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Functional Genomic Assessment of Phosgene-Induced
Acute Lung Injury in Mice

George D. Leikauf'*, Vincent J. Concel’, Kiflai Bein!, Pengyuan Liu2, Annerose Berndt3, Timothy M. Martin’,
Koustav Ganguly'4, An Soo Jang'5, Kelly A. Brant!, Richard A. Dopico, Jr.’, Swapna Upadhyay'6, Clinton Cario3,
Y. P. Peter Di', Louis J. Vuga3’, Emrah Kostem?, Eleazar Eskin® Ming You?, Naftali Kaminski3>?, Daniel R. Prows?®,
Daren L. Knoell’®, and James P. Fabisiak'*

TDepartment of Environmental and Occupational Health, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania;
2Wisconsin Cancer Center, Medical College of Wisconsin, Milwaukee, Wisconsin; 3Department of Medicine, University of Pittsburgh, Pittsburgh,
Pennsylvania; “SRM Research Institute, SRM University, Chennai, India; >Department of Internal Medicine, Soon Chun Hyang University, Bucheon,
Korea; ®Department of Biotechnology, Indian Institute of Technology Madras, Chennai, India; 7Simmons Center for Interstitial Lung Disease,
Department of Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania; 8Department of Computer Science and Department of Human
Genetics, University of California, Los Angeles, Los Angeles, California; °Department of Pediatrics, University of Cincinnati, and Division of Human
Genetics, Cincinnati Children’s Hospital, Cincinnati, Ohio; and '°Dorothy M. Davis Heart and Lung Research Institute, Department of Pharmacy,
and Department of Internal Medicine, Division of Pulmonary, Allergy, Critical Care and Sleep Medicine, The Ohio State University, Columbus, Ohio

In this study, a genetically diverse panel of 43 mouse strains was
exposed to phosgene and genome-wide association mapping per-
formed using a high-density single nucleotide polymorphism (SNP)
assembly. Transcriptomic analysis was also used to improve the
genetic resolution in the identification of genetic determinants of
phosgene-induced acute lung injury (ALI). We prioritized the identi-
fied genes based on whether the encoded protein was previously
associated with lung injury or contained a nonsynonymous SNP with-
in a functional domain. Candidates were selected that contained
a promoter SNP that could alter a putative transcription factor
binding site and had variable expression by transcriptomic analyses.
The latter two criteria also required that =10% of mice carried the
minor allele and that this allele could account for =10% of the phe-
notypic difference noted between the strains at the phenotypic
extremes. This integrative, functional approach revealed 14 candi-
date genes that included Atp1al, Alox5, Gaint11, Hrh1, Mbd4, Phactr2,
Pixnd1, Ptprt, Reln, and Zfand4, which had significant SNP associations,
and Itga9, Man1a2, Mapk14, and Vwf, which had suggestive SNP asso-
ciations. Of the genes with significant SNP associations, AtpTal, Alox$,
PIxnd1, Ptprt, and Zfand4 could be associated with ALI in several ways.
Using a competitive electrophoretic mobility shift analysis, Atplal
promoter (rs215053185) oligonucleotide containing the minor G al-
lele formed a major distinct faster-migrating complex. In addition,
agene with a suggestive SNP association, Itga9, is linked to transform-
ing growth factor 31 signaling, which previously has been associated
with the susceptibility to ALl in mice.
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CLINICAL RELEVANCE

The capability to reliably predict survival in patients with
acute lung injury (ALI) remains a major challenge to critical
care. Previous genetics studies in humans have been limited.
This study functionally assesses single-nucleotide poly-
morphism associations linked with survival during ALI in
mice. Genetic associations were strengthened by an inte-
grated assessment using transcriptomic profiling. The leading
candidate genes associated with increased susceptibility to
ALI in mice included Atplal, Alox5, Plxndl, Ptprt, and
Zfand4.

Acute lung injury (ALTI) entails increased epithelial and en-
dothelial permeability, disrupted surfactant associated protein
function, and decreased clearance of edema fluid (1-3). It can
result from direct (e.g., inhaled chemical) or indirect (e.g., sep-
sis) insults (4). The ability to reliably predict and enhance sur-
vival is a significant challenge to the treatment of ALI (5).
Individual susceptibility varies greatly, with patients presenting
with the same severity score having markedly different clinical
outcomes (6). For this reason, studies have begun to investigate
the role of genetics in determining survival during ALI (7-22).

Constant acquisition of information on the genetic variability
among inbred mouse strains has made the mouse a powerful
model to facilitate rapid evaluation of the genetic basis of
human physiology and pathophysiology (23-31). Recently, next-
generation whole genome sequencing information has been
obtained on 17 mouse strains (29), which has strengthened the
existing single nucleotide polymorphism (SNP) database for over
40 mouse strains (29-31). Using a genetically diverse panel of =40
inbred mouse strains, we previously conducted functional genomic
analyses of acrolein-induced (32, 33) and chlorine-induced (34)
ALI In this study, we sought to compare these findings with an
additional chemical, phosgene, also known to produce ALI after
accidental or intentional terrorist exposures.

Phosgene (COCl,), a colorless gas with the odor of wet hay,
was originally generated in 1812 by John Davy, who combined
chlorine with carbon monoxide (35). Phosgene is a weak topical
irritant to the eyes and upper respiratory tract, but, because
phosgene readily penetrates into the alveolar region of the lung,
it is a strong inducer of severe pulmonary edema, respiratory
distress, hypoxia, and death due to respiratory failure (36, 37).
The onset of pulmonary edema can be delayed and often follows
a symptom-free period (37). Phosgene was used as a chemical
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warfare agent in World War I (38). Many countries, including the
United States, have agreed to the Chemical Weapons Conven-
tion, which prohibits the deliberate release of this and other
chemical compounds during warfare (39). However, Syria, Soma-
lia, and the Democratic People’s Republic of Korea (North
Korea), among others, have not signed this agreement (40). Phos-
gene (=1 million tons per y produced worldwide) is used mainly
in the manufacture of isocyanates, which are polymerized to pro-
duce polyurethane and polycarbonate resins (36, 41). Phosgene
also can be generated accidentally by thermal degradation of
several chemicals, including carbon tetrachloride, perchloroethy-
lene (degreasing compound), and methylene chloride (paint re-
mover) (41), and, because of its high toxic potency, phosgene is
listed as a possible chemical terrorist agent (42). In this study,
genome-wide association mapping using a high-density SNP as-
sembly and transcriptomic analysis were combined to identify the
genetic determinants of phosgene-induced ALI.

MATERIALS AND METHODS

Experimental Design

This study was performed in accordance with the Institutional Animal
Care and Use Committee of the University of Pittsburgh (Pittsburgh,
PA). Forty-three inbred mouse strains (6- to 8-wk-old female mice;
n = 10 mice per strain) (Jackson Laboratory, Bar Harbor, ME) were
housed under specific pathogen—free conditions. Mice were exposed to
filtered air (control) or phosgene (1.0 ppm for up to 24 h) (Matheson
Tri-Gas, Montgomery, PA) in laminar-flow, dynamic 0.32-m" stainless
steel inhalation chambers. Phosgene concentrations were monitored
(Chemguard Infrared Monitor; MSA Instruments Division, Pittsburgh,
PA) during exposure. Survival time was recorded during exposure and
after the mice had been returned to filtered room air. Genome-wide
association analysis was performed using efficient mixed-models asso-
ciation corrected for confounding from population structure and ge-
netic relatedness (43, 44). Previously, we determined that one statistical
association by chance will occur in a genome-wide scan when the
threshold is decreased to 1.6 X 107> or —log (P) = 4.8 (25, 32-34).
Therefore, we used a significance threshold of —log (P) > 4.8 and
a suggestive threshold of 4.8 = —log (P) > 4.0. To examine phosgene-
induced changes in lung transcripts (n = 8 mice per strain per group) or
lung histology (n = 3 mice per strain per group), sensitive SM/J or
resistant 129X1/Sv] mice were exposed to filtered air (0 h, control)
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or phosgene (1.0 ppm) for 6 or 12 hours. To examine neutrophils
and protein in bronchoalveolar lavage fluid, additional groups (n = 5
mice per strain per group) of the sensitive SM/J and resistant 129X1/
Sv] mice were exposed to filtered air (0 h, control) or phosgene (1.0
ppm) for 6 or 9 hours. In additional mice, lung transcript levels were
measured by microarray analysis (n = 5 mice per strain per time), and
real-time q-PCR (n = 8 mice per strain per time) was used to contrast
transcript levels of identified candidate genes in the sensitive SM/J or
resistant 129X1/SvJ mice. To determine consequences of rs215053185
variants in the Atplal promoter on DNA-protein binding, an electro-
phoretic mobility shift assay was performed.

