independent bronchoalveolar lavage (BAL) double-stranded (ds) DNA
levels. The Manhattan plot for the log-transformed BAL dsDNA levels depicts corresponding �log(P) association probabilities for single nucleotide
polymorphisms (SNPs) at indicated chromosomal locations. The log-transformed BAL dsDNA levels of smoke- and air-exposed mice were used as input for the
analysis, with air/smoke exposure added to the analysis as covariate. Significance level was set at SNP associations of �log(P) � 5. Magnifications show genes
mapped at the significant SNPs.
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CS-induced dysregulation of the expression of candidate
genes in epithelium of humans susceptible for the onset of
COPD. To investigate whether the candidate genes for CS-
induced dsDNA release in mice are also regulated by CS
exposure in the airway epithelium in human subjects, we
analyzed the gene expression of our candidate genes in a
microarray gene expression data set of primary bronchial
epithelial cells obtained from bronchial brushings of young,
healthy individuals. These cells were isolated 24 h after smok-
ing of three cigarettes within 3 h and after 2 days of smoking
cessation, as described previously (54). Out of the 11
candidate genes, we analyzed expression regulation of 10
candidate genes, since the mouse Aox3l1 gene does not have

a human homolog. We found that the gene expression levels
of ARHGAP44 and ENOX1 were significantly decreased by
exposure to CS (Table 7). None of the eight other candidate
genes showed significant changes in gene expression on CS
exposure. The young, healthy individuals included in this
study were selected to be either susceptible or nonsuscep-
tible for the development of COPD based on family history,
as described before (24, 54). In brief, the prevalence of
COPD in smoking first- or second-degree relatives older
than 40 yr was used to classify the young, healthy subjects
as susceptible (at least 2 out of 3 first- and second-degree
smoking relatives developed COPD) or nonsusceptible
(none of the smoking first- and second-degree relatives

Table 4. Single nucleotide polymorphisms significantly associated with bronchoalveolar lavage double-stranded DNA levels
after short-term cigarette smoke exposure in cigarette smoke-exposed mice

Chromosome No. P Value Position Rsid No. Major Alleles No. Minor Alleles No. Missing Alleles Beta Gene

3 5.44E-07 58655690 NES12922997 5 13 8 �0.193 Clrn1
4 4.20E-06 122526998 NES09192855 14 9 3 0.153 Ppt1
4 3.05E-06 122551421 NES09192317 15 9 2 0.148 Cap1
4 7.94E-06 122612792 NES09190609 13 10 3 0.149
4 1.05E-06 123538006 mm37-4-123538006 15 11 0 0.149
4 5.64E-06 123571200 NES09195959 14 10 2 0.145
4 7.94E-06 123635179 NES09194049 13 10 3 0.149
4 7.94E-06 123636696 NES09194072 13 10 3 0.149
4 7.94E-06 123670557 NES09193039 13 10 3 0.149
4 7.94E-06 123671493 NES09192987 13 10 3 0.149
4 7.94E-06 123671697 NES09192991 13 10 3 0.149
4 7.94E-06 123671952 NES09192994 13 10 3 0.149
4 7.94E-06 123672236 NES09192963 13 10 3 0.149
4 7.94E-06 123672264 NES09192964 13 10 3 0.149
7 5.50E-06 48487551 NES11797489 5 8 13 �0.176
7 7.64E-06 48561882 NES11788344 5 9 12 �0.194
7 7.64E-06 48564532 NES11788283 5 9 12 �0.194
7 7.64E-06 48574462 NES11787752 5 9 12 �0.194
7 5.10E-06 62427737 NES13966646 10 9 7 �0.146 Luzp2
7 5.10E-06 62428384 NES13966472 10 9 7 �0.146 Luzp2
7 5.10E-06 62428492 NES13966476 10 9 7 �0.146 Luzp2
7 5.10E-06 62429097 NES13966493 10 9 7 �0.146 Luzp2
7 5.10E-06 62429268 NES13966502 10 9 7 �0.146 Luzp2
7 6.64E-07 143830445 NES11531600 7 10 9 �0.142
7 6.64E-07 143832205 NES11531519 7 10 9 �0.142
7 6.64E-07 143834746 NES11531297 7 10 9 �0.142
7 5.21E-06 145418830 NES11529417 6 9 11 �0.167 Tcerg1l
8 7.81E-06 28527737 NES14961674 12 9 5 �0.155
9 8.97E-06 45415420 NES15026605 10 12 4 �0.132 Dscaml1

