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Abstract
Cigarette smoke exposure induces a respiratory epithelial response that is mediated in part by
oxidative stress. The contribution of oxidative stress to cigarette smoke-induced responses in
asthmatic respiratory epithelium is not well understood. We sought to increase this understanding
by employing data integration and systems biology approaches to publicly available microarray
data deposited over the last several years. In this study, we analyzed 14 publicly available asthma-
or tobacco-relevant data series and found four (two mouse and two human) that fulfilled adequate
signal/noise thresholds using unsupervised clustering and F test statistics. Using significance
filters and a four-way Venn diagram approach, we identified 26 overlapping genes in the epithelial
transcriptional stress response to cigarette smoke and asthma. This test set corresponded to a 26-
member gene/protein network containing 18 members that were highly-regulated in a fifth data
series of direct lung oxidative stress. Of those network members, two stood out (i.e. tissue
inhibitor of metalloproteinases 1 and thrombospondin 1) due to central location within the network
and marked up-regulation sustained at later times in response to oxidative stress. These analyses
identified key relationships and primary hypothetical targets for future studies of cigarette smoke-
induced oxidative stress in asthma.
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INTRODUCTION
One of the most common environmental contributors to asthma is cigarette smoke, which
has been strongly associated with both an asthma diagnosis and increased morbidity 1–5.
Cigarette smoke contains over 4,000 chemical agents that induce a variety of physiological
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and biochemical responses. In particular, cigarette smoke contains high concentrations of
oxidants that induce inflammatory cells (e.g. lung macrophages and neutrophils) to release
reactive oxygen species 6 and promote inflammation via activation of transcription factors,
such as NF-κB 7.

There is accumulating evidence that cigarette smoke also induces an oxidative stress
response in respiratory epithelium 8. Respiratory epithelium is now recognized as a key lung
tissue in the pathogenesis of asthma given its simultaneous physical interaction with the
airborne and tissue environments 9–11. Importantly, asthmatic respiratory epithelium may be
more susceptible to oxidative stress-induced apoptosis than normal epithelium 12.

We sought to increase the understanding of how oxidative stress impacts asthma- and
cigarette smoke-related gene expression using data integration and systems biology
approaches. To that end, we integrated multiple publicly available microarray data series to
identify gene expression common to both asthmatic and cigarette smoke-exposed lung. This
approach strengthens the validity of identified genes by improving signal-to-noise ratios and
reduces false positives common in microarray experiments 13. Herein, we describe the
derivation of this list of commonly expressed genes and a resulting network of their known
interactions. Further, we tested this network’s response to oxidative stress in an additional
gene expression data series to identify key relationships and primary targets for future study.

MATERIALS AND METHODS
Acquisition of Genome-wide Expression Profile Data

Fourteen genome-wide expression profile data series of human (i.e. Affymetrix U95A,
U133A, and U133+2 platforms) or mouse (i.e. Affymetrix U74Av2, MOE430A, and 430A
2.0 platforms) lung tissues/cells were acquired from the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/)
using keywords of “asthma” and/or “tobacco.” Data series in GEO generated with early
technology arrays or custom oligonucleotide arrays were not acquired due to their limited
number of probe sets and/or incompatibility with our data integration plan. Hierarchical
Clustering Explorer (HCE) 3.0 software (http://www.cs.umd.edu/hcil/hce/) was used for
unsupervised clustering of these data.

Expression Signal Normalization and Venn Diagram Analysis
Affymetrix .Cel files were imported into GeneSpring GX10 (Agilent Technologies, Santa
Clara, CA). Robust Multi-array Average (RMA) signals were generated and normalized to
the median within each experiment. GeneSpring GX10 quality control algorithms (i.e.
GAPDH 3’/5’ ratio >3 and hybridization control outliers) were used to remove poor-quality
samples from each experiment [only GSE994 had samples removed (n=26 out of 57
samples; Table 1)]. ANOVA analyses (for time-series or multiple arm studies) or T-tests
were used to generate a list of differentially expressed transcripts (p≤0.05) between
experimental conditions without multiple testing corrections but with a fold change ≥1.5
relative to controls. When specified, multiple comparisons were accounted for in
GeneSpring GX10 using the Benjamini and Hochberg false discovery rate. To make
comparisons between species, transcripts were translated between genomes using the
interspecies homology feature of GeneSpring GX10 software.