Selection of Candidate Genes

Because the next-generation genome-wide sequencing has been obtained
directly (14 strains used in this study) or has been imputed (29 additional
strains used in this study), all known SNPs in each of the identified can-
didate genes could be evaluated in our population for the functional con-
sequences. This was done using a four-step process. The first two steps
involved inclusion of genes previously associated with ALI and inclusion
of genes that contained nonsynonymous SNP in a functional domain of
the protein. In the second step, missense mutations were identified in the
protein functional domain that could explain = 10% of the phenotypic
difference between the strains survival times and had a minor allelic
frequency of = 10%. The next two steps involved inclusion of genes
that differed in baseline lung transcript levels in the SM/J compared with
those of the 129X1/Sv] mouse and inclusion of genes that differed in
lung transcript levels in the SM/J compared with those of the 129X1/SvJ
mouse after phosgene exposure. These differences were evaluated by
microarray and confirmed by real-time q-PCR. Once genes with differ-
ential expression were identified, then SNPs in 5'untranslated region
(UTR) (promoter) that could alter putative transcription factor binding
were evaluated using the same threshold criteria using = 10% survival
time and = 10% allelic frequency of the 430 mice exposed. Additional
details are provided in the online supplement.

RESULTS

Assessment of Phosgene-Induced Lung Injury in Sensitive
SM/] Mice and Resistant 129X1/Sv] Mice

Survival time varied more than 4-fold among 43 mouse strains
(Figure 1). To confirm that phosgene produced features consis-
tent with ALI, sensitive SM/J and resistant 129X1/SvJ] mice

ot
EEEEE{ Figure 1. Mouse strains vary in sensitivity to
phosgene-induced acute lung injury. Survival
time was determined for 43 mouse strains. Fe-
male mice were exposed to 1.0 ppm phosgene
for up to 24 hours, and survival times were
recorded hourly. Values are means = SE (n =
10 mice per strain; 6-8 wk old).
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were exposed to filtered air (control) or to phosgene (1 ppm for
12 h) and anesthetized, and lung tissue was examined. Concor-
dant with ALI, gross pathology indicated that hemorrhagic pul-
monary edema was evident in the sensitive SM/J strain more
than in the resistant 129X1/SvJ strain. Similarly, histological
evidence of alveolar edema was more evident in the SM/J mouse
at 12 hours (Figure 2). After 6 hours of exposure, bronchoalveo-
lar lavage was performed, and the percentage of neutrophils in-
creased in the sensitive SM/J strain and was significantly greater
than the resistant 129X1/SvJ strain (Table 1). Protein in lavage
increased at 6 hours in the SM/J and the 129X1/SvJ strains. La-
vage was attempted at 12 hours; however, due to the extensive
damage, recovery of lavage fluid was variable. Therefore, lavage
was performed at 9 hours, and the percentage of neutrophils was
found to be increased in both strains.

Genome-Wide Association Mapping of Mouse Strains Varies
in Sensitivity to Phosgene-Induced ALI

Survival time provided a quantitative trait for genome-wide as-
sociation mapping for phosgene-induced ALI. A scatter (Man-
hattan) plot was generated by efficient mixed-models association
corrected for confounding from population structure and genetic
relatedness (Figure 3A). Figure 3A displays 1,000 SNPs with the
highest —log P values of the > 4 million SNPs used in the anal-
ysis, and an exemplary genetic locus on chromosome 2 illus-
trates the overall SNP density (Figure 3B). Within the gene
boundaries of protein tyrosine phosphatase, receptor T (Ptprt),
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four SNPs exceeded the significance threshold of —log P > 4.8,
and 61 other SNPs exceeded the suggestive threshold of 4.8 >
—log P > 4.0.

Thirty-one genes that contained significant (see Table E1 in
the online supplement) and 70 genes that contained suggestive
(Table E2) SNP associations were identified throughout the
mouse genome. To prioritize the identified genes, we first de-
termined whether a gene or the encoded protein previously had
been associated with lung injury. Two genes with significant
SNP associations (arachidonate 5-lipoxygenase [Alox5] [45] and
ATPase, Na*/K* transporting 1 polypeptide (Atplal) [3, 46])
and three genes with suggestive SNP associations (mannosidase,
a, class 1A, member 2 [Manla2] [47]; mitogen-activated protein
kinase 14 [MapkI14, aka p38] [48, 49]; and von Willebrand factor
[Vwf] [50, 51]) have been associated with lung injury.

Assessment of the Phenotypic Difference in Survival Time
in Mice Carrying Nonsynonymous SNPs in Functional
Domains of Candidate Genes and Comparison to

Strains at the Phenotypic Extremes (Sensitive: PERA/Ei)
and Resistant: NOD/Shilt))

The genetic sequence for each of the 101 identified genes with
significant (31 genes) or suggestive (70 genes) linkage was
assessed for the presence of nonsynonymous SNPs in functional
domains. The mean survival time was determined for mice car-
rying a nonsynonymous SNP predicted to alter amino acid se-
quence in a functional domain of the encoded protein. The

Figure 2. Histological assessment of lung tissue

from control SM/] mice (A), control 129X1/Sv|

mice (B), phosgene-exposed SM/) mice (C and

E), or phosgene-exposed 129X1/Sv] mice

i 3 (D and F). Consistent with phosgene-induced

. acute lung injury, hemorrhagic pulmonary

edema was more evident in the sensitive SM/)

strain than in the resistant 129X1/Sv] strain. Fe-

. * male mice were exposed to filtered air (control)

: or to phosgene (1 ppm for 12 h) and anesthe-

tized, and lung tissue was obtained. Tissues

were fixed in formaldehyde, and 5-pm sections

were prepared with hematoxylin and eosin
stain. Bars indicate magnification.
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TABLE 1. PHOSGENE INCREASED NEUTROPHILS AND PROTEIN IN BRONCHOALVEOLAR LAVAGE

SM/J 129X1/Sv)
Hours Neutrophils (%) Protein (ug/mi) Neutrophils (%) Protein (ng/ml)
Mean SE Mean SE Mean SE Mean SE
0 0.15 0.11 274 44 0.13 0.15 204 47
6 3.68* 1.12 1,838" 634 1.67% 0.54 1,300* 183
9 2.58* 0.41 1,871 1,114 3.48* 0.80 1,065* 251

*Significantly different from strain-matched 0 hour control as determined by ANOVA followed by Holm-Sidak comparison test. P < 0.01.
*Significantly different from strain-matched 0 hour control as determined by ANOVA followed by Holm-Sidak comparison test. P < 0.05.
*Significantly different from SM/J at 6 hour as determined by ANOVA followed by Holm-Sidak comparison test. P < 0.05.

difference between these groups was compared with the differ-
ence of the means of strains at the phenotypic extremes, PERA/
EiJ (n = 10 mice) and resistant NOD/ShiLt] (n = 10 mice)
mouse strains exposed to 1 ppm phosgene. The resulting SNPs
were evaluated as to whether each could explain = 10% of the
phenotypic difference between the survival time of strains at the
phenotypic extremes and had a minor allelic frequency of
= 10% (Figure 4).