11 4.87E-09 64999358 NES08493493 9 13 4 �0.146 Myocd
11 1.73E-06 65014221 mm37–11–65014221 10 16 0 �0.137 Myocd
11 1.73E-06 65028777 mm37–11–65028777 10 16 0 �0.137 Myocd
11 3.03E-06 65014320 mm37–11–65014320 10 15 1 �0.138 Myocd
11 3.74E-06 65009295 NES08493388 10 15 1 �0.138 Myocd
11 3.74E-06 65016012 NES08493236 10 15 1 �0.138 Myocd
14 4.72E-07 77961027 NES12551493 7 12 7 �0.155 Enox1
14 2.04E-06 77952719 NES12551734 7 11 8 �0.156 Enox1
14 2.25E-06 78003520 mm37–14–78003520 7 19 0 �0.149 Enox1
14 4.88E-06 78017044 NES12548988 7 18 1 �0.149 Enox1
14 8.82E-06 78017551 NES12548996 7 17 2 �0.148 Enox1
14 8.82E-06 78017718 NES12548998 7 17 2 �0.148 Enox1
14 8.82E-06 78021491 NES12548821 7 17 2 �0.148 Enox1
14 8.82E-06 78025000 NES12548718 7 17 2 �0.148 Enox1
14 8.82E-06 78027930 NES12548591 7 17 2 �0.148 Enox1
14 8.82E-06 78031092 NES12548472 7 17 2 �0.148 Enox1
14 8.82E-06 78031958 NES12548481 7 17 2 �0.148 Enox1
16 4.25E-06 11870630 NES15692525 6 10 10 �0.160 Cpped1
17 6.86E-06 35534387 NES17324125 7 9 10 �0.158 Bat1a

Significance cutoff is set at –log(P) � 5. Major and minor alleles indicate the number of mouse strains with the most and least abundant allele for the
SNP, respectively. Missing alleles indicate the number of mouse strains with missing data for the SNP. SNP names and locations were based on mouse
genome build 38.
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developed COPD). When analyzing the interaction between
CS exposure and susceptibility for COPD as defined by
family history, we observed that the mRNA expression
levels of ARHGEF11 and ENOX1 were significantly more
decreased by CS in COPD-susceptible individuals compared
with nonsusceptible individuals. Interestingly, in mice, the
mRNA expression levels of these transcripts were decreased
by CS in the nonsusceptible strains. In addition, the ELAC2
gene showed a trend (P � 0.085) toward a CS-induced
decrease between susceptible and nonsusceptible individu-
als. These data indicate that specific identified susceptibility
genes for CS-induced dsDNA release in mice are also
differently expressed by CS in relation to susceptibility for
the development of COPD in humans.

Downregulation of candidate genes in human alveolar epi-
thelial cells influences CS-induced cell death and DAMP
release. Since Ppt1 and Elac2 showed an interaction between
the effect of their expression regulation and susceptibility for
CS-induced dsDNA release, we selected these two genes for
further investigation. Furthermore, since the expression of
ENOX1, ARHGEF11, and ARHGAP44 was affected by CS
exposure in human bronchial epithelial cells we also selected
these genes for further investigation. We studied the effect of
downregulation of these candidate genes in human lung epi-
thelial cells on CSE-induced cell death and DAMP release.

First, we tested which of three human lung epithelial cell
lines was most suitable for CSE-induced dsDNA release ex-
periments. Therefore, the bronchial epithelial cell lines 16HBE
and BEAS-2B and the adenocarcinoma alveolar cell line A549
were exposed to 0–100% of CSE for 4 h. After extensive
washing and incubation for another 16 h on CSE-free medium,
the amount of dsDNA in the cell-free supernatant was deter-
mined. Neither BEAS-2B nor 16HBE cells showed a signifi-
cant increase in the amount of dsDNA release on CSE expo-
sure, whereas A549 cells showed a dose-dependent increase in
the amount of dsDNA that is released on CSE exposure (Fig.

