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Abstract

Although cigarette smoke (CS) is the primary risk factor for chronic
obstructive pulmonary disease (COPD), the underlying molecular
mechanisms for the significant variability in developing COPD in
response to CS are incompletely understood. We performed lung

suggest that distinct molecular pathways may account for
resistance to emphysema. Surprisingly, there were few genes
commonly modulated in mice and humans. Our study suggests
that gene expression responses to CS may be largely species and
model dependent, yet shared pathways could provide biologically
significant insights underlying individual susceptibility to CS.

gene expression profiling of two different wild-type murine strains
(C57BL/6 and NZW/Lac]) and two genetic models with mutations in
COPD genome-wide association study genes (HHIP and FAMI13A)
after 6 months of chronic CS exposure and compared the results to
human COPD lung tissues. We identified gene expression patterns
that correlate with severity of emphysema in murine and human
lungs. Xenobiotic metabolism and nuclear erythroid 2-related factor
2-mediated oxidative stress response were commonly regulated
molecular response patterns in C57BL/6, Hhip*'~, and Fam13a~'~
murine strains exposed chronically to CS. The CS-resistant
Faml13a~'~ mouse and NZW/Lac] strain revealed gene expression
response pattern differences. The Fam13a~'~ strain diverged in gene
expression compared with C57BL/6 control only after CS
exposure. However, the NZW/Lac] strain had a unique baseline
expression pattern, enriched for nuclear erythroid 2-related factor
2-mediated oxidative stress response and xenobiotic metabolism,
and converged to a gene expression pattern similar to the more
susceptible wild-type C57BL/6 after CS exposure. These results
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Clinical Relevance

Mouse emphysema models are an important tool to study
potential mechanisms of resistance and susceptibility to
develop chronic obstructive pulmonary disease (COPD) in
human smokers. We found more differences than similarities
comparing lung gene expression profiles across several
wild-type and genetically targeted murine models, and also
comparing these results to expression profiling in human
COPD. Understanding these differences is important for
translation of therapeutic targets for COPD from mouse to
human studies.
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Chronic obstructive pulmonary disease
(COPD) is a disease characterized by
persistent, usually progressive airflow
limitation. It is the fourth leading cause of
death worldwide, and the number of affected
individuals is growing (1). Although cigarette
smoke (CS) is the primary risk factor for
COPD, not all smokers develop COPD (2, 3).
Genetic factors likely play a role in
determining disease susceptibility (4, 5).
Genome-wide association studies (GWAS)
have identified genetic variants associated with
susceptibility or resistance, but the underlying
molecular mechanisms are poorly understood.
Murine models have provided valuable
insights into COPD pathogenesis (6).
Genetic models with targeted disruption of
genes identified in GWAS show variation
of susceptibility/resistance to emphysema
(7, 8). Mice with Hhip haploinsufficiency are
more susceptible to CS-induced airspace
enlargement, whereas Fam13a knockout
mice are protected. On the other hand,
murine strains with different genetic
backgrounds show significant variability in
airspace enlargement after chronic exposure
to CS (9, 10). Whether the underlying
molecular mechanism of susceptibility/
resistance to CS is shared among the genetic
models, different background strains, and,
ultimately, human pathobiology has not
been fully determined. For instance, many
murine models for COPD susceptibility and
resistance are based on short-term CS
exposure, making it difficult to compare
with lung specimens from human subjects
with COPD, who are usually long-term
smokers. Studying both susceptible and
resistant models will be important to identify
mechanisms of both predisposition to and
protection from the harmful effects of CS.
Microarray gene expression profiling of
tissues provides a genome-wide assessment of
molecular state and responses associated with
the disease. Herein, we present the results of
transcriptomic analysis on lung samples from
two different strains of wild-type (WT) mice
and two different lines of gene-targeted mice
that are either susceptible or resistant to
emphysema development after the animals
had been exposed chronically to air or CS. We
assessed the relationship between gene
expression and phenotypic emphysema, and
compared the results with gene expression in
human COPD lungs to gain understanding of
shared and distinct pathways between human
and murine models. We hypothesized, based
on our transcriptomic analysis, that there
would be shared biological pathways between a

susceptible WT strain and a susceptible gene-
targeted line of mice, between a resistant WT
strain and a resistant gene-targeted line of
mice, and also between susceptible murine
strains or lines and human lung samples.

Materials and Methods

Mouse Models of Emphysema

All animal studies were approved by the
Harvard Medical School (Boston, MA)
Institutional Animal Care and Use Committee.

Faml13a™"~ and Hhip™'™ mice were
generated in C57BL/6 background as
described previously (7, 8). Female, 10-week-
old Faml13a~'~ (n=13) and Hhip“7 n=19)
mice, both in a pure C57BL/6 background, as
well as C57BL/6 WT littermate controls (n =13
and 17, respectively) and NZW/Lac] mice
(Jackson Laboratory, Bar Harbor, ME, n =8),
were exposed to mixed main-stream and side-
stream CS from 3R4F Kentucky Research
cigarettes (University of Kentucky, Lexington,
KY) for 6 d/wk in a whole-body chamber
(Teague TE 10z, TSP 100-200 mg/m’, CO,
levels ~6 ppm; Woodland, CA) for 6 months,
as described previously (8). Control groups
were exposed to filtered air for the same time
period (Fami3a™'~, n=7; Hhip™'~, n=14;
NZW/Lac], n=9; C57BL/6, n =26; see Figure
El in the online supplement).