The predicted amino acid substitutions in the functional
domains of the corresponding protein of four candidate genes
included ALOXS: valine 645 isoleucine in a lipoxygenase
domain; UDP-N-acetyl-a-D-galactosamine: polypeptide N-
acetylgalactosaminyltransferase 11 (GALNTI11): serine 544
leucine in a ricin-type B-trefoil lectin domain; integrin o9
(ITGADY): leucine 353 methionine in a VCBS (Vibrio, Colwel-
lia, Bradyrhizobium, and Shewanella) putative adhesion do-
main; and methyl-CpG binding domain protein 4 (MBD4):
aspartic acid 128 asparagine in a methyl CpG-binding domain
and alanine 466 threonine in a endonuclease III domain (Table
2). The predicted consequences of amino acid substitutions
could alter side chain polarity (Galntll: rs37913166; Mbd4:
rs31503102), side chain charge (Mbd4: rs30840549), or hydropa-
thy index (Alox5: rs30121304; Galnt1l: rs37913166; Itga9:
rs46653588).

Transcriptomic Analysis

To assess the transcriptomic response during lung injury, micro-
array analysis was performed on SM/J and 129X1/Sv]J mouse
lung mRNA obtained at 0 (control), 6, and 12 hours during
1.0 ppm phosgene exposure. Transcripts that increased = 2-fold
or decreased < 2-fold in SM/J mouse lung and not significantly
different in 129X1/SvJ mouse lung as compared with SM/J con-
trol (0 h) transcripts were analyzed for enriched pathways using
Database for Annotation, Visualization, and Integrated Discov-
ery. The enriched terms in categories of Gene Ontogeny bio-
logical process, Gene Ontogeny molecular function, or Kyoto
Encyclopedia of Genes and Genomes pathway were determined.
Ten transcripts with the greatest difference between strains in
each of these categories are displayed in Figure 5.

At 6 hours, the enriched pathways with increased transcripts
in SM/J mouse lung (n = 751) but not in 129X1/SvJ mouse lung
included apoptosis, unfolded protein response, and cytokine—
cytokine receptor binding. Antioxidant response transcripts me-
diated by nuclear factor (erythroid derived 2)-like 2 (NFE2L2,
aka Nrf2) were increased more in the SM/J than in the 129X1/
SvJ mouse lung at 6 hours (Figure 6). At 12 hours, the enriched
pathways with increased transcripts in SM/J mouse lung (n =
898) included apoptosis, GTPase regulator activity, and mitogen
activated protein kinase signaling. The enriched pathways at
6 hours with decreased transcripts in SM/J mouse strain (n =
731) included positive regulation of angiogenesis, transmem-
brane receptor activity, and ribosome. The enriched pathways

at 12 hours with decreased transcripts in SM/J mouse lung (n =
989) included microtubule-based process, cytoskeletal protein
binding, and axon guidance.

Transcripts = 2-fold increased or < 2-fold decreased in
129X1/Sv] mouse lung as compared with SM/J mouse lung con-
trol (0 h) but not significantly different in temporally matched
SM/J as compared with the SM/J mouse lung control (0 h) are
displayed in Figure 7. At 6 hours, the enriched pathways with
increased transcripts in 129X1Sv] mouse lung (n = 1,016)
included lymphocyte activation, calcium ion binding, and T-cell
receptor signaling. The enriched pathways at 6 hours with
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Figure 3. Genome-wide association mapping of mouse strains that
vary in sensitivity to phosgene-induced acute lung injury. (A) Ge-
nome-wide association map for phosgene-induced acute lung injury
in mice. The scatter (Manhattan) plot was generated by efficient
mixed-models association corrected for population structure and dis-
plays the corresponding —log (P) association probability for the top
1,000 region-wide single nucleotide polymorphisms (SNPs) at the in-
dicated chromosomal locations. (B) Exemplary genetic locus on chro-
mosome 2 illustrating SNP density. Within the gene boundaries of
protein tyrosine phosphatase, receptor T, four SNPs exceeded the sig-
nificance threshold of —log P > 4.8, and 61 other SNPs exceeded the
suggestive linkage threshold of —log P > 4.0.
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Figure 4. Assessment of the phenotypic difference in sur-
vival time between the strains produced by nonsyno-
nymous SNP associations in functional domains of
candidate genes. For each SNP, the mean survival time
was determined for mice in strains carrying one or the
other of the two alleles (e.g., mean survival time of 320
mice with C for rs30121304 was compared with that for
110 mice with T for rs30121304). The difference between
these allelic groups was then compared with the difference
of the mean survival time of the mouse strains at the phe-
notypic extremes (i.e., sensitive PERA/Ei) [n = 10 mice] and
resistant NOD/ShilLt) [n = 10 mice] mouse strains exposed
to 1 ppm phosgene; total = 410-430 female mice). The
predicted amino acid substitutions in the corresponding
protein are contained in the following domains: ALOX5
(V645l: valine 645 isoleucine): lipoxygenase domain;
GALNT11 (S544L: serine 544 leucine): ricin-type B-trefoil
lectin domain; ITGA9 (L353M leucine 353 methionine)

10 VCBS (Vibrio, Colwellia, Bradyrhizobium, and Shewanella)

T NOD/ShiLtJ

48 |- Alox5 Galnt11 Itga9 Mbd4 Mbd4
Vea6l S544L L353M D128N A466T
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Allele

putative adhesion domain; MBD4 (D128N: aspartic acid
128 asparagine): methyl CpG-binding domain; and MBD4
(A466T: alanine 466 threonine) endonuclease Il domain,
respectively. The predicted consequences of amino acid

substitutions would alter side chain polarity (rs37913166, rs31503102), side chain charge (rs30840549), or hydropathy index (rs30121304,
rs37913166, rs46653588). The SNP identification “rs” number is indicated on the abscissa with sample size within each bar. Values are means + SE.
P values indicate significance of the difference between the allele means as determined by ANOVA with an all-pairwise multiple comparison procedure
(Holm-Sidak method). Alox5 = arachidonate 5-lipoxygenase; Galnt11 = UDP-N-acetyl-a-D-galactosamine: polypeptide N-acetylgalactosaminyltransfer-

ase 11; Itga9 = integrin a9; Mbd4 = methyl-CpG binding domain protein 4.

decreased transcripts in 129X1/Sv] (n = 947) included positive
regulation of cell death, peptidase inhibitor, and complement
and coagulation. At 12 hours, the enriched pathways with in-
creased transcripts in 129X1/Sv] mouse lung (n = 627) included
defense mechanism, carbohydrate/pattern binding, and cell ad-
hesion molecules. The enriched pathways at 12 hours with de-
creased transcripts in 129X1/Sv] (n = 954) included regulation
of transcription, chemokine receptor, and DNA repair.

At 6 hours, common enriched pathways with increased tran-
scripts (n = 187) (Table E3) in SM/J and 129X1/Sv] mouse lung
included the G-protein coupled receptor protein signaling path-
way, cytokine activity, and the Jak-STAT signaling pathway.
The enriched pathways at 6 hours with decreased transcripts in
both strains (n = 584) included macromolecule catabolic pro-
cess, endonuclease activity, and ribosome. At 12 hours, the
enriched pathways with increased transcripts in both strains (n =
1,532) (Table E4) included inflammatory response, cytokine ac-
tivity, and glutathione metabolism. The enriched pathways at
12 hours with decreased transcripts in both strains (n = 1,451)
included cellular component morphogenesis, zinc ion binding,
and focal adhesion.

Transcript Levels of a Candidate Gene that Differ between
Strains at Baseline Control or that Change during
Phosgene Exposure

To assess the identified candidate genes further, the microarray
data were evaluated to determine whether lung transcripts
differed between the sensitive SM/J and the resistant 129X1/
SvJ mouse strain before or during phosgene exposure. Based
on this initial analysis, transcript levels were determined by
real-time g-PCR for 10 candidate genes with significant SNP
associations and 10 candidate genes with suggestive SNP associ-
ations. Of these 20 genes, 8 of the 10 genes with significant
SNP associations (Figure 8A) and 6 of the 10 genes with sug-
gestive SNP associations (Table E5) had altered baseline tran-
scripts in the 129X1/Sv] mouse lung as compared with the SM/J
mouse lung. For example, the baseline lung levels of ATP1A1

transcript increased 1.8 = 0.2-fold (log 2 = 0.85-fold) and
ALOXS transcript decreased 1.7 = 0.1-fold (log 2 = —0.80-fold)
in 129X1/SvJ as compared with the SM/J mice.