9A). Therefore, further experiments to test the effects of the
selected candidate genes on CS-induced dsDNA release were
performed using A549 cells.

Transfection of the human airway epithelial cell line A549
with specific siRNA for PPT1 induced �95% mRNA down-
regulation (Fig. 9B). After the siRNA transfection, cells were
exposed to a range of CSE concentrations (0–100%) for 4 h.
After 24 h of incubation with CSE-free medium, the amount of
necrotic and apoptotic cells and dsDNA release was deter-
mined. On stimulation with high percentages of CSE (80–
100%), PPT1 downregulation resulted in increased release of
dsDNA and RNA and increased levels of both apoptotic and
necrotic cell death (Fig. 9). This indicates that PPT1 down-
regulation enhances the susceptibility of A549 cells to cell
death and DAMP release induced by high-CSE concentrations.

Downregulation of ELAC2 using specific siRNA assays
induces ~80% decrease in mRNA expression (Fig. 10A).
Downregulation of ELAC2 significantly attenuated dsDNA
release on exposure to 60% CSE, apoptotic cell death on
exposure to 0–80% CSE, and necrotic cell death on exposure
to 0–40% CSE compared with the scrambled control (Fig. 10).

ARHGAP44 was not expressed in A549 cells, disqualifying
this gene as target for siRNA experiments in A549 cells (data
not shown). Downregulation of ENOX1 resulted in �90%
decreased mRNA expression levels (Fig. 11A). Although no
effects of ENOX1 downregulation on DAMP release or ne-
crotic cell death induced by CS exposure was observed, we did
find that ENOX1 downregulation decreased the percentage of
apoptotic cells at baseline conditions (Fig. 11, B–F). Moreover,
downregulation of ARHGEF11 using specific siRNA assays
decreased the mRNA expression with �80% (Fig. 11G). No
effects of ARHGEF11 downregulation on DAMP CS-induced
release were found. Nevertheless, we did observe that, on CS
exposure, significantly more cells are necrotic on downregula-
tion of ARHGEF11 (Fig. 11, H–L). This suggests that de-
creased ARHGEF11 expression increases the susceptibility for

Table 5. Selected single nucleotide polymorphisms significantly associated with bronchoalveolar lavage double-stranded
DNA levels after short-term cigarette smoke exposure in cigarette smoke-exposed mice

Chromosome No. P Value Position Rsid
No. Major

Alleles
No. Minor

Alleles
No. Missing

Alleles Beta
Variation Type/
Function Class

BALB/
cByJ PL/J C58/J A/J Gene

4 4.20E-06 122526998 NES09192855 14 9 3 0.153 Int A A uk C Ppt1
4 3.05E-06 122551421 NES09192317 15 9 2 0.148 Int G G G A Cap1
9 8.97E-06 45415420 NES15026605 10 12 4 �0.132 Int T C T T Dscaml1

11 4.87E-09 64999358 NES08493493 9 13 4 �0.146 Int T T C C Myocd
11 1.73E-06 65014221 mm37–11–65014221 10 16 0 �0.137 Int C C T T Myocd
11 1.73E-06 65028777 mm37–11–65028777 10 16 0 �0.137 Int A A G G Myocd
11 3.03E-06 65014320 mm37–11–65014320 10 15 1 �0.138 CsP:227 G G C C Myocd
11 3.74E-06 65009295 NES08493388 10 15 1 �0.138 Int C C T T Myocd
11 3.74E-06 65016012 NES08493236 10 15 1 �0.138 Int G G A A Myocd
14 2.25E-06 78003520 mm37–14–78003520 7 19 0 �0.149 Int A G A A Enox1
14 4.88E-06 78017044 NES12548988 7 18 1 �0.149 Int G A G G Enox1
14 8.82E-06 78017551 NES12548996 7 17 2 �0.148 Int G A G G Enox1
14 8.82E-06 78017718 NES12548998 7 17 2 �0.148 Int C T C C Enox1
14 8.82E-06 78021491 NES12548821 7 17 2 �0.148 Int C T C C Enox1
14 8.82E-06 78025000 NES12548718 7 17 2 �0.148 Int G T G G Enox1
14 8.82E-06 78027930 NES12548591 7 17 2 �0.148 Int C A C C Enox1
14 8.82E-06 78031092 NES12548472 7 17 2 �0.148 Int A T A A Enox1
14 8.82E-06 78031958 NES12548481 7 17 2 �0.148 Int C T C C Enox1