Ingenuity Pathways Analysis
Networks were generated through the use of Ingenuity Pathways Analysis (Ingenuity®

Systems, www.ingenuity.com). To begin, each gene identifier (i.e. Affymetrix Probe Set ID)
was mapped to its corresponding gene in the Ingenuity Pathways Knowledge Base. These
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genes included in the original probe set list are called focus genes. Focus genes were
combined into a molecular network developed from information contained in the Ingenuity
Pathways Knowledge Base.

An Ingenuity network is a graphical representation of the molecular relationships between
genes/gene products. Genes or gene products are represented as nodes, and the biological
relationship between two nodes is represented as an edge (line). All edges are supported by
at least 1 reference from the literature, from a textbook, or from canonical information
stored in the Ingenuity Pathways Knowledge Base. Human, mouse, and rat orthologs of a
gene are stored as separate objects in the Ingenuity Pathways Knowledge Base, but are
represented as a single node in the network. The intensity of the node color indicates the
degree of up- (red) or down- (green) regulation. Nodes are displayed using various shapes
that represent the functional class of the gene product. Edges are displayed with various
labels that describe the nature of the relationship between the nodes (e.g., binding,
inhibition).

Ingenuity assigns a score to each network it derives only addresses the degree of relevance
of the network to the genes in the dataset. The score takes into account the number of genes
in the network and its size, as well as the total number of genes analyzed and the total
number of molecules in Ingenuity's knowledge base that could potentially be included in
networks. The network Score is then calculated using a hypergeometric distribution and a
right-tailed Fisher's Exact Test. The resulting score is the negative log of this p-value. It
should be noted that this score is not an indication of the quality or biological relevance of
the derived network; rather it is simply a calculation of the approximate "fit" between the
network and the network eligible molecules. So, network scores were used to focus on a
particular network.

The most highly scored preliminary network was selected from those returned by the
software. Gene groups in this preliminary network were exploded by adding the individual
genes comprising those groups to the network and removing the group icon from the final
network. Direct connections were built from the Ingenuity Pathways Knowledge Base while
removing indirect connections and isolated or peripheral non-focus genes.

RESULTS
Selection of Asthma- and Tobacco- Relevant Data Series

Of the 14 available asthma- and/or tobacco-relevant genome-wide expression profile data
series of human or mouse lung tissues/cells identified in GEO (Table 1), two (i.e. GSE5060
and GSE5372) were excluded from analysis due to technical issues with their data files and
three were excluded due to the limited number of genes in their earlier technology platform
(i.e. Affymetrix U74Av2). Of the remaining 9 data series, only four (i.e. GSE994, GSE1301,
GSE3183, and GSE3184) provided acceptable signal/noise balance as defined by grouping
of samples into experimentally-defined sets with F-measure ≥0.5 using methods that we
have previously reported 13. Two of these experiments were mouse models of allergic
asthma induced by house dust mite allergen (GSE130114 and GSE3184). A third was
expression profiling of human respiratory epithelium from smokers and non-smokers
(GSE994) 15. The fourth (GSE3183) was a temporal analysis of a human lung cancer
epithelial cell line (i.e. A549 cells) following exposure to interleukin (IL)-13, the Th2
cytokine shown to be a central mediator of mouse allergic asthma 16, 17. (Table 2)
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Derivation of a Network of Commonly Expressed Genes in Asthmatic and Cigarette
Smoke-Exposed Lung

Significantly- and highly-regulated (p≤0.05 with fold-change ≥1.5 up or down from control
but not corrected for multiple comparisons) genes from each of the four data series were
input into a four-way Venn diagram to identify those genes commonly expressed in
asthmatic and cigarette smoke-exposed lung (Figure 1). The four-way Venn diagram
contains five areas (identified by superscripts that precede the number of transcripts)
representing overlap of at least three of the four data series. The shared response set
included a total of 30 transcripts representative of asthma-relevant challenges (e.g. allergens,
IL13, or cigarette smoke). The 30 overlapping transcripts corresponded to 26 genes (Table
3). There were no genes lost in our analysis due to lack of homologous genes during
interspecies translation.