For airspace enlargement
measurements, randomly captured lung
section images were analyzed for mean
chord length (MCL) to assess for
CS-induced airspace enlargement using
Scion Image software (Scion Corporation,
Frederick, MD) (11).

Human Lung Tissues

Human lung samples were obtained from
patients undergoing thoracic surgery at
Brigham and Women’s Hospital (Boston,
MA), St. Elizabeth’s Hospital (Brighton, MA),
and Temple University Hospital
(Philadelphia, PA), as described previously
(12). All patients were former smokers with
severe COPD (Global Initiative for Chronic
Obstructive Lung Disease spirometry stages
3-4), whereas control smokers had normal
spirometry. Institutional Review Board
approval was obtained at each hospital, and all
subjects provided written informed consent.

Microarray Gene Expression Profiling
and Data Analysis

Detailed microarray processing methods are
available in the online supplement.

Murine lung RNA samples were
hybridized onto a Sentrix MouseRef-8 v2.0
Expression BeadChip Array (Illumina,

San Diego, CA). Human lung samples were
hybridized onto HumanHT-12 BeadChips
(Illumina). After quality control, 151 human
samples and 109 murine samples were
available for analysis. Expression data
have been deposited to Gene Expression
Omnibus (http://www.ncbi.nlm.nih.
gov/geo/; accession nos. GSE87292
[murine] and GSE76925 [human]).

Batch effects were explored using classical
multidimensional scaling plots. The Hhip™'~
smoke exposure experiment did not show
significant batch effects, so no batch
correction was performed. Faml13a™ '~ mice
were compared with WT C57BL/6 littermate
controls (n=4) and WT C57BL/6 (n=6)
controls from the NZW/Lac] experiment, so
Combat batch correction was used (13).
Combat was also applied to correct for batch
effects in the NZW/Lac] experiment.
Differential expression analyses were
performed using the R package “limma” (14).
P values were adjusted for multiple
comparisons using the Benjamini and
Hochberg false discovery rate (15).

For functional enrichment tests of
the candidate genes, WebGestalt (16) was
used for Gene Ontology term analysis.
Pathway and network analyses were
generated using Ingenuity Pathway
Analysis software (IPA; Qiagen, Redwood
City, CA; www.qgiagen.com/ingenuity).
Analyses were performed in murine
experiments and human samples, which
were then compared.

Comparison of human and mouse
gene expression data was performed by
mapping murine genes to orthologous
human genes (www.ensembl.org/biomart).
We performed the Fisher’s exact test to
compare the distribution of genes that show
the same direction of expression between the
human and murine models.

To identify genes associated with the
MCL, we fitted a linear regression model,
adjusted for treatment (air or CS) and
genotype (WT, Fami13a~'~, or Hhip™'™).

Results

Mouse Models Show Varying Degrees
of Airspace Enlargement after CS
Exposure

Four different murine models were exposed
to filtered air or CS for 6 months. We have
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Figure 1. Different strains and genetic models display varying degrees of emphysema upon 6 months
of cigarette smoke (CS) exposure. (A) Mean chord length (MCL) varies among strain and targeted
genetic models after 6 months of CS exposure. Baseline controls (exposed to filtered air) of
C57BL6/J, Hhip™~, and Fam13a™"~ do not show difference in MCL, but NZWLac/J is significantly
lower (ANOVA, Tukey’s honest significant difference post hoc test, **P < 0.001). NZWLac/J and
Fam13a™~, strain and genetic models resistant to CS-induced emphysema, show no difference in
MCL between baseline and CS groups (P > 0.05, t test). CS and baseline groups of C57BL6/J and
Hhip™ ™~ differ in MCL (*P < 0.01, t test), and the CS groups of C57BL6/J and Hhip™~ differ in MCL
as well (*P < 0.001, t test). (B) Lung histology sections from NZW/LacJ and C57BL/6J mice exposed
to room air or CS. There is minimal airspace enlargement in NZW/LacJ mice compared with
C57BL/6J mice. Original magnification: X200.

previously reported the phenotypes of C57BL/6, Hhip™'~, Fam13a™'~, and

Hhip™'~ and Fam13a~'~ mice exposed to
CS for 6 months, and used microarray data
from these studies (7, 8). Air-exposed WT

NZW/Lac] mice had normal lung
architecture at 2 months of age, as

determined by histologic analysis (Figure 1).
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MCL, a morphometric measure of alveolar
space enlargement, was significantly lower in
NZW/Lac] air-exposed mice compared with
the other groups (ANOVA, P < 0.001).

When compared with air-exposed
mice, C57BL/6 and Hhip™'~ mice had
significantly higher MCL after 6 month of
CS exposure. NZW/Lac] and Fam13a™'~
did not have significantly different MCL
compared with air controls. The extent of
alveolar space enlargement after CS
exposure was markedly higher in Hhip*/'~
mice than in C57BL/6 mice, as reported
previously (7) (Figure 1).