Based on these strain differences in transcript levels, SNPs
contained in the 5'UTR/promoter region of the 15 candidate
genes were evaluated to determine whether the sequence vari-
ant would alter a putative transcription factor binding site. The
resulting SNPs were evaluated to determine whether they could
explain =10% of the phenotypic difference between the survival
times of strains at the phenotypic extremes and had a minor
allelic frequency of =10%; genes with such SNPs were included
as candidate genes. Using these criteria, candidate genes remain-
ing included histamine receptor H1 (Hrhl), phosphatase and
actin regulator 2 (Phactr2), plexin D1 (Plxndl), Ptprt, and reelin
(Reln).

Transcripts for these candidate genes were measured by
real-time q-PCR in these strains during phosgene exposure at
6 and 12 hours. Only one candidate gene, zinc finger, AN1-
type domain 4 (Zfand4), had transcripts increase more in the
sensitive SM/J mouse lung as compared with the 129X1/Sv]
during phosgene exposure (Figure 8B). Because little is known
about ZFAND4 function, changes in the transcripts for related
ZFAND protein members in the microarray analysis were also
compared between mouse strains after phosgene exposure
(Figure 8C). Two related transcripts, ZFAND2A and ZFANDS,
also increased more in the lung of the sensitive SM/J as com-
pared with the resistant 129X1/Sv], whereas other ZFAND
transcripts did not differ between strains (ZFAND1) or were
unchanged (ZFAND2B, ZFAND3, and ZFAND®6) in either
strain after phosgene exposure.

Protein Expression of Candidate Genes in the Lung

To assess whether the protein of the corresponding candidate gene
can be detected in the lung, the Human Protein Atlas (52) was
surveyed (Figure E1). Moderate to strong cytoplasmic or membra-
nous immunostaining was present for HRH1, PHACTR2, PLXND1,
PTPRT, and ZFAND4, and strong nuclear immunostaining was
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TABLE 2. GENES WITH SINGLE NUCLEOTIDE POLYMORPHISM ASSOCIATIONS LINKED TO PHOSGEN ACUTE LUNG INJURY

— log Phenotype Allele freq.
Chr  Position P) SNPs  Symbol ID Description (%) (%) Consequence
Function has been associated with acute lung injury previously
6 116360826 5.33 3 Alox5 11689 Arachidonate 5-lipoxygenase 27 12 V646l lipoxygenase
Alox5 11689 Arachidonate 5-lipoxygenase 19 25 Loss CAC-binding
gain Sp1
Alox5 11689 Arachidonate 5-lipoxygenase 21 27 Loss POU3F2
3 101398706 4.97 2 Atplal 11928 ATPase, Na+/K+ transporting, alpha 1 polypeptide 13 17 Loss TCF/LEF1 site
3 100453526  4.52 2 Manla2* 17156 Mannosidase, alpha, class 1A, member 2 — — ND
17 28836181 4.18 5 Mapkl4* 26416 Mitogen-activated protein kinase 14 — — ND
6 125601929  4.21 1 Vwf* 22371 von Willebrand factor 38 17 Regulation; splice site
variant
Contains a nonsynonymous SNP in functional domain
5 24766046 4.83 1 Galnt11 231050 UDP-N-acetyl-alpha-D-galactosamine: polypep- 32 26 S544L Ricin-type
tide N-acetylgalactosaminyltransferase 11 beta-trefoil lectin
9 118788857 4.16 1 Itga9* 104099 Integrin alpha 9 14 18 L353M VCBS
6 115790414 5.32 2 Mbd4 17193 Methyl-CpG binding domain protein 4 32 24 D128N Methyl-CpG
binding
Mbd4 17193 Methyl-CpG binding domain protein 4 13 48 A446T Endonuclease Il
Contains a promoter SNP that alters putative transcription factor binding site and transcript levels differed between strains
6 114358031 5.08 8  Hrhl 15465 Histamine receptor H1 37 33 Gain TCF/LEF1 site
10 13010416  5.00 1 Phactr2 215789 Phosphatase and actin regulator 2 19 17 Loss AP-1
6 115911565  5.04 6  Plxnd1 67784 Plexin D1 14 31 Loss GCF gain TFCP2
2 161527626  4.87 65  Ptprt 19624 Protein tyrosine phosphatase, receptor type, T 14 31 Loss GCF gain TFCP2
5 21502773  4.83 54 Reln 19699 Reelin 45 17 Loss of CAC-binding,
NF-E2
6 116267300 5.34 4 Zfand4 67492 Zinc finger, AN1-type domain 4 16 25 Loss E2F+p107

Position is the base pair location of the single nucleotide polymorphism (SNP) in the gene. —log (P) is the highest negative log of probability for the SNP within the gene.
SNPs is the total number of significant —log (P) > 4.8 and suggestive SNP 4.0 < —log (P) < 4.8 observed in the gene. Symbol is the official Entrez symbol. ID is the Entrez gene
identification number. Description is the official full gene name provided to Entrez by Mouse Genome Informatics (MGI) Database. Phenotype (%) is the percent difference in
mean survival time explained by the SNP. Allele (%) is the frequency of the minor allele in the population that has been genotyped for the functional SNP. Consequence is the
amino acid substitution with the functional domain or the change produced in a putative DNA transcription factor binding site in the promoter.

Definition of Abbreviations: AP-1, activator protein 1; CAC-binding, CAC-binding protein transcription factor; Chr, chromosome; E2F+p107, E2F and p107 transcrip-
tion factors; GCF, GC factor; ND, none detected; NF-E2, nuclear factor, erythroid derived 2; POU3F2, POU domain, class 3, transcription factor 2; Sp1: trans-acting
transcription factor 1; TCF/LEF1, T cell-specific transcription factor/lymphoid enhancer-binding factor 1 transcription factor; TFCP2, transcription factor CP2; VCBS,

Vibrio, Colwellia, Bradyrhizobium, and Shewanella protein domain.
*Indicates genes with suggestive SNP association.

present for GALNT11 and MBD4 in the airway epithelium. In
alveolar pneumocytes, moderate cytoplasmic or membranous
immunostaining was present for ZFAND4, and strong nuclear
immunostaining was present for GALNT11. In alveolar mac-
rophages, moderate to strong cytoplasmic or membranous im-
munostaining was present for HRH1, ITGA9, PHACTR?2,
PLXNDI1, and RELN, and moderate nuclear immunostaining
was present for GALNT11 and MBDA4.

Atplal Promoter Analysis

The mouse Atplal gene proximal promoter region (—1,529 to
+89 base pairs [bp] from the transcriptional start site) contains
35 SNPs and nine insertion/deletions. We evaluated these SNPs
and insertion/deletions as to whether the change in DNA se-
quence was predicted to alter a putative transcription factor
binding site and applied the phenotype and allele frequency
criteria of = 10%. One SNP, rs215053185 (—62 bp A/G), was
identified that could explain 38% of the difference in survival
time noted in the mouse strains at the phenotypic extremes
(Table 2). Using the A or G allele oligonucleotide (“bait”) and
nuclear protein extract from mouse MLE1S airway epithelial
cells, a competitive electrophoretic mobility shift analysis was
performed to assess the possible consequences of rs215053185.
A slow migrating complex (Figure 9, arrow 1) could be competed
with the unbiotinylated oligonucleotide A competitor or the G
competitor. The biotinylated oligonucleotide containing the mi-
nor G allele (present in sensitive strains) also formed a major

distinct faster-migrating complex, which is more effectively com-
peted by unbiotinylated oligonucleotide containing the G variant
(Figure 9, arrow 3).