Ingenuity Pathways Analysis software was then used to identify known interactions between
the genes in each overlapping Venn diagram area as described in the Methods section. The
resultant top-scoring network for the overlapping genes is shown in Figure 2. The selected
network of 26 genes had a score of 35. This corresponds to a Fisher Exact Test p-value of
1x10−35.

This network contains 26 directly linked members including 11 of the original shared
response genes with four as focus genes. These four focus genes represent secreted/
extracellular gene products [i.e. tissue inhibitor of metalloproteinase (TIMP) -1, connective
tissue growth factor (CTGF), and insulin-like growth factor binding protein (IGFBP) -3] and
a nuclear factor [i.e. endothelial PAS domain protein (EPAS) -1].

Derived Network Response to Oxidative Stress
We then analyzed expression of the members of this 26 gene network in an additional GEO
data series, GSE2565 18. GSE2565 was identified via a GEO search for “oxidative stress” in
lung tissues. Although 17 data series were identified in GEO by these search criteria, only
GSE2565 is from non-cancerous, non-immunologic cells or tissues. A further advantage is
that this data series contains extensive longitudinal data [i.e. a nine point 72-hour time series
following in vivo exposure to phosgene (i.e. carbonyl chloride)]. Because phosgene is a
potent oxidative agent, it provides a means to test the derived network under oxidative
conditions, which can then be extrapolated to cigarette smoke exposure.

The 26 human network genes corresponded to 42 homologous mouse transcripts. We
focused on the 30 that showed statistically significant (p≤0.05 after correcting for multiple
comparisons) up- or down-regulation over time in this mouse phosgene data series (Table
4). Inspection of these 30 transcripts in a time-series hierarchical gene cluster showed
coordinated expression characterized by several distinct patterns, including early, sustained,
and late up- or down-regulation (Figure 3). In particular, 18 genes showed ≥1.5-fold up- or
down-regulation at one or more time points relative to time=0, as shown in Figure 4.
Notable expression changes included: activating transcription factor 3 (ATF3) which was
markedly up-regulated at early times and returned to baseline levels; thrombospondin 1
(THBS1) which was up-regulated early and its expression remained elevated; matrix
metalloproteinase 3 (MMP3) which increased only moderately while its antagonist, TIMP1,
was markedly increased over time; and IGFBP3 was markedly decreased at later times.

DISCUSSION
In this study, we analyzed 14 publicly available asthma- or tobacco-relevant data series and
found four (two mouse and two human) that fulfilled adequate signal/noise thresholds using
unsupervised clustering and F test statistics 13. Using significance filters and a four-way
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Venn diagram approach, we identified 26 overlapping genes (i.e. 30 transcripts) in the
epithelial transcriptional stress response to cigarette smoke and asthma. This test set
corresponded to a 26-member gene/protein network containing 18 members that were
highly-regulated in a fifth data series of direct lung oxidative stress. Bioinformatic analyses
of these five microarray projects involving two species and model systems defined a
network of genes that includes a high density of members regulated by oxidative stress that
are also important in the pulmonary response to IL13 (induced by allergens) and cigarette
smoke.

Of those network members, two stand out (i.e. TIMP1 and THBS1) due to central location
within the network and marked up-regulation sustained at later times in response to
oxidative stress. Of note, both of these are also present in a recently published network of
genes important in the pathogenesis of COPD, a disease characterized by marked pulmonary
fibrosis from cigarette smoke exposure 19.