Significant SNPs were located within a gene and had less than six mouse strains with missing data. Significance cutoff is set at –log(P) � 5. Number of major
and minor alleles indicates the number of mouse strains with the most and least abundant allele for the SNP, respectively, from the 28 mouse strains used in
our analyses. Number of missing alleles indicates the number of mouse strains with missing data for the SNP. Function class is intronic (Int), synonymous-codon
(Cs) with the amino acid and location. Position is the base pair location of the SNP. SNP names and locations were based on mouse genome build 38.
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CS-induced necrotic cell death, which is in agreement with our
gene expression data in human bronchial epithelial cells (Table
7), showing that ARHGEF11 expression is more decreased on
CS exposure in individuals susceptible for COPD compared
with nonsusceptible individuals.

In summary, downregulation of ELAC2 provides protection
against CSE-induced cell death and DAMP release on expo-
sure to low percentages of CSE, whereas downregulation of
PPT1 and ARHGEF11 enhances CSE-induced cell death and
DAMP release on exposure to high percentages of CSE.

DISCUSSION

In the present study, we show that CS-induced DAMP
release differs between inbred mouse strains and is genetically
regulated by specific genes. We identified 11 candidate genes
involved in BAL dsDNA levels in mice, 5 of which were
associated with CS-induced dsDNA release. For two of these
candidate genes, Ppt1 and Elac2, we observed that these SNPs
act as an eQTL in lung tissue and display an interaction with
susceptibility for CS-induced dsDNA release, indicating that
these genes may contribute to the differences in dsDNA release

between susceptible and nonsusceptible strains. We found that
these genes are functionally involved in CS-induced cell death
and DAMP release in a human lung epithelial cell line. In
addition, we show that two other candidate genes, ARHGEF11
and ENOX1, decreased more in young susceptible individuals
compared with nonsusceptible individuals. In addition, ELAC2
trended toward a decrease. Taken together, these data indicate
that the severity of CS-induced airway inflammation might be
caused by differences in the sensitivity for CS-induced DAMP
release.

The role of DAMPs in the pathophysiology of COPD is
emerging (47). DAMPs are released from necrotic or damaged
cells and activate the innate immune system by activation of
PRRs and by attracting neutrophils (44). Previously, our lab-
oratory has shown that exposure of human airway epithelial
cells to CSE induces DAMP release and subsequent proinflam-
matory responses (23, 50). Furthermore, our laboratory has
shown that exposure of mice to CS induces the release of a
specific profile of DAMPs in mice susceptible for CS-induced
neutrophilic airway inflammation compared with those strains
that are not susceptible to this response (48). In the present