DISCUSSION

In previous studies (53-62), increased bronchoalveolar lavage
protein has been reported to be a sensitive endpoint in detect-
ing early responses to phosgene. In this study, phosgene in-
creased lavage protein at 6 hours from sensitive SM/J mice
and resistant 129X1/Sv] mice (Table 1). Although temporal
changes in lavage protein were similar between strains, neutro-
phil percent (Table 1) and lung histology (Figure 2) indicated
that the SM/J mice developed injury sooner than the 129X1/Sv]
mice. Previously, Sciuto and colleagues reported that glutathi-
one S-transferase al (Ya) (GSTA1) and glutamate-cysteine li-
gase, catalytic subunit (GCLC) transcripts were among the most
significantly changed in the microarray/real-time q-PCR analy-
ses of mouse lung after phosgene exposure (63). Similarly,
NFE2L2-mediated antioxidant response transcripts, including
GSTA1 and GCLC, were increased in the SM/J more than in
the 129X1/SvJ mouse lung at 6 hours, but these transcripts in-
creased equally at 12 hours (Figure 6). The gross pathology
revealed that lungs had marked focal hemorrhages at time of
death in both strains. Thus, similarities in the pathology be-
tween strains suggest that the extent of injury was the same at
time of death and that the phenotype being measured is exten-
sion of survival time.
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;ﬁ’“‘" A Sensitive SM/J 6 hours

I Biological Process: Apoptosis

sequestosome 1 (SOSTM1)

arowth arrest and DHA-damage-inducible 45 gamma (GADD45G)

tumor necrosis factor receotor suverfamily, member 12a (TNFRSF123)
tribbles homoloa 3 (Drosovhilal (TRIB3)

cisteine-serine-rich nuclear protein 1 (CSRINP1)

Evh recevtor A2 (EPHA2)

tumor necrosis factor. alpha-induced protein 3 (TNFAIP3)

transformation related vrotein 53 inducible nuclear protein 1 (TRPS3INP1)
EGL nine homoloa 3 (C. elecans) (EGLN3)

tripartite motif-containing 69 (TRIM6S)

I \olecular Function: Unfolded protein response

arowth differentiation factor 15 (GDF15)

activating transcriotion factor 3 (ATE3)

polo-like kinase 3 (Drosovhila) (PLK3)

ChaC. cation transport requlator-like 1 (E. coli) (CHAC1)
heat shock vrotein 1A (HSPALR)

heat shock vrotein § (HSPB8)

heat shock 105kDa/110kDa orotein 1 (HSPH1)

DnaJ (Hspb40) homoloa. subfamilv B. member 1 (DNAJB1)
Dnad (Hso40) homoloa. subfamilv A. member 4 (DNAJA4)
GrpB-like 1, mitochondrial (GRPEL1)

I KEGG Pathway: Cytokine-cytokine receptor binding

cell adhesion molecule with homoloav to L1CAM (CHL1)

chemokine (C-X-C motif) ligand 5 (CXCL3)

interleukin 6 (IL6)

chemokine (C-X-C motif) licand 10 (CXCL10)

chemokine (C-C motif) ligand 2 (CCL2)

chemokine (C-X-C motif) ligand 1 (CXCL1)

interleukin 1 familv. member § (IL1F9)

chemokine (C-C motif) ligand 7 (CCLT)

tumor necrosis factor (ligand) superfamily, member 14 (TNESF14)
cvsteine rich orotein 61 (CYR61)

NI Biological Process: Positive regulation of angiogenesis

fibroblast arowth factor 1 (FGF1)

nitric oxide svnthase 2, inducible (NOS2)

vlexin D1 (PLXND1)

vlatelet derived arowth factor. alvha (PDGFA)
endothelial cell-svecific chemotaxis regqulator (ECSCR)
neurovilin 1 (NRP1)

vascular endothelial arowth factor A (VEGEA)

SRY-box containing cene 18 (SOX18)

kinase insert domain protein receptor (KDR)

caveolin 2 (CAV2)

NI \olecular Function: Transmembrane receptor activity

insulin recentor-related receotor (INSRR)

arowth factor receotor bound protein 10 (GFRB10)

fibroblast arowth factor receotor 4 (FGFR4)

vlatelet derived arowth factor. B polvvevotide (PDGEB)

cuanine nucleotide bindinog vrotein (G protein), gamma 7 (GNG7)
FuS-like tvrosine kinase 3 (FLT3)

vleckstrin homoloav domain containing, family A (phosphoinositide binding specific) member 1 (PLEDHA1)

fibroblast arowth factor 18 (FGF18)

qlial cell line derived neurotrovhic factor family receptor alpha 2 (GFRA2)

immunoglebulin superfamily, member 10 (IGSF10)

EEEN KEGG Pathway: Ribosome
intermediate filament tail domain containing 1 (IFTLD1)
ribosomal orotein S3A (RPS3A)
ribosomal vrotein S27A (RPS27A)
ribosomal orotein L28 (RPL28)
mitochondrial ribosomal orotein L40 (MRPL40)
ribosomal orotein L8 (RPL8)
mitochondrial ribosomal orotein S33 (MRPS33)
ribosomal orotein L7A (RPL7A)
ribosomal orotein L17 (RPL17)
ribosomal protein L4 (RPL4)

Mean survival times varied by more than 4-fold among mouse
strains, and genome-wide association analysis identified candidate
genes with significant SNP associations on chromosomes 2, 3, 5,
6, and 10 and suggestive SNP associations on chromosomes 9 and
17. We prioritized the genes that had SNP associations within the
gene borders or within 2,000 bp of the transcription start site by
several criteria, including: ) the encoded protein previously had
been associated with adverse outcomes during lung injury,
2) the gene contained a nonsynonymous SNP in a functional
domain of the encoded protein, or 3) the gene contained
a S'UTR (promoter) SNP that could alter a putative transcrip-
tion factor binding site and was matched with variable expres-
sion by transcriptomic analyses. The latter two criteria also

Figure 5. Transcripts in enriched path-
ways that were altered in sensitive SM/J
more than in resistant 129X1/] mice as de-
termined by microarray analysis of lung
mRNA after phosgene exposure. Microar-
ray analysis was performed on mouse lung
mRNA obtained at 0 (control), 6, and
12 hours during 1.0 ppm phosgene expo-
sure (n = 5 arrays per strain per time), and
significant differences were determined by
Partek software (P < 0.05). Transcripts log
2 = 1.0 (i.e.,, = 2-fold) increased or log
2 < —1.0 decreased in SM/] mouse lung
but not significantly different in 129X1/Sv|
mouse lung as compared with SM/J con-
trol (0 h) transcripts were analyzed using
Database for Annotation, Visualization,
and Integrated Discovery. The most enri-
ched term in categories of Gene Ontogeny
(GO) biological process, GO molecular func-
tion, or Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway were selected.
Ten transcripts with the greatest difference
between strains in these pathways are dis-
played. (A) At 6 hours, the enriched path-
ways with increased transcripts in SM/)
mouse lung (n = 751) included apoptosis,
unfolded protein response, and cytokine—
cytokine receptor binding. The enriched
pathways with decreased transcripts in
SM/J mouse lung (n = 731) included
positive regulation of angiogenesis,
transmembrane receptor activity, and
ribosome. (B) At 12 hours, the enriched
pathways with increased transcripts in
SM/J) mouse lung (n = 898) included apo-
ptosis, GTPase regulator activity, and mi-
togen activated protein kinase (MAPK)
signaling. The enriched pathways with de-
creased transcripts in SM/] mouse lung
(n = 989) included microtubule-based
process, cytoskeletal protein binding, and
axon guidance.

required that = 10% of mice carried the minor allele and that
this allele could explain = 10% of the phenotypic difference
noted between the sensitive PERA/EiJ and resistant NOD/
ShiLt] mouse strains. This integrative functional approach
revealed 14 candidate genes that included 10 genes (Alox5,
Atplal, Galntll, Hrhl, Mbd4, Phactr2, Plxndl, Ptprt, Reln,
and Zfand4) that had significant SNP associations and four
genes (Itga9, Manla2, Mapkl4, and Vwf) that had suggestive
SNP associations (Table 2). Of the 10 genes with significant SNP
associations, Atplal, Alox5, Plxndl, Ptprt, and Zfand4 could be
associated with ALI in several ways.