The first network member, TIMP1, is one of four protease inhibitors that regulates the
matrix metalloproteinases (MMP) induced by lung inflammation following exposure to
allergens, cigarette smoke, or oxidative stress 20. TIMP1, a secreted 31 kDa glycoprotein,
has been described to inhibit the protease activity of all known MMPs 21. Notably, there is
an abundance of MMP molecules in the network, including MMP1, MMP2, MMP3, MMP7,
and MMP9. In particular, MMP9 is one of the most studied MMPs expressed in lung 22, 23.

In lung disease, the ratio of MMPs to TIMP1 is considered more important than expression
of either alone. For example, MMP9 (and MMP2) are important for inflammatory cell
infiltration into the lung and induction of airway hyperresponsiveness in asthma 24. Further,
sputum MMP9 increases after inhaled allergen exposure in allergic asthmatic patients while
there was no change in sputum TIMP1 resulting in an increased MMP9:TIMP1 ratio 25. The
effect of altering this ratio can be seen upon allergen challenge in MMP9 knockout mice,
which have less mononuclear cell infiltration of the airways than wild type mice 26.
Conversely, allergen-challenged TIMP1 knockout mice have increased cellular infiltration
and decreased lung function than wild type mice 27.

In our analyses, TIMP1 was highly up-regulated in response to oxidative stress while the
MMP’s were either only moderately up-regulated (i.e. MMP3) or down-regulated. This
could be expected to result in lower MMP:TIMP1 ratios, which aside from the above
described effects, have also been hypothesized to contribute to extracellular airway
remodeling and fibrosis 20.

Another of the centrally-located highly up-regulated network members is THBS1. THBS1 is
a 140 kDa extracellular matrix protein that mediates cell-to-cell and cell-to-matrix
interactions. Interestingly, THBS1 activates and is itself activated by MMPs 28. Further,
THBS1 is crucial for activating transforming growth factor (TGF)β129, an important pro-
fibrotic agent, which was down-regulated in our network.

Mouse models of asthma have limitations with regard to translation of results to human
asthma. However, they do share similarities and have been invaluable in identifying targets
for human study. In particular, the house dust mite model used in the data series included in
our study is particularly applicable to human asthma among murine models 30. Therefore,
the inclusion of these experiments in this study, which is ultimately directed toward
identifying targets for human validation, is useful. Additionally, interspecies commonality
(i.e. evolutionary conservation) of responses to external/environmental stimuli/challenges
lends credibility to those responses
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The inclusion of GSE3183 in our analysis was initially of concern as A549 cells are a lung
cancer cell line that exhibit many properties of respiratory epithelium, including mucin
secretion 30, but are often thought to be alveolar in origin. However, the differentially-
regulated transcripts from this data series had similar inter-experimental overlap to the other
included data series.