CS Response Genes Are Involved in
Oxidative Stress and Xenobiotic
Metabolism

Genes that were differentially expressed (at
false discovery rate < 0.05) in CS-exposed

C57BL6/J

ek

\/

Figure 2. Transcriptional response upon CS
exposure. Venn diagrams show number of
genes commonly or uniquely regulated in
different mouse models. (A) Number of up-
regulated genes (false discovery rate [FDR] <
0.05). (B) Number of down-regulated genes
(FDR < 0.05).
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Table 1. Common Cigarette Smoke Response Genes among Fam13a~’~, Hhip™/~, and C57BL/6J Mice

Symbol Entrez Gene Name LogFC (Fam13a™")  LogFC (C57BL/6J)  LogFC (Hhip*'")
Acox2 Acyl-CoA oxidase 2, branched chain 0.743 0.604 0.558
Agrp Agouti related neuropeptide 0.81 0.505 0.51
Akr1b8 Aldo-keto reductase family 1, member B8 (aldose 1.311 1.335 1.175

reductase)
Aldh3a1 Aldehyde dehydrogenase 3 family, member A1 1.737 1.992 1.554
Cbr3 Carbonyl reductase 3 1.128 1.617 0.884
Ces1f Carboxylesterase 1F 1.014 0.752 0.769
Cxcl17* Chemokine (C-X-C motif) ligand 17 1.397 0.724 0.665
Gpx2 Glutathione peroxidase 2 1.321 1.088 1.007
Gstp1* Glutathione S-transferase pi 1 1.077 0.76 0.837
Ugt1al0 UDP glucuronosyltransferase 1 family, polypeptide 1.07 0.569 0.714

A10

Definition of abbreviation: FC, fold change.
Genes that had false discovery rate less than 0.05 in less than all three models are shown.
*Multiple probes corresponding to the gene; probes with the greatest variance are shown.

lungs from Fam13a~'~, C57BL/6, and comparison, there were more genes that were down-regulated in response to CS. In
Hhip™'~ mice compared with air-exposed ~ were up-regulated than down-regulated C57BL/6 mice, 37 genes were up-regulated
genotype-matched controls were termed in response to CS. In Fam13a~'~ mice, and 32 genes were down-regulated, and, in
CS-response genes (Figure 2). In each 153 genes were up-regulated and 92 genes ~ Hhip™'~ mice, 28 genes were up-regulated

Table 2. Expression of Xenobiotic Metabolism and Nuclear Erythroid 2-Related Factor 2-Mediated Oxidative Stress Response
Genes in Hhip*’~, C57BL/6, Fam13a~’~ Mice in Response to 6 Months of Cigarette Smoke Exposure

Hhip™'~ C57BL/6 Fam13a=/~
Pathways Gene Log FC Gene LogFC Gene LogFC
Xenobiotic metabolism Aldh3a1 1.554 Aldh3a1 1.992 Aldh3a1 1.737
signaling
Cyptat 0.171 Cypilat 0.633
Cyp1b1 1.211 Cypib1 2.257 Cyp1b1 0.957
Gsta3 0.339
Gstp1 0.837 Gstp1 0.76 Gstp1 1.077
Gsto1 0.495 Gsto1 0.948
Ngo1 1.215 Ngo1 1.131 Ngo1 1.24
Ngo2 0.339
Ugt1a6 0.609 Ugt1a6 0.473 Ugt1a6 1.02
Ugt1a7 0.714 Ugtta7 0.569 Ugt1a7 1.07
Pik3r3 0.213 Ahrr 0.207 Cesl g 0.099
Mapk13 0.476
Mgst1 0.484
Mgst2 0.553
Smox 0.343
Srat 0.253
Sult1d1 0.839
Nrf2-mediated oxidative Gpx2 1.007 Gpx2 1.088 Gpx2 1.321
stress response
Gstp1 0.837 Gstp1 0.76 Gstp1 1.077
Ngo1 1.215 Ngo1 1.131 Ngo1 1.24
Pik3r3 0.213 Ngo2 0.339
Gsto1 0.495 Gsto1 0.948
Cbr1 0.456 Cbr1 0.637
Gclm 0.881 Actc1 0.735
Akr7a2 0.212
Cdc34 0.215
Gsta3 0.339
Mgst1 0.484
Mgst2 0.553

Definition of abbreviations: FC, fold change; Nrf2, nuclear erythroid 2-related factor 2.
Pathway analysis was performed using ingenuity pathway analysis.
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and 5 genes were down-regulated.
Comparing the three models, there was
more overlap for up-regulated than down-
regulated CS-response genes (Figure 2).
Table 1 lists the 10 up-regulated genes that
had shared responses among Fam13a™ '™,
C57BL/6, and Hhip*'™ mice. Aldh3al

and Gstpl genes are involved in aryl
hydrocarbon receptor signaling and
xenobiotic metabolism, whereas Gpx2 and
Gstpl genes are involved in the nuclear
erythroid 2-related factor 2 (Nrf2)-
mediated oxidative stress response, as
expected with CS exposure. The number of
up-regulated genes involved in xenobiotic
metabolism and Nrf2-mediated oxidative
stress response was highest in Fam13a™'~
mice and lowest in Hhip*'~ mice, inversely
correlating with severity of airspace
enlargement (Table 2).

