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Cigarette Smoke Activates the Proto-oncogene c-Src to Promote
Airway Inflammation and Lung Tissue Destruction
Patrick Geraghty, Andrew Hardigan, and Robert F. Foronjy

St. Luke’s Roosevelt Hospital Center, New York, New York

Abstract

The diagnosis of chronic obstructive pulmonary disease (COPD)
confers a 2-fold increased lung cancer risk even after adjusting for
cigarette smoking, suggesting that common pathways are operative
in both diseases. Although the role of the tyrosine kinase c-Src is
established in lung cancer, less is knownabout its impact in other lung
diseases, such as COPD. This study examined whether c-Src
activation by cigarette smoke contributes to the pathogenesis of
COPD. Cigarette smoke increased c-Src activity in human small
airway epithelial (SAE) cells from healthy donors and in the lungs of
exposedmice. Similarly, higher c-Src activationwasmeasured in SAE
cells from patients with COPD compared with healthy control
subjects. In SAE cells, c-Src silencing or chemical inhibition
prevented epidermal growth factor (EGF) receptor signaling in
response to cigarette smoke but not EGF stimulation. Further
studies showed that cigarette smoke acted through protein kinase Ca
to trigger c-Src to phosphorylate EGF receptor and thereby to
induce mitogen-activated protein kinase responses in these cells. To
further investigate the role of c-Src,A/Jmicewere orally administered
the specific Src inhibitor AZD-0530 while they were exposed to
cigarette smoke for 2 months. AZD-0530 treatment blocked c-Src
activation, decreased macrophage influx, and prevented airspace
enlargement in the lungs of cigarette smoke–exposed mice.

Moreover, inhibiting Src deterred the cigarette smoke–mediated
induction of matrix metalloproteinase-9 and -12 in alveolar
macrophages and lung expression of cathepsin K, IL-17, TNF-a,
MCP-1, and KC, all key factors in the pathogenesis of COPD. These
results indicate that activation of the proto-oncogene c-Src by
cigarette smoke promotes processes linked to the development of
COPD.
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Clinical Relevance

The results from this study show that the proto-oncogene c-
Src, which plays an important role in the development of lung
cancer, is also a key factor in the pathogenesis of chronic
obstructive pulmonary disease (COPD). Indeed, c-Src
activation by cigarette smoke promoted airway inflammation
and lung tissue destruction. Inhibiting c-Src with the chemical
inhibitor AZD0530 prevented inflammatory and destructive
changes in the lungs of smoke-exposed mice, thus identifying
c-Src as a key disease-modifying target in COPD.

Chronic obstructive pulmonary disease
(COPD) and lung cancer account for
a significant proportion of overall mortality
in the United States and worldwide (1).
Cigarette smoke remains the main common
risk factor between both diseases; however,
the diagnosis of COPD, even in never-
smokers, is associated with a greater than 2-

fold increased risk of lung cancer compared
with patients without COPD (2). This
suggests that shared biological mechanisms
play a role in the development of both
diseases. Indeed, establishing smoke-
inducible pathways that enhance the
susceptibility to cancer and COPD
represents a major area for needed study.

A cigarette smoke–regulated protein in
tumor cells, c-Src tyrosine kinase, has
increased activity in many human tumor
types and correlates with disease stage
and patient survival (3). Elevated c-Src
activity promotes tumor invasiveness,
characterized by the loss of cell–cell
adhesion, increased cell-matrix adhesion,
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and formation of focal adhesions (4).
Protein tyrosine kinases (PTKs), such as c-
Src, are also key mediators of intracellular
signal transduction processes related to
acute inflammatory responses (5). c-Src is
a 60-kD protein composed of several
functional domains (SH4, SH3, SH2, and
SH1 domains and a C-terminal regulatory
segment) (6). A tyrosine at site 416 on the
kinase domain (SH1) is a positive
regulatory site responsible for maximizing
its activity (7). Conversely, phosphorylation
at site Tyr527 on the C-terminal end leads to
binding of this region to the SH2 domain and
negatively regulates kinase activity (8).
Cigarette smoke is known to activate c-Src
kinase through the phosphorylation of c-Src at
Tyr416 in tumor cells and in tracheal smooth
muscle cells (9). c-Src activates several
signaling cascades in cancer that have been
implicated in COPD, such as focal adhesion
kinase (FAK) (10), signal transducers and
activators of transcription 3 (STAT-3) (11),
the epidermal growth factor receptor (EGFR)
family (12), phosphatidylinositol 3-kinase
(PI3K)-Akt, and mitogen-activated protein
kinase (MAPK) (9).