In these experiments, we used data integration and systems biology analyses of publicly-
available microarray data to derive a list of commonly expressed genes important in
asthmatic and cigarette smoke-exposed lung. We then identified a network of their known
interactions and tested this network’s response to oxidative stress in an additional gene
expression data series. These analyses identified key relationships and primary hypothetical
targets for future studies of cigarette smoke-induced oxidative stress in asthma.
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Figure 1.
Venn diagram showing gene expression data integration and interpretation of asthma- and
tobacco-relevant data series. As described in detail in the text, the four selected data series
identified using appropriate unsupervised clustering and F≥0.5 were used in a four-way
Venn diagram to generate a 26 gene (i.e. 30 transcripts) shared response set that showed
time- and/or dose-related responses to asthma-relevant challenges. The hypothetical shared
response set was comprised of the five Venn diagram areas that are designated by a bold N
and a preceding superscript numeral 1–5. These areas represent overlap of at least three of
the four data series.
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Figure 2.
A network of commonly expressed genes in asthmatic and cigarette smoke-exposed lung.
Ingenuity Pathways Analysis software was used to explore the prominent molecular
networks represented in the 30 core transcripts (Figure 1, Table 2). The refined (i.e. groups
exploded, indirect relationships and disconnected/peripheral non-focus members removed)
top-scoring network contains 26 directly linked members centered on the focus genes for
tissue inhibitor of metalloproteinases (TIMP)-1, connective tissue growth factor (CTGF),
endothelial PAS domain protein 1 (EPAS1) and insulin-like growth factor binding protein 3
(IGFBP3). The genes that are present in the 30 core transcript group (i.e. focus genes) are
colored dark gray.
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Figure 3.
Time-series hierarchical cluster of phosgene-induced oxidative stress in mouse lung over 72
hours (GSE2565). Mice were exposed to phosgene at time 0 and sacrificed at eight post-
exposure time points (0, 0.5, 1, 4, 8, 12, 24, 48, or 72 hours). Lung tissue was isolated and
RNA extracted for whole genome expression profiling with the Affymetrix MOE430A
microarray platform 18. A time-series gene cluster was generated in GeneSpring GX10 for
the 30 of 42 transcripts (corresponding to 26 network genes) that showed statistically
significant (corrected p≤0.05) up- (red) or down- (blue) regulation over time. Inspection of
these 30 transcripts showed coordinated expression characterized by several distinct
patterns, including early, sustained, and late up- or down-regulation.
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Figure 4.
Highly up- or down- regulated genes in phosgene-induced oxidative stress in mouse lung.
Eighteen genes (Figure 3) showed ≥1.5-fold up- or down-regulation at one or more time
points relative to time=0 in GSE2565. The graph is split into up-regulated (top) and down-
regulated (bottom) genes for clarity. Expression shown for genes with multiple probe sets
reflects averaging within each time point.
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Table 3

Overlapping Transcripts (N=30) from Venn Diagram Analysis

Probe Set ID Gene Symbol Gene Title Entrez Gene ID Venn Diagram Area

1419268_at AGR2 Anterior gradient 2 (Xenopus laevis) 23795 1

1449363_at ATF3 Activating transcription factor 3 11910 5

1418025_at BHLHB2 Basic helix-loop-helix domain containing, class B2 20893 5

1423954_at C3 Complement component 3 12266 2

1422437_at COL5A2 Collagen, type V, alpha 2 12832 5

1416953_at CTGF Connective tissue growth factor 14219 3

1416612_at CYP1B1 Cytochrome P450, family 1, subfamily b, polypeptide 1 13078 2

1449888_at EPAS1 Endothelial PAS domain protein 1 13819 2

1449773_s_at GADD45B Growth arrest and DNA-damage-inducible 45 beta 17873 5

1455959_s_at GCLC Glutamate-cysteine ligase, catalytic subunit 14629 1

1418949_at GDF15 Growth differentiation factor 15 23886 2

1419905_s_at HPGD Hydroxyprostaglandin dehydrogenase 15 (NAD) 15446 2

1417101_at HSPA2 Heat shock protein 2 15512 2

1419647_a_at IER3 Immediate early response 3 15937 5

1423062_at IGFBP3 Insulin-like growth factor binding protein 3 16009 5

1417394_at KLF4 Kruppel-like factor 4 (gut) 16600 4

1417395_at KLF4 Kruppel-like factor 4 (gut) 16600 3

1422962_a_at PSMB8 Proteasome (prosome, macropain) subunit, beta type 8 (large
multifunctional peptidase 7)

16913 5

1450699_at SELENBP1 Selenium binding protein 1 20341 5

1448395_at SFRP1 Secreted frizzled-related protein 1 20377 5

1423505_at TAGLN Transgelin 21345 5

1450377_at THBS1 Thrombospondin 1 21825 5

1421811_at THBS1 Thrombospondin 1 21825 5

1460302_at THBS1 Thrombospondin 1 21825 5

1460227_at TIMP1 Tissue inhibitor of metalloproteinase 1 21857 1

1454694_a_at TOP2A Topoisomerase (DNA) II alpha 21973 5

1460629_at TRIM16 Tripartite motif-containing 16 94092 1

1420772_a_at TSC22D3 TSC22 domain family 3 14605 5

1425281_a_at TSC22D3 TSC22 domain family 3 14605 5

1427256_at VCAN Versican 13003 5
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