Comparisons of Differentially
Expressed Genes between Models
Suggest Candidates Involved in
Susceptibility

Based on the varying susceptibility of
murine models with different genetic
backgrounds to CS-induced emphysema
(Figure 1), genes that are differentially
expressed only in susceptible or resistant
models might pinpoint potential
mechanisms underlying the variable
susceptibility of mice and/or humans to
CS-induced emphysema (17). We assessed
common biological pathways or networks
enriched in the differentially expressed
genes found only in susceptible or resistant
strains. Among the 14 genes that were
differentially expressed only in CS-
susceptible Hhip™/~ mice, 11 genes are
involved in connective tissue development
and function network (Figure 3). The 218
genes that were differentially expressed only
in CS-resistant Fam13a~'~ mice were
involved in multiple functional networks,
including carbohydrate and lipid
metabolism, and molecular transport
(Figure 4).

Furthermore, we tested whether the
relative changes in expression levels of
genes between the air- and CS-exposed
mice from the three strains correlated with
the degree of emphysema susceptibility:
Faml3a~'~ (resistant), C57BL/6
(moderately susceptible), and Hhip™*'~
(susceptible). We found seven genes, the
expression levels of which were negatively
correlated with susceptibility (Table 3).
Acox2 and Gpx2 are involved in
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mice are involved in the connective tissue

development and function network. Red color indicates up-regulation; green indicates down-
regulation. Network diagram was generated using the Ingenuity Pathway Analysis software.

oxidoreductase activity, whereas Abcb6 and
Ugtla6a are Nrf2-regulated genes.

Gene Expression in Resistant Models
Reveals Different Mechanisms of
Resistance to CS-Induced
Emphysema

The NZW/Lac] strain did not have any
genes that were significantly differentially
expressed after CS exposure. However, the
gene expression profile of air-exposed mice
is different when comparing NZW/Lac] to
C57BL/6 mice (Table 4). This result
suggests that baseline gene expression
differences, rather than the response
pattern to CS exposure, may account for
the phenotypic resistance of the NZW/Lac]
strain. There were 99 up-regulated genes
and 141 down-regulated genes between
air-exposed NZW/Lac] mice and

Yun, Morrow, Owen, et al.: Transcriptomic Analysis of Murine Emphysema Models

air-exposed C57BL/6 mice. The
up-regulated genes were involved in
pathways including RhoA signaling and
glutathione-mediated detoxification, and
the down-regulated genes were involved
in cholesterol biosynthesis, ketolysis,
and systemic lupus erythematous
signaling (Table 4, Table E1).

On the other hand, Fam13a™'~ mice,
which are also resistant to CS-induced
airspace enlargement (Figure 1), did not
show any differences in gene expression
pattern when compared with C57BL/6 WT
mice after air exposure, but differed from
C57BL/6 WT mice in lung gene expression
after CS exposure. Fam13a~ '~ murine
lungs had 24 up-regulated genes and 42
down-regulated genes that are involved in
melatonin degradation, LPS/IL-1-mediated
inhibition of retinoic acid receptor
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MRPL9

Figure 4. Genes uniquely modulated in Fam13a™
metabolism, and molecular transport network. Red color indicates up-regulation; green indicates
down-regulation. Network diagram was generated using the Ingenuity Pathway Analysis software.

function, and ephrin receptor signaling,
which might contribute to their
resistance to CS-induced lung injury
(Table 4, Table E2).

Comparison of Human and Murine
Lung Gene Expression Profiles

To compare patterns of resistance/susceptibility
upon CS exposure, we compared the murine
gene expression results to the human lung
transcriptomic profiles from previously

%

Table 3. Resistance Candidate Genes

i S
4

~ mice are involved in carbohydrate, lipid

reported studies including: (I) patients with
severe COPD and control smokers (18);
and (2) smokers and nonsmokers (19). We
reasoned that Hhip™'~ or WT C57BL/6
murine models with airspace enlargement
after CS may share similar gene expression
pathways as patients with COPD, whereas
resistant NZW/LacJ or Fami13a~'~ may
share similar molecular mechanisms with
smokers without COPD. Therefore,

we compared differentially expressed

genes between CS-exposed mice with
differentially expressed genes from subjects
with severe COPD and smoking control
subjects, which we termed COPD genes.
Compared with differentially expressed
genes in human subjects with COPD,
there were 5 genes that were shared with
C57BL/6 compared with Fam13a~'~ (CS
exposed), 14 genes with C57BL/6 compared
with Hhip™'~ (CS exposed), and 36 genes
with Fam13a™'~ compared with Hhip™'~
(CS exposed) (Table 5). Although there
were few genes overlapping between
human and mouse, several shared genes
have been previously reported to be
associated with COPD, including VEGFA
and HDACS5. The purinergic receptor,
P2Y14, was a common differentially
expressed gene in all three comparisons
(Table E3).

Second, we compared differentially
expressed genes between air- and CS-
exposed mice with smoking signature genes
reported previously in human lungs (19). In
Hhip™'™ mice, 14 genes were shared, and,
in Fam13a ~'~ mice, 157 genes were shared
with the human smoking signature genes.
Not surprisingly, genes commonly shared
among humans and different murine
models are involved in CS related
metabolism and inflammation, including
AGRP, ALDH3A1, CXCL17, CYPIBI,
GPX2, and NQOI.