Fig. 6. Haplotype association mapping identifies susceptibility genes for cigarette smoke-induced bronchoalveolar lavage (BAL) double-stranded (ds) DNA
levels. The Manhattan plot for the log-transformed cigarette smoke-induced BAL dsDNA levels depicts corresponding �log(P) association probabilities for
single nucleotide polymorphisms (SNPs) at indicated chromosomal locations. The log-transformed BAL dsDNA levels of only smoke-exposed mice were used
as input for the analysis. BALB/cJ and BALB/cByJ mice were excluded from this analysis. Significance level was set at SNP associations of �log(P) � 5.
Magnifications show genes mapped at the significant SNPs.
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study, we employed our existing data set of 28 different inbred
mouse strains exposed to CS for 5 consecutive days (46). We
found increased levels of all measured DAMPs, i.e., HSP70,
HMGB1, mtDNA, and dsDNA, in BAL fluid of several but not
all mouse strains. The levels of dsDNA showed the highest
correlation with CS-induced neutrophil infiltration in BAL
fluid, in agreement with our laboratory’s previous study (48).
dsDNA is a widely abundant DAMP that is released by
necrotic cells and is not likely to be actively secreted, with the
exception of neutrophils undergoing NETosis, making dsDNA
a good marker for necrotic cell death (38, 49). Other DAMPs,
including HSP70 and HMGB1, can both be passively released
and actively secreted from several cell types upon stress (5). It
is possible that part of the dsDNA levels found in BAL fluid is
derived from cell lysis during BAL extraction; nevertheless the
fact that we found large amounts of nonlysed cells on analyz-
ing cytospins and the lack of correlation between the different
DAMPs renders it unlikely that much cell lysis has taken place
during BAL extraction. Furthermore, it is likely that the strong
correlation between the CS-induced levels of dsDNA in BAL
fluid and the number of neutrophils in BAL fluid can at least,
in part, be explained by neutrophils being the source of the
released dsDNA. Nevertheless, the first line of defense against
inhaled toxicants is the airway epithelium, providing the first
batch of DAMP release, followed by DAMP released from
attracted neutrophils (47). Furthermore, it has been shown that
the sputum levels of dsDNA are negatively correlated with
percent predicted forced expiratory volume in 1 s in patients
with cystic fibrosis (39), indicating that dsDNA release is
involved in multiple diseases associated with decreased lung
function.

In the present study, we identified 11 genes that are signif-
icantly associated with dsDNA release in mice. First we

analyzed which genes were associated with basal dsDNA
release, which identified nine genes. Next, we identified two
additional genes that were specifically associated with CS-
induced dsDNA release. In the second analysis investigating
CS-induced dsDNA release, we removed the BALB/cByJ and
BALB/cJ strains because the high induction of CS-induced
dsDNA release in these strains was masking the identification
of susceptibility genes. Nevertheless, this approach may intro-
duce false-negative results, as the two most susceptible strains
were not included in the analysis. This may also explain the
lack of overlap in identified susceptibility genes between the
present study and our laboratory’s previous work where we
analyzed genetic susceptibility for CS-induced neutrophilic
airway inflammation in mice (46). Two of the identified sus-
ceptibility genes, Dscaml1 and Enox1, were specifically asso-
ciated with CS-induced dsDNA release. No direct link in
function was observed for these 11 genes using gene ontology
annotation. However, five genes have known involvement in
cell death pathways, as Cflar, Ppt1, Cap1, Enox1, and Elac2
have been shown to be involved in apoptosis and DNA damage
responses, indicating that a dysfunctional induction of apopto-
sis induces increased levels of released dsDNA. Cflar, also
called c-Flip, is one of the major components in the apoptotic
pathways, and it regulates whether a cell goes into apoptosis or
necroptosis (53), making Cflar a relevant candidate gene as
apoptotic cells do not release dsDNA, while necroptotic cells
do. Moreover, it has been shown that Cflar protects murine
fibroblasts against dsRNA-induced apoptosis (21). Ppt1 is
involved in the regulation of apoptosis: on one hand Ppt1
overexpression induces protection against the induction of
apoptosis (9, 13), and inhibition of Ppt1 induces apoptosis in
neuronal cells (10, 11, 20). While on the other hand PPT1-
deficient fibroblasts from mice and humans were protected

Table 6. Genes with significant single nucleotide polymorphism associations with bronchoalveolar lavage double-stranded
DNA levels after short-term cigarette smoke exposure in mice

Symbol Description Gene ID
Chromosome

No. Protein Function

Aox3l1 Aldehyde oxidase 2 213043 1 Molybdo-flavoenzyme family member that oxidizes
aldehydes and is involved in the perception of
odorants (32).