Aberrant expression and activation of
c-Src occurs in several tumor types and has
been correlated with poor clinical outcome
(13). Cigarette smoke has been reported to
activate c-Src. and, once activated, c-Src is
able to stimulate important
proinflammatory mediators associated with
the development of COPD. Thus, we
postulated that c-Src activation occurs in
COPD and plays a central role in the
disease. Moreover, we theorized that
inhibiting c-Src could protect against
cigarette smoke–induced lung
inflammation and tissue destruction. To
address this hypothesis, we characterized c-
Src expression and activity in airway
epithelial cells isolated from healthy
subjects and from patients with COPD.
Human airway epithelial cells were studied
to determine how cigarette smoke activated
c-Src to modulate signaling processes in
a cell type that plays a key role in the
disease (14, 15). In addition, the effect of
cigarette smoke on c-Src activation in
human neutrophils and monocytes was
examined. Finally, mice were exposed to
cigarette smoke in combination with the c-
Src inhibitor AZD-0530 to evaluate the
effect of c-Src inhibition on protease
expression in alveolar macrophages and to
explore the potential use of c-Src inhibitors
as a treatment for COPD.

Materials and Methods

Animal Models
C57BL/6J and A/J mice (Jackson Labs, Bar
Harbor, ME) were used for these studies. A/J
mice were administered 10 mg/kg AZD-
0530 (LC Laboratories, Woburn, MA) in
vehicle (0.5%
hydroxypropylmethylcellulose, 0.1%
polysorbate) or vehicle alone daily by gavage
2 hours before smoke exposure for 2 months
(n = 5–10 in each group). The study was
performed for 4 days to collect alveolar
macrophages. All animals were 8 weeks old
at the beginning of each experiment. All
animal experiments were performed with
approval from St. Luke’s Roosevelt’s
Hospital Center’s Institutional Animal Care
and Use Committee.

Cigarette Smoke Exposure Protocol
Mice were exposed to cigarette smoke in
a specially designed chamber (Teague
Enterprises, Davis, CA) for 4 hours a day, 5
days per week at a total particulate matter
concentration of 80 mg/m3. Animals were
killed 12 hours after the last smoke
exposure. The lungs underwent pressure
fixation and morphometric analysis in
accordance with our previously published
protocol (16) and in accordance with the
ATS/ERS American Thoracic Society/
European Respiratory Society issue
statement on quantitative assessment of
lung structure (17). Lung bronchoalveolar
lavage fluid (BALF) isolation was
performed on the mice.

Cell Culture
Monolayers of human small airway
epithelial (SAE) cells (Lonza, Walkersville,
MD) from healthy subjects and from
patients with physician-diagnosed COPD as
established by GOLD criteria were
submerged cultured and treated with 5%
cigarette smoke extract (CSE) or PBS. Cells
were only used for experiments at passages
three through six and at a confluency of
approximately 70%. Lactate dehydrogenase
(LDH) release assays were formed to
confirm no significant changes in cell
viability after treatments. SAE cells were
transfected by administering siRNA for c-
Src, K-Ras, c-Raf, EGFR, protein kinase C
(PKC)a, or control small interfering RNA
(siRNA) (Qiagen, Gaithersburg, MD). Cells
were treated with several time points of 5%
CSE or with 1 mM of AZD-0530/

Saracatinib (LC Laboratories) for 1 hour
before CSE exposure. c-Src siRNA–treated
cells were exposed to 10 ng/ml human
epidermal growth factor (EGF) (Cell
Signaling, Danvers, MA).

Matrix Metalloproteinase and
Cytokine Measurements
Matrix metalloproteinase (MMP)-3, MMP-
9, MMP-12, IL-1a, IL-1b, IL-4, IL-6, IL-17,
granulocyte colony-stimulating factor, KC
(or IL-8 for human samples), and IFN-g
levels were measured in BALF and cell
media using a beads assay on the Bio-Plex
200 system (BioRad, Hercules, CA).
Quantitative PCR for mouse cathepsin K,
MMP-9, MMP-12, MMP-13, TNF-a,
MCP-1, and KC were measured from the
lungs of the mice using TaqMan specific
probes (Applied Biosystems, Carlsbad, CA).