Although ALIis a complex trait governed by multiple genetic
determinants, ATP1Al1 is critical to the clearance of pulmonary
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B Sensitive SM/J 12 hours

I Biological Process: Apoptosis

nuclear recevtor subfamilv 4. arouo A. member 1 (NR4Al1)
avontosis-associated tvrosine kinase (RATK)

DNA fraamentation factor. alvha subunit (DFFA)

MAP-kinase activating death domain (MADD)

nuclear avoptosis inducing factor 1 (MAIF1)

ELL associated factor 2 (EAF2)

Fas-associated factor 1 (FAF1)

Fas ligand (TNF suverfamilv. member 6) (FASL)

death effector domain-containina DNA binding protein 2 (DEDD2)
proqrammed cell death 11 (PDCD11)

I \\olecular Function: GTPase regulator activity

Rho GTPase activatina protein 11A (ARHGAP11A)
T-cell activation GTPase activating protein 1 (TAGAP1)
DEP domain containina 1B (DEPDC1B)

SM/J 6h
SM/J 12h
129X1 Oh
129X1 6h
129X1 12h

pleckstrin homoloav domain containing., familv G (with RhoGef domain) member 3 (PLEKHG3)

Ral GEF with PH domain and SH3 bindinag motif 1 (RALGPS1)
G-protein siomallinag modulator 1 (AGS3-like. C. elegans) (GPSM1)
ADP-ribosvlation factor GTPase activatina vrotein 2 (ARFGAP2)
requlator of G-protein sianalling 21 (RGS21)

kalirin, RhoGEF kinase (KALRN)

regulator of G-protein signaling 5 (RGSS)

I KEGG Pathway: MAPK signaling

protein tvrosine phosvhatase. non-receptor type 1 (PTPN1)

fibroblast arowth factor 12 (FGF12)

mitogen-activated vrotein kinase kinase 7 (MAP2KT)

mitogen-activated vrotein kinase 8 interacting protein 3 (MAPKBIP3)
late endosomal/lvsosomal adabtor. MAPK and MTOR activator 3 (LAMTOR3)
protein tvrosine phosvhatase. receotor tvpe, C (PTPRC)

alutamate receotor. metabotrovic 1 (GRM1)

arowth factor receotor bound vrotein 2-associated protein 1 (GAB1)
conserved helix-loon-helix ubicuitous kinase (CHUK)

protein tyrosine phosphatase, non-receptor type 11 (PTPH11)

NI Biological Process: Microtubule-based process
dvnein. axonemal, heavy chain 7A (DNAHCTA)
tektin 1 (TEKT1)
kinesin familv member 17 (KIF17)
huntinatin-associated protein 1 (HAP1)
kinesin familv member 6 (KIF6)
m70sin, heavy volvpeontide 10. non-muscle (MYH10)
intraflacellar transvort 46 homoloa (Chlamvdomonas) (IFT46)
tubulin volvmerization-vromoting protein family member 3 (TPPP3)
tubulin, alvha 1A (TUBALA)
dynein, axonemal, heavy chain § (DNAHCS)

HYEN Molecular Function: Cytoskeletal protein binding
actin related wrotein 2/3 comwlex. subunit 4 (ARPC4)
hook homoloa 2 (Drosovhila) (HOOKR2)

BATl-associated protein 2-like 2 (BAIAP2L1)
gelsolin (GSN)

myosin ITIB (MVO3B)

uvosin VC (MYD5C)

syntrovhin. camma 2 (SHTG2)

thvmosin. beta 10 (TMSB10)

emerin (EMD)

troponin I, skeletal, fast 2 (THNI2)

NI KEGG Pathway: Axon guidance

plexin Ad (PLXNA4)

semavhorin 4G (SEMA4G)

Evh recentor B6é (EPHB6)

cofilin 1. non-muscle (CFL1)

mitoaen-activated protein kinase 1 (MAPK1)

feline sarcoma oncoaene (FES)

semavhorin 6C (SEMAGC)

semavhorin 5B (SEMASB)

SLIT-ROBO Rho GTPase activating protein 3 (SRGAP3)
plexin Al (PLXNA1)

edema fluid and thus to the outcome of patients with ALI (3). In
this study, basal levels of lung ATP1A1 mRNA levels were
increased in the resistant 129X1/Sv] as compared with the sen-
sitive SM/J (Figure 8A), and we identified an Atplal SNP
15215053185 that could alter the DNA-protein binding in a con-
served promoter region (Table 2). Mice with the rs215053185 A
allele were resistant (mean survival time, 24.8 = 1.0 h), whereas
mice with the G allele were sensitive (mean survival time, 11.3 *
0.5 h; P < 0.001). Electrophoretic mobility shift assay of nuclear
protein extract prepared from mouse lung epithelial cells
(MLE-15) and biotinylated 25-mer oligonucleotide containing
the A or G allele indicated that the G allele formed a major
distinct faster-migrating complex, which was effectively competed

Figure 5. (continued).

by unbiotinylated oligonucleotide containing the G variant (Fig-
ure 9). The G allele is the minor allele (15.3% allelic frequency)
and could result in the gain of a putative DNA binding site for
transcription factor 12. Expressed in the lung (64), transcription
factor 12 can repress E-cadherin (cadherin 1, type 1, E-cadherin
[epithelial]) (65) and may modulate SMAD signaling (66),
which is often active during ALI by transforming growth factor
(TGF)B1 (32, 34).

Little is known about the functional significance of polymor-
phisms in human ATPIA]I. The Dahl salt-sensitive (Dahl S) rat
(67, 68) was thought to have a genetic variant in Atplal, and
transgenic Dahl S rats bearing the Dahl salt-resistant Atplal
exhibited less salt-sensitive hypertension, less hypertensive
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Figure 6. Transcripts in the enriched nuclear factor
(erythroid-derived 2)-like 2 (NFE2L2, also known as Nrf2)—
mediated oxidative stress response pathway in the lungs
of sensitive SM/] and resistant 129X1/Sv] mice during
phosgene-induced acute lung injury. Increased tran-
scripts at 6 hours in SM/] but not in 129X1/Sv] mice were
determined by microarray analysis. Transcripts in this
pathway were similar between strains at 12 hours and
included heme oxygenase (decycling) 1 (HMOX1); glu-
tathione S-transferase a1 (Ya) (GSTA1); activating tran-

catalytic subunit (GCLC); NAD(P)H dehydrogenase, qui-
none 1 (NQOT1); glutathione reductase (GSR); v-maf mus-

ﬂ scription factor 3 (ATF3); glutamate-cysteine ligase,

Fold Change (Log vs SM/J Oh)

o
=3
HSXN
HO
H=
HX
HY

-2

culoaponeurotic fibrosarcoma oncogene family, protein F
(avian) (MAFF); thioredoxin reductase 1 (TXNRD1); activat-
ing transcription factor 4 (ATF4); and glutamate-cysteine
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renal disease, and longer life span when compared with non-
transgenic Dahl S control rats (69-71). However, these findings
are controversial (72, 73). In dairy cattle, an ATPIAI polymor-
phism has been associated with heat tolerance and with respi-
ratory rate (74).

A transmembrane protein, ATP1A1, is an a subunit of a het-
erodimeric Na,K-ATPase enzyme, which is expressed on the
basolateral surface of alveolar type I and type II epithelial cells
(3, 75, 76). In a process that consumes 40% of a cell’s energy,
Na,K-ATPase maintains the sodium—potassium electrochemical
gradient across the plasma membrane by exporting three Na*
and importing two K* for each ATP hydrolyzed (77). In previ-
ous metabolomics analyses of acrolein- and chlorine-induced
lung injury, we observed that the lung undergoes energetic
stress and that resistant mice appear better able to use substrates
for energy production (33, 34). The NaK-ATPase—generated
electrochemical gradient is essential for edema fluid absorp-
tion from the alveolus (1, 3). Na,K-ATPase also interacts with
cytoskeletal and junction proteins to maintain epithelial in-
tegrity (78-80). Hypoxia- and mitochondrial-derived reactive
oxygen species promote the protein kinase C-{-dependent
phosphorylation of the Na,K-ATPase al subunit, triggering its
endocytosis (81, 82). The phosphorylation occurs at a proximal
serine in the N-terminus, and an induced mutation of this serine
prevents endocytosis and a decrease in function (83, 84). Ex-
tended hypoxia causes the ubiquitination of four lysines on the
N-terminus near the proximal serine and leads to degrada-
tion (84).