Concordance between Human and
Mouse Gene Expression Differs
between Model Systems

To most closely resemble the mouse
Hhip™'™ or Fam13a~'~ versus WT genetic
models, we stratified the human subjects
according to gene expression levels of
HHIP or FAMI13A above or below the

Symbol

Abcb6
Acox2
Av249152
Bc024561
Bc048546
Bc054509
Cxcl17
Gpx2

Entrez Gene Name

ATP-binding cassette, subfamily B
Acyl-coenzyme A oxidase2, branched chain

Mus musculus expressed sequence Av249152

Mus musuculus cDNA sequence Bc024561
Mus musuculus cDNA sequence Bc048546
Mus musuculus cDNA sequence Bc054509
Chemokine (C-X-C motif) ligand 17
Glutathione peroxidase 2

LogFC (Fam13a="'")

0.474
0.743
0.775
1.382
1.427
0.564
1.397
1.321

LogFC (C57BL/6J)  LogFC (Hhip*'")

0.359 0.337
0.604 0.558
0.290 0.225
0.724 0.665
0.672 0.563
0.307 0.262
0.684 0.581
1.088 1.007

For definition of abbreviation, see Table 1.
Genes that are negatively correlated with emphysema susceptibility in the three different models (Fam13a’/ -, resistant; C57BL/6J, moderate; Hhip” o,
susceptible). Genes with false discovery rate less than 0.2 in all three models are shown.
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Table 4. Gene Expression Pattern in Resistant Phenotype NZW/LacJ and Fam13a™

/

~ Mice

CS

Air
Group Up-Regulated
NZW/Lacd versus 99
C57BL/6
RhoA signaling
PCP pathway
LPS/IL-1-mediated
inhibition of RXR
function
Autophagy
Hypoxia signaling
in the cardiovascular
system
Fam13a™'~ versus 0
C57BL/6

Down-Regulated

141 0

Superpathway of
cholesterol
biosynthesis

Ketolysis

Systemic lupus
erythematosus
signaling

Ketogenesis

ATM signaling

0 24

Melatonin degradation |
LPS/IL-1-mediated inhibition

of RXR function

Superpathway of melatonin

degradation

S-adenosyl-L-methionine

biosynthesis

Embryonic stem cell differentiation
into cardiac lineages

Up-Regulated

Down-Regulated

0

42

Ephrin receptor signaling
Bladder cancer signaling

VEGF family ligand-receptor
interactions
VEGF signaling

Leukotriene biosynthesis

Definition of abbreviations: ATM, ataxia telangiectasis mutated protein; CS, cigarette smoke; PCP, planar cell polarity; RXR, retinoid X receptor; VEGF,

vascular endothelial growth factor.

The number of differentially expressed genes and the top five pathways in CS-exposed NZW/LacJ mice and Fam13a

~/~ mice compared to C57BL/6 are

shown (false discovery rate < 0.2). Pathway analysis was performed using Ingenuity Pathway Analysis software. For complete list of differentially
expressed genes, please refer to Tables E1 and E2 in the online supplement.

median expression level, and performed
differential expression analysis for the rest
of the genes. We then examined the
directionality of differentially expressed
genes between species. The overlap of the
differentially expressed genes between
human high versus low expressers of HHIP
and C57BL/6 compared with Hhip*'~ mice
upon CS exposure was significantly higher
than what would be expected by chance

(Fisher’s exact test, P = 0.016; Table 6, Table
E4). The up-regulated genes are involved in
the inflammatory response and connective
tissue disorders (Table 7), whereas the
down-regulated genes are involved in cell
death and survival pathways (Table 8). In
contrast, far fewer genes were shared
among human high versus low expressers
of FAMI13A and C57BL/6 compared with
Faml13a™'~ mice exposed to CS (Table E5).

Table 5. Shared Genes among Human Chronic Obstructive Pulmonary Disease,

Emphysema, and Murine Models

Comparison Group
(No. of Genes)

WT CS versus Hhip*/~ CS (343)
WT CS versus Fam13a~’~ CS (66)
Fam13a™'~ versus Hhip*/~ CS (1,010)

COPD Emphysema
Genes (1,003) Perci15 (1,433) LAA950 (1,740)
14 23 32
5 5 5
36 55 74

Definition of abbreviations: COPD, chronic obstructive pulmonary disease; CS, cigarette smoke;
LAAQ50, low attenuation areas at —950 Hounsfield units on chest computed tomography scans;
Perc15, 15th percentile of the lung density histogram on chest computed tomography scans; WT,

wild-type C57BL/6J mice.

Number of shared orthologous genes between mice models and human subjects, at false discovery
rate less than 0.2. See Table E3 for the individual gene lists.
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Comparison of Emphysema Genes
between Human and Mouse

The expression profiles of CS-exposed
murine lungs also may contain information
related to the extent of airspace
enlargement. Exploiting the known
phenotypic variability even within the same
strain of mouse (20), we used linear
regression models to identify genes
associated with MCL. Overall, 25 genes
were associated with MCL, after adjusting
for treatment (CS) and genotype, which
were enriched for genes involved in the
inflammatory response and cell-to-cell
signaling and interactions (Table 9). Few
genes from the MCL gene set overlapped
with human genes associated with COPD
and emphysema. When murine MCL
genes were compared with genes
associated with quantitative computed
tomography (CT) scan emphysema
measurements in humans (18), only two
genes overlapped: MEFV and TNFSF14.
Similarly, only one gene (KAT14 [lysine
acetyltransferasel4, Csrp2bp]) was up-
regulated in both the human COPD

and murine MCL gene datasets.
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Table 6. Concordance between Hhip*’~ Mice and Human Lung Gene Expression

Human HHIP Human HHIP
Number High versus Low High versus Low
of Genes Up Down
Hhip™~ up 56 19
Hhip™~ down 75 56

Contingency table comparing human HHIP high versus low expressers and Hhip

+/=

differentially

expressed genes (compared to wild-type C57BL/6J cigarette smoke).