Cflar CASP8 (caspase 8) and FADD (Fas-associated protein
with death domain)-like apoptosis regulator

12633 1 Apoptosis and necroptosis regulator protein (22).

Arhgef11 Rho guanine nucleotide exchange factor (GEF) 11 2441869 3 Rho-GTPase, involved in rho-dependent signaling (26).
Ppt1 Palmitoyl-protein thioesterase 1 19063 4 Lipid modification during lysosomal degradation,

removal of thioester-linked fatty acyl groups from
cysteine residues. Regulation of TNF-�-induced
apoptosis (55).

Cap1 Adenylate cyclase-associated protein 1 88262 4 Actin-binding cyclic AMP signaling molecule and
potent inducer of apoptosis (3).

Dscaml1 Down syndrome cell adhesion molecule like 1 2150309 9 Member of the immunoglobulin superfamily proteins
(17).

Elac2 ElaC homolog 2 68626 11 Catalyzing the removal of the 3= trailer from precursor
tRNAs. The DNA damage response (52).

Arhgap44 Rho GTPase activating protein 44 2144423 11 Rho-GTPase, involved in rho-dependent signaling (18).
Myocd Myocardin 214384 11 A smooth muscle and cardiac muscle-specific

transcriptional coactivator of the transcription factor
SRF (41).

Trip11 Thyroid hormone receptor interactor 11 1924393 12 Thyroid hormone receptor-
 interaction and association
with microtubules and the Golgi-apparatus (15).

Enox1 Ecto-NOX disulfide-thiol exchanger 1 2444896 14 Electron transport protein, terminal oxidase of plasma
electron transport from cytosolic NAD(P)H via
hydroquinones to acceptors at the cell surface.
Inhibitor of apoptosis (57).
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Fig. 7. Gene expression of candidate genes in whole lung tissue of susceptible and nonsusceptible mouse strains. Four mouse strains were selected (BALB/cByJ,
PL/J, C58/J, A/J) with a different susceptibility for cigarette smoke-induced double-stranded (ds) DNA release in bronchoalveolar lavage (BAL) fluid, ranging
from the highly susceptible BALB/cByJ to the resistant A/J strain. Basal mRNA expression (2-dCt) was measured in air-exposed mice for Aox3l1 (A), Arhgap44
(B), Arhgef11 (C), Cap1 (D), Cflar (E), Dscaml1 (F), Elac2 (G), Enox1 (H), Myocd (I), Ppt1 (J), and Trip11 (K). Genotypes are shown for each gene; a
representative genotype was selected for genes associated with a haplotype of multiple single nucleotide polymorphisms (SNPs). Data are shown as box-whisker
plots, indicating the mean 	 interquartile range, with the whiskers indicating the highest and lowest data points. Significance was tested using a one-way ANOVA
with Turkey’s multiple-comparison correction. *P � 0.05, **P � 0.01, and ***P � 0.001.
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against TNF-induced apoptosis, and restoration of PPT1 in-
creased the susceptibility for apoptosis (55). This indicates that
the effect of Ppt1 on cell death is cell type specific. Cap1 is also
involved in apoptosis, as the induction of apoptosis induces the
caspase-independent translocation of Cap1 to the mitochon-

dria, which is important for the execution of apoptosis, while
the downregulation of Cap1 represses the execution of apopto-
sis (58). Furthermore, for Enox1, chemical or genetic inhibition
induces apoptosis (19). Elac2 was shown to be involved in the
DNA damage response (52), which also links it to dsDNA