In examining the exiting sequence information for human
ATPIAI, we identified a critical SNP (NCBI Reference Se-
quence: 1s111860221) that results in a missense mutation that
leads to a proline substitution for the proximal serine. This
missense mutation (serine to proline conversion) is more fre-
quent in persons of African ancestry and is predicted to produce
an intolerant amino acid substitution by PolyPhen (85) or SIFT
(86). Moreover, the resulting protein lacks the critical serine
phosphorylation site and thereby would be resistant to protein
kinase C-{ phosphorylation mediated endocytosis ubiquitination
(81-84). Thus, this mutation would be a gain of function preserving
ATP1AL1 during periods of hypoxia. In addition, ATP1A1 has two
stop gained mutations (one somatic in cancer) and multiple human
ATP1A1 protein isoforms exist (87, 88). One isoform, ATP1A1
isoform d (NCBI Reference Sequence: NP_001153706),

ligase, modifier subunit (GCLM). Values represent means *+
SE (n = 6-8 female mice per strain per time) normalized to
SM/J control mice (0 h).

encodes a 992-amino acid protein that has a truncated
N-terminus compared with the full-length 1,024 amino
acid isoform.

Another candidate gene with relevance to ALI is Alox5,
which had significant SNP associations. The Alox5 encodes
arachidonate 5-lipoxygenase, an enzyme that converts arachid-
onate (or eiosatetraenoic acid) to leukotriene A4, which can be
converted to leukotrienes B4, C4, and D4. The resulting leuko-
trienes are elevated in ALI (45). In gene-targeted deficient mice
or in animals treated with ALOXS inhibitors, neutrophil infil-
tration and lavage protein are decreased after various forms
of lung injury (89-94). Moreover, survival is increased after
ventilator-induced lung injury (91). In this study we identified
a SNP that was in the functional lipoxygenase domain and two
SNPs in the 5'UTR region that were associated with the sur-
vival phenotype (Table 2). In humans, genetic variants in the
ALOXS promoter region are associated with diminished effec-
tiveness of antileukotriene drugs used to treat asthma (95-98).

Plexin D1 (Plxndl) also had significant SNPs associated with
phosgene survival. Recently, we identified semaphorin 7a (Serma7a)
as a candidate gene for susceptibility to chlorine-induced ALI in
mice (34). Expressed in pulmonary vasculature, PLXND1 can
function as a semaphorin receptor (99, 100), although its relation-
ship to SEMA7A has not been evaluated. Plexin—semaphorin
interactions are best known for their role in axon guidance
(101, 102). However, these proteins also regulate diverse
biological processes, including inhibition of lung branching mor-
phogenesis (103, 104), pulmonary fibrosis (105), vascular devel-
opment (100), and specific leukocyte functions (106, 107). In the
microarray pathway analysis, angiogenesis and axon guidance
were enriched in decreased transcripts in the sensitive SM/J
mouse lung at 6 and 12 hours, respectively (Figure 4). In our
analysis, we found a 5'UTR Plxndl polymorphism consistent
with a loss of GC factor and a gain of a transcription factor CP2
putative binding site. Five 5'UTR, two frame-shift, and 230
missense variants have been identified in the human PLXND]I
gene.

A member of the type IIB receptor protein tyrosine phospha-
tase family, PTPRT can dephosphorylate E-cadherin and
paxillin, which stabilize junctional complexes and increase cell-
cell adhesion (108). PTPRT can dephosphorylate and thereby
inactivate signal transducer and activator of transcription 3
(acute-phase response factor) (109), which can reduce transcription
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A Transcripts changed in 129X1/SvJ at 6 hours

SH/J 6h

SM/J 12h
129X1 Oh
129X1 6h
129X1 12h

I Biological Process: Lymphocyte activation
chemokine (C-X3-C motif) receptor 1 (CX3CR1)
histocompatibilitv 60a (H60A)

intearin. alvha D (ITGAD)

histocompatibilitv 60b (H60b)

B-cell scaffold pnrotein with ankvrin reveats 1 (BANK1)
lvmphocvte protein tvrosine kinase (

membrane-spanning 4-domains. subfamily A, member 1 (MS4A1l)
interferon recqulatorv factor 4 (IRF4)

SRY-box containinag cene 4 (SOX4)

complement receptor 2 (CR2)

EmmmE \olecular Function: Calcium ion binding

NEL-like 1 (chicken) (NELL1)

fibulin 2 (FBLN2)

FAT tumor suooressor homolog 4 (Drosophila) (FAT4)
fibrillin 2 (FBN2)

neurexin I (NRXN1)

FAT tumor suvpressor homolog 3 (Drosophila) (FAT3)
nevhronectin (NPNT)

tolloid-like (LL1)

pvrotein C (PROC)

Hedgehog-interacting protein (HHIP)

s KEGG Pathway: T Cell receptor signaling

thvmus cell antigen 1. theta (THY1)

CD3 antigen. gamma vpolvoeotide (CD3G)

vhosvhoinositide-3-kinase. catalvtic. gamma polypeptide (PIK3CG)

inducible T-cell co-stimulator (ICOS)

interleukin 4 receptor, alpha (IL4RA)

CD5 antigen (CD5)

RAS cuanvl releasing vrotein 1 (RASGRP1)

zeta-chain (TCR) associated vprotein kinase (ZAP70)

T cell receotor associated transmembrane adaotor 1 (TRATI1)
phosphatidylinositol 3 kinase, regulatory subunit, polypeptide 3 (p55) (PIK3R3)

EmmeE Biological Process: Regulation of cell death

nuclear orotein 1 (NUPR1)

receptor (TNEFRSF)-interacting serine-threonine kinase 2 (RIPK2)
HIV-1 tat interactive vbrotein 2. homoloa (human) (HTATIP2)
serine/threonine kinase 3 (Ste20, yeast homolog) (STK3)

serine incorwvorator 3 (SERINC3)

Notch gene homoloa 2 (Drosovohila) (NOTCH2)

zinc finger and BTB domain containing 16 (ZBTB16)
BCL2-interactina killer (BIK)

BH3 interactinog domain death aconist (BID)

BCL2/adenovirus E1B interacting protein 3 (BNIP3)

T Molecular Function: Peptidase inhibitor

serine (or cvsteine) peptidase inhibitor. clade A (alvha-1 antiproteinase, antitrypsin) (SERPINA9)
serine (or cvsteine) veotidase inhibitor. clade A, member 3H (SERPINA3H)

| serine veotidase inhibitor. Kazal tvoe 5 (SPINKS)

serine (or cvsteine) vevtidase inhibitor. clade A (alvha-1 antiproteinase, antitrypsin) (SERPINAll)
cvtotoxic T lvmpwhocyte-associated protein 2 beta (CTLA2B)

stefin A3 (STFA3)

serine (or cvsteine) veotidase inhibitor. clade D. member 1 (SERPIND1)
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pituitary tumor-transforming gene 1 (PTTG1)

R KEGG Pathway: Complement and coagulation
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Figure 7. Transcripts in enriched pathways that were altered in resistant 129X1/Sv] more than in sensitive SM/| mice as determined by microarray
analysis of lung mRNA after phosgene exposure. Microarray analysis was performed on mouse lung mRNA obtained at 0 (control), 6, and 12 hours
during 1.0 ppm phosgene exposure (n = 5 arrays per strain per time), and significance (P < 0.05) was determined by Partek software. Transcripts
log 2 = 1.0 (i.e., =2-fold) increased or log 2 < —1.0 decreased in 129X1/Sv] mouse lung but not significantly different in SM/] mouse lung as
compared with SM/J control (0 h) transcripts were analyzed using Database for Annotation, Visualization, and Integrated Discovery (DAVID). The
most significant enriched term in the categories of Gene Ontogeny (GO) biological process, GO molecular function, and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway were selected. Ten transcripts with the greatest difference between strains in these pathways are displayed.
(A) At 6 hours, the enriched pathways with increased transcripts in 129X1/Sv) mouse lung (n = 1,016) included lymphocyte activation, calcium ion
binding, and T-cell receptor signaling. The enriched pathways with decreased transcripts in 129X1/Sv] mouse lung (n = 947) included positive
regulation of cell death, peptidase inhibitor, and complement and coagulation. (B) At 12 hours, the enriched pathways with increased transcripts in
129X1/Sv) mouse lung (n = 627) included defense mechanism, carbohydrate/pattern binding, and cell adhesion molecules (CAMs). The enriched
pathways with decreased transcripts in 129X1/Sv] mouse lung (n = 954) included regulation of transcription, chemokine receptor, and DNA repair.
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RS KEGG Pathway: DNA repair
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Figure 7. (continued).
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mutS homoloa 5 (E. coli) (MSH5)

of several target genes, including genes critical to surfactant
phospholipid homeostasis (110) and cytokine activation (111)
in ALL In a genome-wide association study of subjects with
asthma, a SNP in PTPRT (rs6016963) was among the top 50
significant SNPs associated with change in FEV; in response to
inhaled corticosteroids, but this SNP failed to reach significance
in a replication population (112).