See Table E4 for the list of individual genes.

Discussion

We compared the gene expression profiles
of different murine models of CS-induced
emphysema to address variable
susceptibility in developing COPD. We
sought to understand the relevance of these
murine models by comparing them with
human lung transcriptomic data. Although
there are many studies investigating gene
expression changes with acute CS exposure
in murine models (17, 21-26), few gene
expression studies have been performed

in the chronic CS model in which
emphysematous changes take place
(27-31). Our study is the first to compare
global gene expression patterns of murine
lungs after chronic CS exposure with those
of human COPD lungs. By incorporating
susceptible versus resistant strains of

WT mice (C57BL/6 and NZW/Lac]J,
respectively) and susceptible versus
resistant genetic models (Hhip™'~ and
Faml3a™'~ mice, respectively), we
investigated both common and model-
specific mechanisms underlying COPD. We
found that induction of antioxidant and
detoxification genes were a common
response to CS exposure, which was
inversely correlated with emphysema
susceptibility in C57BL/6, Hhip™'~, and
Faml13a~'~ mice. The resistant mouse
models, NZW/Lac] and Fami3a ",
showed distinct patterns of gene expression

after CS exposure. Furthermore,
comparison with murine and human gene
expression demonstrated that no single
murine model could account for the
complete gene response pattern in human
emphysema, underscoring the
heterogeneous nature of COPD.

Shared Transcriptional Signature in
Murine Models of CS-Induced
Emphysema

The current understanding of COPD
pathogenesis involves multiple mechanisms,
including oxidative stress, inflammation,
extracellular matrix destruction, cellular
senescence, and apoptosis. Oxidants
generated by CS enhance inflammation,
tissue destruction, and apoptosis (32),

and antioxidant capacity is one of the
mechanisms underlying differential
sensitivity to CS (33, 34). We found that
antioxidant and detoxification genes were
up-regulated in response to CS exposure
across C57BL/6, Fam13a~'~, and Hhip™'~
mice. Among the 10 genes that were shared
in the 3 models, the genes Acox2, Aldh3al,
Gpx2, and Gstpl are involved in xenobiotic
metabolism and the Nrf2-mediated
oxidative stress response. These antioxidant
(Gpx3, Cyp1bl) and detoxification (Ngol,
Aldh3al) genes have also been reported to
be up-regulated in C57BL/6, ICR, and
DBA/2 mice exposed to 1 month of CS (17),
as well as in 6-month CS exposure in

Table 7. Up-Regulated Genes and Pathways between Hhip*’~ Mice and Human Lung

Canonical Pathways

Gagq signaling
IL-15 production
Chemokine signaling

GNA14, HTR2B, PLCB2, PTK2B
PTK2B, STAT1
PLCB2, PTK2B

Genes P Value
1.38 x 1073
311x10°2
1.86 X 1072

Top 3 pathways and genes are shown from 56 shared up-regulated genes from Table 6 (false

discovery rate <0.2).

A/] mice (Nqol, Cyplbl) (27). We also
observed that induction of antioxidant and
detoxification genes was a shared response
between human smoking and murine
CS exposure models, demonstrating a
conserved response to CS exposure.
Although antioxidant genes were
consistently increased with CS exposure, the
specific up-regulated genes were variable
across murine models. The number of
up-regulated genes involved in xenobiotic
metabolism and Nrf2-mediated oxidative
stress response was highest in Fam13a™'~
mice and lowest in Hhip™'~ mice, inversely
correlated with severity of airspace
enlargement. Similar to our murine study
findings, the expression of a Nrf2-
modulated genes is negatively associated
with COPD in humans (35), indicating that
emphysema is associated with decreased
expression of Nrf2-regulated antioxidant
and detoxification genes. Nrf2 is a key
transcription factor regulating multiple
antioxidant and detoxification genes, such
as heme oxygenase-1, glutathione
reductase, and glutathione peroxidase, and
is critical for protection against CS-induced
lung injury (33). Induction of Nrf2-regulated
antioxidant genes is seen in short-term CS
exposure murine models and in the lungs of
human smokers (36). Conversely, A/] WT
mice and ApoE~'"~ mice, which are both
susceptible to developing emphysema after
chronic CS exposure, show significantly
reduced expression or no change in
expression of Nrf2-regulated genes (27, 37),
whereas CS-resistant ICR mice showed
induction of Nrf2-regulated genes (33).
These results suggests that antioxidant
genes are a shared defense mechanism in
response to CS exposure, and the number
of xenobiotic-related genes induced by CS
could explain the differences in emphysema
susceptibility.