Intracellular Signaling
Immunoblots were conducted on the
cytosolic protein from whole mouse lungs or
cells to determine levels of p-JNK, JNK, p-
ERK, ERK, p-p38, p38, c-Src (Santa Cruz
Biotechnologies, Santa Cruz, CA), p-Src
(Tyr416), p-Src(Tyr527), p-Raf(ser388), c-
Raf, p-PKC-a(Thr638), PKC-a, EGFR, p-
EGFR(Tyr992), p-EGFR(Tyr1042), p-EGFR
(Tyr1068), KRAS (Abcam), and actin
(unless directly stated all antibodies from
Cell Signaling). Densitometry analysis was
conducted on immunoblots standardizing
to total protein or to b-actin.
Immunofluorescence was performed on
lung tissue from animals exposed to room
air or cigarette smoke for p-Src(Tyr416)
and p-Raf(ser388). Lung protein extracts
were assayed for myeloperoxidase activity
using a kit from Cayman Chemical
Company (Ann Arbor, MI) as
recommended by the manufactures.

Src Tyrosine Kinase Activity
Src tyrosine kinase activity was determined
by immunoprecipitating c-Src from the
tissue or cell culture samples and then
measuring tyrosine kinase activity with
a specific kit (MK410; Takara Bio, Mountain
View, CA). Results are presented as relative
activity compared with control subjects (%).

Isolation of Peripheral Monocytes
and Neutrophils
Mononuclear cells were isolated from
venous peripheral blood obtained from
healthy volunteers. Density gradient
centrifugation was conducted in
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LymphoPrep (Axis-Shield PoC AS, Oslo,
Norway) to separate the red cell pellet
containing the neutrophil population from
the monolayer. Neutrophils were further
purified as described previously (18). The
mononuclear cell band was aspirated and
washed three times with PBS. Monocytes
were enriched from the mononuclear
fraction by selectively attaching them to 24-
well plates for 3 hours at 378C. Cells were
washed three more times with PBS.
Monocytes and neutrophils were then
treated with AZD-0530 for 1 hour before
CSE stimuli.

Statistical Analyses
Data are expressed as means 6 SEM. We
determined statistical significance by one-
way ANOVA for multiple group analysis
using GraphPad Prism Software. Student t
tests (two tailed) were used throughout the
study. All data sets are represented as mean
6 SE.

Results

Cigarette Smoke Exposure Induces c-
Src and c-Raf Phosphorylation in
Mouse Lungs
To determine the dynamics of c-Src
activation in response to cigarette smoke, c-
Src activity was measured in the lungs of
C57BL/6J mice subjected to varying periods
of smoke exposure. Increased activation of
c-Src was observed at every exposure time
point, from 1 day to 1 year (Figure 1A).
These time points were chosen to evaluate
the effect of acute, subacute, and chronic
exposure. An increase in c-Src gene
expression was observed after 1 month of
cigarette smoke exposure that persisted up
to 1 year of exposure (Figure 1B). There
was a correlation between c-Src activity and
gene expression in the mouse samples
(Figure 1C). Phosphorylation of c-Src
(Tyr416) and c-Raf (Ser388) was also
observed, most notably with more than 2
months of smoke exposure (Figure 1D).
Immunofluorescence analysis of p-Src
(Tyr416) and p-Raf (Ser388) in 1-year
room air and cigarette smoke–exposed
lungs demonstrated activation of Src and
Raf in multiple airway cell types, including
the lung airway epithelium (Figure 1E). c-
Src appears to be the only Src family
member to undergo tyrosine
phosphorylation after exposure to CSE (see
Figure E1 in the online supplement). Thus,

cigarette smoke causes a significant and
persistent activation of c-Src in the lung.
The 1-day activation of c-Src in the lungs of
cigarette smoke–exposed mice was not
associated with changes in c-Src
phosphorylation. It is conceivable that this
acute activation of c-Src may involve other
posttranslational modifications that were
not assessed with the antibodies we used.