The transcript levels of one candidate gene, ZFANDA4, in-
creased more in the lung of the sensitive SM/J more than the re-
sistant 129X1/Sv] mice during phosgene exposure (Figure 8B).
ZFAND4 is a member of AN1-type zinc finger domain proteins,
which are characterized by a metal (zinc)-bound «/B-fold do-
main that was first identified as a zinc finger at the C terminus of

(PMS2)

AN1, a ubiquitin-like protein in Xenopus laevis (113). To our
knowledge, this is the first report in the literature on this mem-
ber of the ZFAND protein family. Because very little is known
about ZFAND4, we evaluated possible transcript changes of
related AN1 domain—containing protein ZFAND members. In
addition to ZFAND4, mouse lung ZFAND2A and ZFANDS
transcripts increased more in the SM/J than in the 129X1/Sv]
(Figure 8C). Previous investigations have found that ZFAND2A
expression is induced by arsenite (114, 115) and heat shock (116).
Similarly in macrophages, ZEANDS expression is induced by cell
stress in response to TNF, IFNwy, LPS, and other toll-like receptor
ligands (117-119). ZFANDS also can compete with zinc finger
protein 36 (aka tristetraprolin) and stabilizes class II adenylate/
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uridine-rich sequence element containing mRNA, a region
common to inflammatory mediator transcripts including TNF
mRNA. Thus, ZFANDS is induced by and stabilizes TNF
(119). However, the role of these proteins in ALI must be
viewed with caution because structural similarity does not pre-
dict functional similarity.

<

Figure 8. Transcript levels of candidate genes in 129X1/Sv] as com-
pared with SM/) mouse lung. (A) Baseline transcript levels for 10 can-
didate genes with significant SNP associations (—log P = 4.8).
Transcript levels were determined by real-time qPCR (n = 8 mice per
strain). Values are means + SE (n = 8 mice per strain) normalized to
ribosomal protein L32 (RPL32). *Significant difference (P < 0.05) be-
tween the resistant 129X1/Sv] and sensitive SM/] mouse strains at
baseline as determined by ANOVA with an all-pairwise multiple com-
parison procedure (Holm-Sidak method). (B) Transcript levels of a can-
didate gene, zinc finger, AN1-type domain 4 (Zfand4), that was
changed during phosgene exposure. Transcript levels were determined
by real-time gPCR (n = 8 mice per strain). Values are means = SE (n =8
mice/strain) normalized to ribosomal protein L32 (RPL32). *Signifi-
cantly different (P < 0.05) from sensitive SM/] mouse strain at baseline
(0 h control), as determined by ANOVA with an all pairwise multiple
comparison procedure (Holm-Sidak method). 'Significant difference
(P < 0.05) between the resistant 129X1/Sv] and sensitive SM/] mouse
strains at the same time as determined by ANOVA with an all-pairwise
multiple comparison procedure (Holm-Sidak method). (C) Transcript
levels of zinc finger, AN1-type domain proteins in the lung of sensitive
SM/] or resistant 129X1/Sv) mice after phosgene exposure. Transcript
levels were determined by microarray analysis. Values are means = SE
(n = 8 mice per strain). Three transcripts (ZFAND2A, ZFAND4, and
ZFANDYS) increased more in the lung of the sensitive SM/) as compared
with the resistant 129X1/Sv), whereas other ZFAND transcripts
did not differ between strains (ZFAND1) or were unchanged
(ZFAND2B, ZFAND3, and ZFAND®6) in either strain after phosgene
exposure. *Significantly different (P < 0.05) from sensitive SM/J
mouse strain at baseline (0 h control) as determined by ANOVA
with an all-pairwise multiple comparison procedure (Holm-Sidak
method). *Significant difference (P < 0.05) between the resistant
129X1/Sv) and sensitive SM/] mouse strains at the same time as
determined by ANOVA with an all-pairwise multiple comparison
procedure (Holm-Sidak method). ALOX5 = arachidonate 5-lipoxy-
genase; ATP1A1 ATPase = Na™/K™ transporting a1 polypeptide;
HRH1 = histamine receptor H1; MARCH8 = membrane-associated
ring finger (C3HC4) 8; PHACTR2 = phosphatase and actin regulator 2;
PTPRT = protein tyrosine phosphatase, receptor T; RELN = Reelin;
5033411D12Rik = RIKEN ¢cDNA 5033411D12 gene (homolog to CaiB/
baiF CoA-transferase protein family, C7ORF10); PLXND1: plexin D1;
ZFAND1-6 = zinc finger, AN1-type domains 1 through 6.

Although phosgene-induced ALI in mice may have relevance
to accidental or intentional human phosgene exposures, numer-
ous other agents can produce ALI. The genetic and transcrip-
tomic findings here may be limited to this compound and thus
may not be relevant to other forms of ALI. We previously iden-
tified candidate genes associated with acrolein-induced (32, 33)
and chlorine-induced ALI (34), and these genes differed from
those identified with phosgene. Until several types of chemically
induced ALI have been evaluated, generalizations to other
forms may not be warranted. Nonetheless, a major candidate
identified previously with acrolein was Activin A receptor type
1 (Acvrl), which mediates TGF-B1 signaling (32). TGF-B1 sig-
naling was also implicated with chlorine-induced ALI by the
identification of Sema7a (34). Integrin a9 (Itga9), a candidate
gene with a suggestive SNP association in this study using phos-
gene, has been associated with TGF-B1 signaling in the lung
(120). Partnering with integrin B1, integrin a9B1 can interact
with vascular cell adhesion molecule 1 (121), vascular endothe-
lial growth factors (122), and secreted phosphoprotein 1 (aka
osteopontin) (123) and thus could have critical roles in ALIL

In summary, susceptibility to phosgene-induced ALI in mice
was associated with 31 genes that contained significant SNP asso-
ciations and many others with suggestive SNP associations. Can-
didate genes were selected based on previous relevance to ALI
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Figure 9. SNP (rs215053185) in the ATPase, Na™/K* transporting a1
polypeptide gene promoter region influences nuclear protein binding
capacity. Electrophoretic mobility shift assay of nuclear protein extract
prepared from mouse lung epithelial cells (MLE-15) and 25-mers (=50
to —74 bp 5’ from the start site) containing the A or G allele in the
middle of a biotinylated oligonucleotide. The biotinylated 25-mer oli-
gonucleotide with the G allele (lanes 7-12), in contrast to the A allele
(lanes 1-6), formed a major distinct faster-migrating complex (middle
band arrow 3), which is more effectively competed by unbiotinylated
oligonucleotide containing the G variant (lanes 11 and 12) compared
with the unbiotinylated oligonucleotide containing the A variant (lanes
9 and 10). The G allele is the minor allele (present in sensitive strains)
and could result in the gain of a putative DNA binding site for tran-
scription factor 12 (Tcf12), which is a transcriptional repressor. Mice
with the rs215053185 A allele were resistant (mean survival time, 24.8 =
1.0 h), whereas mice with the G allele were sensitive (mean survival time,
11.3 = 0.5 h; P < 0.001).
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and whether genetic variants with putative functional conse-
quences (amino acid substitution in a functional domain or se-
quence variants in promoters with transcript level changes) could
explain a portion of the variation in survival time observed in 43
mouse strains. Of the genes with significant SNP associations,
Atplal, Alox5, Plxndl, Ptprt, and Zfand4 could be associated
with ALI in several ways. In addition, one gene with a suggestive
SNP association, Itga9, implicated TGF-B1 signaling with ALI,
a relationship suggested by previous analyses.

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