Distinct Transcriptional Signatures in
Murine Models of CS-Induced
Emphysema

NZW/Lac] mice showed no differentially
expressed genes after CS exposure compared
with air-exposed mice or compared with
CS-exposed C57BL/6 mice, but had
differentially expressed genes at baseline
when compared with C57BL/6 air-exposed
mice. Up-regulated genes were involved in
RhoA signaling, xenobiotic metabolism, and
Nrf2-mediated oxidative stress response,
converging to a gene expression pattern
similar to more susceptible WT C57BL/6
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Table 8. Down-Regulated Genes and Pathways between Hhip™'~ Mice and Human

Lung

Canonical Pathways

Cholecystokinin/gastrin-mediated
signaling

Superpathway of inositol
phosphate compounds

Protein kinase A signaling

Genes P Value
CREM, RHOJ, PRKCA 3.03x 1072
DUSP8, MINPP1, PAWR, 1.85 % 1072
PPP4R1
CREM, DHH, DUSPS, 1.34 X 1072

PED4D, PRKCA

Top 3 pathways and genes are shown from 56 shared down-regulated genes from Table 6 (false

discovery rate <0.2).

after CS exposure, and down-regulated
genes were associated with inflammatory
pathways. Although xenobiotic metabolism
and Nrf2-mediated oxidative stress response
were activated, the directionality of RhoA
pathway was less clear, as the genes enriched
in RhoA pathway included inhibitors
(RhoGTPase activating proteins
[RhoGAPs]: Arhgapi2, Dicl) as well as an
activator (Rapgef6), and a target of RhoA
pathway (binder of RhoGAPs, Cdc42ep2).
Activated RhoA signaling was shown to
inhibit clearance of apoptotic cells (38),
leading to increased inflammation under

oxidative stress induced by CS (39).
Increased apoptosis is observed in human
COPD lungs (40, 41), which suggests that
imbalance between apoptosis, proliferation
(42, 43), and apoptotic cell clearance (39)
may contribute to the pathogenesis of
COPD. Experimental validation would be
required to test whether up-regulated
RhoGAP plays a role in protection against
emphysema. Similarly, genes in the
glutathione-mediated detoxification
pathway were both up-regulated and down-
regulated; however, it is notable that Gstp1,
a major detoxification enzyme, had higher

Table 9. Genes Associated with Mean Chord Length in Mouse Model

Symbol Entrez Gene Name Adjusted P Value
Scrg1 Scrapie responsive gene 1 0.001
Prok2 Prokinetin 2 0.004
Stfa2 Stefin A2 0.010
Celsr3 Cadherin, EGF LAG seven-pass G-type receptor 3 0.010
Prtn3 Proteinase 3 0.010
Hrh2 Histamine receptor H2 0.011
Mefv Mediterranean fever 0.051
Mrgpra2 MAS-related GPR, member A2B 0.070
Foxd4 Forkhead box d4 0.089
Itih5 Inter-alpha (globulin) inhibitor H5 0.090
Nadn Necdin 0.095
Otop3 Otopetrin3 0.095
Clec4e C-type lectin domain family 4, member e 0.115
Csrp2bp Cysteine and glycine-rich protein 2 binding protein 0.115
Tpd52 Tumor protein D52 0.121
Soat2 Sterol O-acyltransferase 0.129
Tir6 Toll like receptor 6 0.147
V1rh9 Vomeronasal 1 receptor 208 0.171
Cxcl2 Chemokine (C-X-C motif) ligand 2 0.181
Slc2a3 Solute carrier family 2 member 3 0.181
Rdh12 Retinol dehydrogenase 12 0.181
n21r Interleukin 21 receptor 0.181
Gm249 Protease, serine 38 0.192
Tnfsf14 Tumor necrosis factor superfamily member 14 0.192

Definition of abbreviations: EGF, epidermal growth factor; GPR, G protein—coupled receptor; LAG,

laminin G.

Linear regression model was fitted to identify genes associated with mean chord length in wild-type
C57BL/6J, Hhip*'~, and Fam13a™~'~ mice. Adjusted P value for each of the genes from the linear

regression model is shown.
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expression in air-exposed NZW/Lac]
compared with C57BL/6 air-exposed mice.
Up-regulation of detoxification pathways and
down-regulation of inflammatory pathways
at baseline may explain the resistance to CS
exposure in NZW/Lac] mice.

In contrast, although Fam13a~'~ mice
showed phenotypically similar resistance
against CS with NZW/Lac] mice, the
baseline gene expression in Faml3a /"~
mice was similar compared with air-
exposed C57BL/6 mice, and only diverged
after CS exposure. The genes that were
differentially expressed compared with
C57BL/6 CS-exposed mice provide insight
into potential mechanisms of resistance.
The most significant up-regulated genes
were Cyp2a6 and Sultld]l and down-
regulated genes were Vegfa and Vegfd.
Cyp2a6 is involved in nicotine degradation,
and Sultld] is involved in xenobiotic
metabolism, in line with the heightened
protective response against CS compared
with C57BL/6 WT mice. Down-regulation
of Vegfa and Vegfd likely contribute to
emphysema, as inactivation of the pro-
survival growth factor, vascular endothelial
growth factor, has been shown to induce
apoptosis and subsequent emphysema in
animal models (43). These results suggest
that related processes, such as apoptosis,
cellular maintenance, and metabolism,
could have different expression patterns in
response to CS, even in phenotypically
similar models. Although differences in
antioxidant defense capacity correlate with
emphysema susceptibility and resistance,
the gene expression patterns and additional
pathways were distinct in each model.
These findings suggest that diverse
mechanisms underlie susceptibility versus
resistance of different murine models to the
development of CS-induced emphysema.