Fig. 8. Cigarette smoke-induced gene expression of candidate genes in whole lung tissue of susceptible and nonsusceptible mouse strains. Four mouse strains
were selected (BALB/cByJ, PL/J, C58/J, A/J) with a different susceptibility for cigarette smoke-induced double-stranded (ds) DNA release in bronchoalveolar
lavage (BAL) fluid, ranging from the highly susceptible BALB/cByJ to the resistant A/J strain. mRNA expression was shown as fold induction of 2-dCt of cigarette
smoke-exposed mice (n � 8) compared with 2-dCt of control air-exposed mice (n � 8) for Aox3l1 (A), Arhgap44 (B), Arhgef11 (C), Cap1 (D), Cflar (E), Dscaml1
(F), Elac2 (G), Enox1 (H), Myocd (I), Ppt1 (J), and Trip11 (K). Data are shown as box-whisker plots, indicating the mean 	 interquartile range, with the whiskers
indicating the highest and lowest data points. Significance was tested using a Mann-Whitney U-test. *P � 0.05, **P � 0.01, and ***P � 0.001.
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release. For the remaining six genes, no connection to cell
death or dsDNA release is known to date; however, much is
unknown about the function of these genes. Of the six genes,
for Arhgef11, Dscaml1, and Trip11, as well as for Ppt1 and
Elac2, a correlation was shown between the CS-induced gene
expression in whole lung tissue of mice and the susceptibility
for CS-induced DAMP release. Of note, only for Elac2 and
Ppt1 were the observed differences in CS-induced gene expres-
sion between susceptible and nonsusceptible mouse strains in
agreement with the genotype of the SNPs associated with
the dsDNA levels in the genetic analysis, underscoring that these
SNPs possibly act as an eQTL for these genes. For Ppt1, the gene
expression was significantly lower in nonsusceptible mouse
strains compared with susceptible mouse strains, whereas expo-
sure to CS decreases the Ppt1 expression in the susceptible mouse
strains. For Elac2, the situation was opposite, with increased
expression in nonsusceptible mouse strains compared with sus-
ceptible mouse strains and a downregulation in gene expression
by CS exposure in the nonsusceptible strains. The interaction of
gene regulation of these two candidate genes with susceptibility
for CS-induced dsDNA release strongly argues in favor for a
contribution of these genes to the susceptibility for CS-induced
dsDNA release.

For the two key candidate genes, Ppt1 and Elac2, we
showed that downregulation induces protection against CSE-
induced cell death and DAMP release on exposure to low
percentages of CSE, while it enhances CSE-induced cell death
and DAMP release on exposure to high percentages of CSE in
vitro in alveolar epithelial cells. The results at low CSE
percentages are in agreement with a previous study showing
that inhibition of PPT1 decreases the amount of apoptosis in
absence of CSE (55). Furthermore, we showed that the CS-
induced decrease in ARHGEF11 expression was greater in
young, healthy individuals susceptible for the development of
COPD compared with nonsusceptible individuals. This is in
agreement with our in vitro data showing that downregulation
of ARHGEF11 in A549 cells causes more cells to go into
necrosis on CS exposure. These results show that our candidate

genes are not solely important in CS-induced dsDNA release in
mice, but are also functionally involved in CS-induced cell
death and DAMP release in human cells in vitro, making them
interesting targets for future research.

The relevance of our candidate genes for COPD patients was
further supported by the fact that we identified two genes,
ARHGAP44 and ENOX1, of which the expression was de-
creased in human bronchial epithelial cells 24 h after smoking
three cigarettes in young, healthy individuals. Importantly, the
gene expression of ARHGEF11 and ENOX1 was significantly
more decreased by smoking three cigarettes in young, healthy
individuals who are susceptible for the development of COPD
compared with young, healthy individuals who are not. Fur-
thermore, ELAC2 showed a trend toward a stronger CS-
induced decrease in susceptible compared with nonsusceptible
individuals. Although there was a discrepancy between the
effect of CS on the expression of ARHGEF11 and ENOX1 in
susceptible vs. nonsusceptible humans and mouse strains, with
a stronger decrease by CS exposure in susceptible humans and
in nonsusceptible mouse strains, our results show that, before
the onset of COPD, these genes are already dysregulated,
making them likely candidate genes to be causally involved in
the disease pathophysiology. Differences in gene expression
between our mice and human studies are likely to be caused by
differences in the levels of CS exposure, timing, and the
composition of the investigated cells. Further research is
needed to fully elucidate the role of these genes in COPD
pathophysiology. Although effectiveness of the classification
of susceptible and nonsusceptible human individuals in the
COPD susceptibility cohort was shown before (16, 24), the
study setup is prone to induce false positive and negative
classifications. First, the (non)susceptibility traits that are pres-
ent in smoking first- or second-degree relatives diagnosed with
or without COPD are not necessarily inherited by the next
generation, potentially leading to false positive or negative
classifications. Second, genetic recombination and de novo
mutations can lead to the presence of susceptibility traits that
are not present in nonsusceptible relatives, potentially inducing
false negative classifications. Together, the statistical power of
the study is limited by the probable number of false positive
and negative classifications; nevertheless, we were still able to
show significant differences between susceptible and nonsus-
ceptible individuals.