Silencing c-Src, c-Raf, or KRAS
Prevents Cigarette Smoke–Induced
MAPK Activation
Studies were conducted in primary human
SAE cells to identify the key pathways
triggered by the cigarette smoke–mediated
activation of c-Src. These airway epithelial
cells were chosen as an in vitro model of
COPD to investigate the potential
importance of c-Src because they are
critical in the pathogenesis of COPD (15)
and highly express c-Src (Figure 1D). Gene
silencing for c-Src, c-Raf, and KRAS was
used in control and CSE-treated SAE cells
to evaluate the subsequent effect on MAPK
activation and the interactions between c-
Src, c-Raf, and KRAS. The Src inhibitor
AZD-0530 was used to examine the effects
of Src inhibition on cigarette
smoke–mediated inflammatory responses.
Subtoxic levels of AZD-0530 and CSE were
used throughout this study (Figure E2).
Smoke exposure led to phosphorylation of
c-Src and c-Raf (Figures 2A and E3).
Silencing of c-Src, c-Raf, or KRAS (Figure
E4) prevented the cigarette smoke–induced
phosphorylation of ERK and p38 and
decreased overall levels of JNK
phosphorylation (Figures 2A and E3). In
fact, the phosphorylation of p38 was
extremely sensitive to the blockade of this
pathway, which is of interest because we
previously demonstrated that silencing p38
in SAE cells prevents CSE-induced MMP-9
expression (19). The Src inhibitor AZD-
0530 resulted in a similar antiinflammatory
profile to silencing c-Src, Raf, or KRAS in
SAE cells (Figure 2A and Figure E5).

AZD0530 Inhibits c-Src Activation in
SAE Cells Isolated from Subjects
with COPD
To investigate the potential use of Src
inhibitors, c-Src activity levels and
downstream phosphorylation profiles were
examined in SAE cells isolated from patients
with COPD and healthy subjects.
Immunoblot analysis confirmed that AZD-
0530 administration prevented

phosphorylation of c-Src at Tyr416 and led
to the impediment of c-Raf activation in
cells from patients with COPD and healthy
subjects in a similar fashion to c-Src
silencing (Figure 2B). Chemical inhibition
of c-Src activity blocked the cigarette
smoke–mediated activation of JNK, ERK,
and p38 in SAE cells from individuals with
COPD. At baseline, SAE COPD cells had
significantly higher levels of c-Src gene
expression (Figure 2C) and activity
compared with healthy SAE cells
(Figure 2D), reflecting the results in the
animal model. The increased c-Src activity
in these COPD cells was decreased by
treatment with the specific Src inhibitor
AZD-0530 (Figure 2D). Both c-Src
silencing and AZD-0530 treatment
prevented the induction of MMP-9 in
response to CSE treatment in these cells
(Figure 2E). c-Src did not alter CSE-
induced MMP-1 release (Figure E6). Other
researchers have observed that MMP-9
regulation could be c-Src dependent (20);
however, our data establish that Src is
a critical regulator of MMP-9 in smoke
conditions and highlight the potential of c-
Src inhibitors to counteract the induction of
this key mediator in cancer and COPD (21,
22). AZD-0530 or silencing of c-Src/c-Raf/
KRAS also prevented CSE-induced IL-1b
and IL-6 secretions from SAE cells
(Figure 2F). Together, these results indicate
that AZD-0530 has the potential to block
key cigarette smoke–driven inflammatory
processes associated with cancer and
COPD.

The Interaction between EGFR and c-
Src Is a Key Determinant of MAPK
Activation in CSE-Treated SAE Cells
c-Src activation has been associated with the
stimulation of PTK receptors (23, 24). To
identify which PTK receptor activated c-Src
or is dependent on c-Src activation in the
CSE-treated SAE cells, a PTK activation
array was conducted. This approach
identified EGFR as the PTK that was most
robustly activated by CSE in these SAE cells
(Figure E7). This is significant because
EGFR plays a major role in lung cancer
(25), is smoke triggered (26), and can lead
to c-Src activation (27). Therefore, EGFR
was silenced in SAE cells, and the c-Src
pathway was examined for alterations in
sensitivity to CSE. Loss of EGFR partially
blocked phosphorylation of p-Raf(ser388),
p-ERK, p-JNK, and p-p38 (Figure 3A).
However, knocking down EGFR expression
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did not reduce c-Src activation in response
to CSE treatment (Figure 3B). This
indicates that CSE acts via other factors to
stimulate c-Src in these cells. Furthermore,
these results show that c-Src was not merely
a passive downstream target of EGFR;
rather, c-Src played an important role in