Comparison of Murine Models to
Human COPD
Because of the heterogeneous nature of
COPD, it is possible that the murine models
represent subsets of human COPD. To this
end, we compared the differentially expressed
genes from the murine models to human
lung transcriptome of smokers and patients
with severe COPD, as well as high versus low
expressors of HHIP and FAM13A. We also
compared genes associated with human
emphysema to genes that correlate with
murine MCL measurements.

As expected, different murine strains
overlap with only a portion of the
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differentially expressed genes found in the
human lung. Two genes were perturbed in
all murine COPD models as well as the
human COPD case-control study: P2Y14
and CHN2. Their expression was also
associated with human quantitative chest
CT scan emphysema measurements. The
direction of differential regulation in the
mouse models did not concur with what
was observed in human lungs. P2Y14 gene
expression was decreased in patients

with COPD, but was up-regulated in the
susceptible Hhip"'~ mice exposed to CS,
and was down-regulated in the resistant
Faml3a~'~ mice upon CS exposure.
Because the purinergic receptor, P2Y14, is
expressed in both airway epithelial cells and
immune cells (44, 45), and is involved in
sensing cellular stresses, such as radiation
and aging, as well as inhibiting cellular
senescence (46), the murine models may
represent earlier responses of lung tissue
damage compared with the patients with
severe COPD. On the other hand, human
patients with COPD had a higher level of
CHN2 expression, but Fam13a™'~ mice
also displayed high expression of Chn2.
CHN?2 gene encodes [3-chimerin, and
GWAS have identified polymorphisms in
this gene that are associated with addiction
vulnerability and with cigarette smoking
in a candidate gene study (47, 48). It is
possible that differences in smoking status
between the human former smokers and
the murine CS exposure model may explain
the differences in gene expression.

Given the spectrum of airspace
enlargement across the murine models, we
combined all experimental animals together
and modeled MCL as a quantitative trait to
identify emphysema susceptibility genes.
When the 25 MCL-associated genes were
compared with human quantitative CT
scan-defined emphysema genes, MEFV and
TNFSF14 were the only overlapping genes.
TNESF14 promotes CD8™" T cell activation
(49), which has been linked to emphysema
development in mice (50).

There are several factors that might
have contributed to the apparent low level
of overlap between the murine models
and human COPD lung, beyond the
heterogeneity of both human COPD and the
mouse models. First, incomplete orthology
between human and murine genes may have
limited the number of genes that can be
compared. In addition, differences in
human and mouse lung development
and anatomy, differences between the
experimental smoking protocol and human
cigarette smoking (6, 20), and differences in
the morphometric analysis performed in
mouse strains and human patients (20)
might have contributed to the low
concordance. Moreover, despite the fact
that the chronic CS exposure model serves
as the gold standard murine model for
emphysema development, it is a poor
replicator of chronic bronchitis and mucus
hypersecretion, features of human COPD.
Thus, the CS-induced emphysema mouse
captures only part of the phenotypic
spectrum of COPD. Furthermore, human
lung gene expression profiling data are
heterogeneous in themselves, due to
difference in populations, case definition,
smoking status, and phenotypic variability (51).
Finally, as these gene expression data
are obtained from homogenized lung
tissues, they represent the averaged
expression from mixtures of cell types.
Inflammation and structural destruction
from the COPD process can alter cellular
proportions, and there may be a clearer
signal if comparison of individual cell types
were possible.

Although our study included several
WT and genetic models exposed to CS, we
did not include all the reported murine
smoking models and other emphysema
models, such as elastase, nor did we include
all possible human COPD expression
datasets. The human subjects had severe
COPD, so information on mild COPD could
have been lost. There are multiple possible
methods for network and pathway analysis.

Unsupervised analysis, such as weighted
gene coexpression network analysis or gene
set variation analysis, would be difficult to
interpret, given the difference in genetic
background and exposure conditions, with
relatively small numbers in each group.
However, the method we used for pathway
analysis did show relationships to known
mechanisms of COPD.

Conclusions

By using a spectrum of CS-exposed murine
models, we show that differential expression
in key pathway genes in response to CS
may underlie differences in emphysema
susceptibility. We have identified distinct
gene expression patterns in resistant
phenotypes. Given the heterogeneity of
COPD, no single murine model can
recapitulate human disease. Correlation
with animal models may be improved by
better disease subtyping and phenotypic
characterization. We found commonly
regulated genes that offer novel insights into
the pathogenesis and discovery of new
therapeutic targets for COPD. As for future
directions, the molecular signatures
represent the ensemble of distinct tissue
compartments and cell types. It will be
important to compare and contrast the
expression response in whole-lung samples
to that in different cell types in the lung that
play key roles in COPD development.
Recent advances in approaches to decipher
the molecular status of tissues in near-single-
cell resolution could give further insight in
to the mechanisms of susceptibility and
resistance to CS exposure. Although we
focused this study on the emphysema
phenotype, future studies could examine
differences in inflammation between
different CS-induced murine models and
human subjects with COPD to provide

a greater understanding of COPD
susceptibility. H

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