In summary, with the present study, we have identified 11
novel candidate genes for CS-induced dsDNA release in mice.
With several validation experiments in both mice and humans,
we have shown functional or expression-based involvement of
eight of the genes in CS-induced cell death and DAMP release.
Two key candidate genes were shown to be involved in
CSE-induced cell death and DAMP release in the human
airway epithelium. These genes are possibly involved in the
pathogenesis of diseases, where CS exposure induces dsDNA
release and subsequent inflammation, e.g., COPD (47, 48).
Further research is needed to elucidate the functional role of
the candidate genes in dsDNA release in general and in COPD
in specific.
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Table 7. Gene expression of candidate genes in humans
susceptible or nonsusceptible for the onset of chronic
obstructive pulmonary disease

Smoke Exposure
Smoke Exposure Interaction

with Susceptibility

t value P value FDR t value P value FDR

ARHGAP44 �2.526 0.017 0.168 �0.925 0.362 0.604
ARHGEF11 �1.152 0.258 0.430 �2.060 0.048 0.241
CAP1 0.806 0.426 0.609 0.433 0.668 0.835
CFLAR �0.513 0.612 0.679 0.116 0.909 0.909
DSCAML1 �1.443 0.159 0.397 �1.082 0.288 0.576
ELAC2 �0.682 0.500 0.625 �1.779 0.085 0.285
ENOX1 �2.224 0.034 0.168 �2.062 0.048 0.241
MYOCD 1.238 0.225 0.430 �0.310 0.758 0.843
PPT1 1.742 0.092 0.305 0.568 0.574 0.821
TRIP11 0.221 0.826 0.826 1.393 0.174 0.435

Microarray results for smoke exposure show the effects of smoking three
cigarettes within 3 h on gene expression levels in young (age � 40 yr)
individuals either susceptible or nonsusceptible for the onset of COPD. Smoke
exposure interaction with susceptibility indicates significance in gene expres-
sion for the delta before and after smoking three cigarettes between susceptible
and nonsusceptible individuals. False discovery rate (FDR) � 0.25 for signif-
icance.
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Fig. 9. The effect of downregulation of PPT1 on damage-associated molecular pattern (DAMP) release and cell death in human alveolar epithelial cells. A: the
human bronchial epithelial cell lines BEAS-2B and 16HBE and the alveolar adenocarcinomic cell line A549 were exposed to a range of cigarette smoke extract
(CSE) for 4 h (0–100%). The levels of double-stranded (ds) DNA were measured in supernatant after 16 h of incubation with serum-free and CSE-free medium.
B: the level of downregulation of PPT1 in A549 cells on treatment with specific small interfering (si) RNA, as analyzed with quantitative RT-PCR, is shown.
Data are shown as fold induction of mRNA expression of A549 cells treated with scrambled siRNA assay (2-dCt) compared with A549 cells treated with siRNA
assay specific for PPT1 (2-dCt). The levels of dsDNA (C) and RNA (D) were measured in cell-free supernatant of A549 cells exposed to 0–100% CSE. Scrambled
control represents cells treated with scrambled siRNA assay, and PPT1 siRNA is treated with specific siRNA assays. The levels of viable (E), apoptotic (F), and
necrotic cells (G) were analyzed in A549 cells on exposure to 0–100% CSE using annexin/propidium iodide staining for flow cytometry. All data are shown
as means 	 SE of the mean. Significance was tested using a Mann-Whitney U-test. *P � 0.05 and **P � 0.01.
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