EGFR activation. Indeed, c-Src expression
and activation were required for the CSE-
mediated phosphorylation of EGFR
specifically at Tyr1068 (Figures 3C and 3D).
Phosphorylation at this site provides
a docking site for the E3 ubiquitin ligase
Cbl, which targets EGFR for endocytosis

and degradation (28). Thus, this negative
feedback mechanism may limit the
induction of EGFR/Src signaling in the
cigarette smoke–exposed lung. In contrast
to cigarette smoke, EGF treatment acts
independently of c-Src to induce EGFR
phosphorylation at Tyr sites 992, 1,045, and

Figure 1. Smoke exposure induces c-Src and c-Raf phosphorylation in mouse lungs. c-Src activity (A) and gene expression (B) were measured in the
lungs of wild-type nonexposed mice and various times of smoke-exposed mice (n = 5 for each group). (C) c-Src activity correlated with gene expression.
(D) Immunoblots and densitometry analysis were performed for p-Src(Tyr416), total c-Src, p-Raf(ser388), total c-Raf, and actin on protein from the same
samples in A. (E) Immunofluorescence analysis was performed for p-Src(Tyr416) and p-Raf(ser388) on tissue from room air–exposed and 1-year cigarette
smoke–exposed mice (bar = 50 mM for the upper panels, and bar = 20 mM for the lower panels under higher magnification). Isotype control rabbit IgG
were used as negative controls in each assay (bottom panel).
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Figure 2. Chemical and gene-specific inhibition of c-Src prevents smoke-induced mitogen-activated protein kinase (MAPK) activation in a KRAS/c-
Raf1–dependent manner. (A) Small airway epithelial (SAE) cells were examined for c-Src, c-Raf, and MAPK phosphorylation after transfection with
negative control, c-Src, c-Raf, or KRAS small interfering RNA (siRNA) and treatment with cigarette smoke extract (CSE) (90 min) and AZD-0530. (B)
Immunoblots were performed to determine phosphorylation and total protein levels of c-Src, c-Raf, and the MAPK proteins in SAE cells from healthy
subjects and from patients with chronic obstructive pulmonary disease (COPD) who underwent Src inhibition by siRNA or AZD-0530. (C–E) c-Src gene
expression compared with GAPDH (C), c-Src activity (D), and matrix metalloproteinase (MMP)-9 levels (E) in media were examined. Graphs are
represented as mean 6 SEM of 12 measurements. P values are shown comparing both treatments connected by a line. (F) IL-1b and IL-6 levels in media
were examined in cells after transfection with negative control, c-Src, c-Raf, or KRAS siRNA and treatment with CSE (90 min) and AZD-0530. #Significant
change compared with PBS-treated cells. *Significant change compared with control siRNA cells treated with CSE.
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1,068 (Figure 3D). Furthermore, c-Src
silencing did not block the induction of
MAPK signaling in EGF-treated SAE cells
(Figure E8), whereas it deterred such
signaling in response to CSE treatment
(Figures 2A and 2B). This shows that the
influence of c-Src on EGFR signaling varies
depending on the stimuli. This may be due
to the distinct phosphorylation events
involved in EGFR activation by EGF or CSE
(29).

Silencing of PKC-a Subdues the
Cigarette Smoke–Driven c-
Src Pathway
Aside from EGFR, other factors may
regulate c-Src activation in cigarette
smoke–exposed SAE cells. In fact, studies
indicate that CSE can stimulate the
phosphorylation of c-Src, EGFR, PDGFR,
and Akt in a PKC-a–dependent manner

(9). For this reason, we examined how
PKC-a silencing affected c-Src–mediated
inflammation in SAE cells. PKC-a was
phosphorylated at threonine site 638 in the
presence of CSE (Figure 4A). Silencing of
PKC-a (Fig. S4) prevented cigarette
smoke–induced c-Src activation and
phosphorylation (Figures 4B and 4C).
Silencing PKC-a resulted in the same
protein phosphorylation profile as c-Src
inhibition and silencing (Figure 4C), with
CSE unable to activate c-Src/c-Raf/MAPK
when PKC-a was silenced (Figure 4C and
Figure E9). Silencing of KRAS appears to
somewhat alter CSE-induced Src
phosphorylation, but KRAS does not
influence CSE-induced PKC-a
phosphorylation (Figure 4D). Together,
these results demonstrate that cigarette
smoke works via PKC-a to stimulate c-Src
and thereby activate the EGFR/KRAS/c-

RAF/MAPK pathway in human airway
epithelial cells (Figure 4E).

AZD-0530 Prevents CSE-Induced c-
Src Phosphorylation in Monocytes
In addition to epithelial cells, the effects of
cigarette smoke and AZD0530 on c-Src
phosphorylation in other cell types was
evaluated. Monocytes and neutrophils
were isolated from whole blood and
exposed to AZD-0530 and CSE
(Figure 4F). Monocyte expression of p-
Src(Tyr416) was extremely sensitive to
AZD-0530 treatment. Monocyte and
neutrophil p-Src(Tyr416) levels
increased with CSE, but neutrophils
were less sensitive to AZD-0530
treatment. Therefore, c-Src inhibition
can be inhibited in multiple cell
types that contribute to disease
progression.

Figure 3. Cigarette smoke–activated epidermal growth factor receptor (EGFR) is regulated by c-Src to induce MAPK activation. (A) Immunoblots for c-
Src, c-Raf ,and MAPK phosphorylation were conducted on cell lysate protein from SAE cells transfected with negative control and EGFR siRNA and
then treated with CSE (90 min). (B) c-Src activity assays were conducted on control or 24-hour CSE-treated cells that have be transfected with control and
EGFR siRNA (n = 7). (C) SAE cells were treated with CSE over multiple time points with and without AZD-0530 treatment, and phosphorylation of
EGFR at Tyr1068 was examined by immunoblots. (D) EGFR tyrosine phosphorylation was examined after transfection with negative control and c-Src
siRNA and treatment with 10 ng/ml epidermal growth factor or 5% CSE (0, 15, 30, 60, 90, or 120 min).
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AZD-0530 Treatment Prevents c-Src,
MAPK, and EGFR Phosphorylation in
Cigarette Smoke–Exposed Mice
An in vivo approach was undertaken to
examine the effects of AZD-0530 on
cigarette smoke–induced inflammation and

tissue damage in mice. A/J mice were orally
administered AZD-0530 daily before
undergoing cigarette smoke exposure.
Cigarette smoke induced phosphorylation
of p-Src(Tyr416), p-Raf(ser388), p-ERK, p-
JNK, and p-p38 in the lungs of cigarette

smoke–exposed mice (Figure 5A).
However, this activation was effectively
blocked by AZD-0530 administration.
AZD-0530 treatment decreased c-Src
tyrosine kinase activity (Figure 5B) without
affecting c-Src gene expression (Figure 5C).

Figure 4. Silencing of PKC-a subdues the cigarette smoke–driven c-Src pathway. (A) PKC-a phosphorylation was examined by immunoblots after SAE
cell transfection with negative control and PKC-a siRNA and treatment with 5% CSE (0, 15, 30, 60, 90, or 120 min). (B) c-Src activation was examined
after 90 minutes of CSE exposure in control or PKC-a siRNA–treated SAE cells. (C) Immunoblots for c-Src, c-Raf, and MAPK phosphorylation were
conducted on cell lysate protein from SAE cells transfected with negative control and PKC-a siRNA and then treated with CSE (90 min or 24 h). (D) PKC-a
phosphorylation was examined after silencing of KRAS. (E) Proposed pathway for the regulation of c-Src–mediated inflammation pathways in the lung. (F)
Peripheral blood monocytes and neutrophils were examined for p-Src(Tyr416), c-Src, c-Raf, and actin after treatment with CSE (0–90 min) and AZD-0530.

ORIGINAL RESEARCH

Geraghty, Hardigan, and Foronjy: Cigarette Smoke Activates the c-Src Pathway 565



AZD-0530 administration had no effect on
cigarette smoke–induced PKC-a
phosphorylation but did prevent EGFR
phosphorylation (Figure 5D),
demonstrating the importance of c-Src for
cigarette smoke–induced EGFR activation.

AZD-0530 Treatment Prevents
Cigarette Smoke–Induced Neutrophil
and Macrophage Infiltration and
Airspace Enlargement in Mice
Two months of cigarette smoke exposure
significantly increased airspace enlargement

in cigarette smoke–exposed A/J mice
compared with room air–exposed mice
(Figures 6A and 6B), which is comparable
to other studies using A/J mice (30, 31).
AZD-0530 administration blocked the
increase in airspace enlargement (Figures
6A and 6B) that occurred to mice in
response to cigarette smoke. AZD-0530
administration prevented immune cell
infiltration in cigarette smoke–exposed
mice, with reduced numbers of
macrophages and neutrophils observed in
the BALF (Figure 6C). To further quantify

the effect of AZD-0530 on lung neutrophils,
myeloperoxidase activity levels in the lung
were measured. The activity of the lung
tissue homogenate doubled in response to
cigarette smoke exposure (Figure 6C),
which was consistent with the increase in
neutrophil influx. AZD-0530–treated mice
had significantly lower levels of tissue
myeloperoxidase activity after cigarette
smoke exposure (Figure 6C).

AZD-0530 Treatment Prevents
Cigarette Smoke–Induced Protease
and Cytokine Expression in Mice
AZD-0530 treatment prevented smoke-
mediated induction of MMP-9 and IL-17 in
BALF of the mice (Figures 7A and 7B).
MMP-9 gene expression levels were also
reduced after AZD-0530 treatment in the
alveolar macrophages of mice (Figure 7D).
There was a trend toward a reduction in
MMP-12 levels in the BALF after AZD-
0530 treatment (Figure 7A), which was
significant when examining gene expression
in tissue (Figure 7C) and alveolar
macrophages (Figure 7D). In contrast,
AZD-0530 had no effect of IL-1a, IL1b, IL-
4, IL-6, GM-CSF, and IFN-g BALF
cytokine levels in the A/J mice (Figure E10).
IL-17 promotes a M2 macrophage-driven
microenvironment in cancer (32) and is
required for cigarette smoke–induced
COPD in mice (33). Using qPCR, it was
demonstrated that AZD-0530 treatment
also prevented the gene expression of TNF-
a, MCP-1, KC, and cathepsin K
(Figure 7C).

Discussion

Patients with COPD are at increased risk for
the development of primary lung cancer and
have worse outcomes after lung cancer
diagnosis and treatment (34). Indeed, as an
independent risk factor, airway obstruction
is a better predictor for lung cancer than
age and pack-years exposure (35), and
smokers with COPD have a 4- to 6-fold
increased risk of lung cancer over time
compared with smokers with normal lung
function (36). Given this strong association
between lung cancer and COPD,
researchers have sought to identify
common signaling processes that would
provide mechanistic links between these
diseases.

It has been argued that an exaggerated
inflammatory repair response to smoking

Figure 5. AZD-0530 treatment prevents cigarette smoke–induced MAPK activation, c-Src, activity
and EGFR phosphorylation. A/J mice were exposed to 2 months of cigarette smoke or room air in
combination with daily oral administration of vehicle or AZD-0530. (A) Immunoblots for c-Src, c-
Raf, and MAPK phosphorylation were conducted on the lung tissue lysate protein from these mice,
and densitometry analysis was performed. c-Src activity (B) and gene expression (C) were measured
in the lungs tissue of the mice. (D) Immunoblot analysis for p-PKC-a(Thr638), PKC-a, p-EGFR
(Thr1068), EGFR, and Actin were performed on lung tissue from the room air and 1-year cigarette
smoke–exposed mouse groups. Graphs are represented as mean 6 SEM of 10 samples. P values
are shown comparing both treatments connected by a line.
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can promote cancer and COPD
development by inducing key responses,
such as MMP expression, oxidative stress,
and epithelial–mesenchymal transition
(37). The proto-oncogene c-Src is activated
during tissue injury and repair (38);
however, the effects of chronic c-Src
activation, particularly in COPD, are poorly
understood. This study is the first to
demonstrate that c-Src is activated in
COPD and that inhibiting it prevents the
development of alveolar tissue destruction
in cigarette smoke–exposed mice. Indeed,
antagonizing Src in these mice countered
Raf, ERK, JNK, and p38 activation; blocked
the induction of MMP-9, MMP-12, and IL-
17; and prevented the influx of
macrophages into the airways. In SAE cells,
silencing c-Src and treatment with the c-Src
inhibitor AZD-0530 potently inhibited the
CSE-mediated induction of MAPK
signaling. The activation of c-Src was PKC-

a dependent, and active c-Src played
a major role in EGFR phosphorylation and
downstream signaling in response to
cigarette smoke. These findings show that
cigarette smoke acts through PKC-a to
stimulate c-Src and thereby induce MAPK
responses that promote the development of
cancer and COPD (38).

A key mechanism by which c-Src
influenced these processes is by modulating
the tyrosine kinase receptor EGFR.
Although several tyrosine kinase receptors
were regulated by cigarette smoke, EGFR
demonstrated by far the most intense
response in our analyses. Furthermore,
EGFR expression was required for the
induction of MAPK signaling in CSE-
treated SAE cells, indicating that EGFR is
a critical target in these cigarette
smoke–induced lung diseases. Inhibiting c-
Src in SAE cells by siRNA or AZD-0530
blocked EGFR signaling, countered MAPK

activation, and prevented the cigarette
smoke–mediated induction of MMP-9.
This was likely due to the fact that
antagonizing c-Src prevented p38
activation, which is required for the
cigarette smoke–induced expression of
MMP-9 in the lung (19). The effects of c-
Src inhibition were not restricted to
epithelial cells. Indeed, we found that
cigarette smoke also activated monocytes
and neutrophils, but the activation in
neutrophils was not sensitive to
inhibition with AZD0530. In contrast,
AZD0530 blocked Src activation in
monocytes and prevented the induction of
MMP-9 and MMP-12 in alveolar
macrophages from cigarette
smoke–exposed mice. This is significant
because the role of MMP-12 in the
development of emphysema has been
clearly established (39). Although the loss
of MMP-9 does not prevent cigarette

Figure 6. AZD-0530 treatment prevents cigarette smoke–induced immune cell infiltration and airway enlargements in mice. (A) Mean linear intercepts
were measured in the lungs of the mice exposed to 2 months of cigarette smoke or room air (RA) in combination with daily oral administration of vehicle or
AZD-0530. (B) Comparative histology images of the four mouse groups (bar, 100 mM). (C) Bronchoalveolar lavage fluid immune cellularity was
measured, and changes were observed after AZD-0530 in smoking conditions on total immune cell number, macrophages, and neutrophils. Neutrophil
numbers were reconfirmed with myeloperoxidase assays. Graphs are represented as mean 6 SEM of 10 samples. P values are shown comparing both
treatments connected by a line. SM, smoke-exposed.
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smoke–induced emphysema in mice (40),
enhanced expression of this protease in
macrophages causes progressive air space
enlargement in mice and is associated
with COPD severity in humans (41, 42).
These results suggest that aberrant EGFR
and c-Src activation could promote the
development of this disease by inducing
the expression of MMP-9 and MMP-12 in
the lung.

This study found that the cytokine IL-
17 was also highly sensitive to c-Src
inhibition in cigarette smoke–exposed mice.
IL-17 expression is induced in Th17 cells,
gd T cells, and NK cells in response to
cytokine signals from neighboring
macrophages and from epithelial and
dendritic cells (43). Once released, IL-17
triggers monocyte and neutrophil
chemotaxis to the site of inflammation (44)

and promotes tumor growth (45). Given
these effects, IL-17 has been implicated in
lung cancer and COPD. Indeed, metastasis
of non–small cell lung cancer was
significantly reduced in IL-172/2 mice (46),
and IL-17 expression levels were predictive
of disease progression in human
non–small cell lung cancer (47). The results
from this study suggest that AZD-0530,
which inhibits tumor growth and invasion
(48), may mediate its protective effects in
the lung by counteracting the cigarette
smoke–mediated induction of IL-17. In
addition to cancer, IL-17 plays an
important role in the development of
COPD. In fact, IL-172/2 mice are resistant
to cigarette smoke–induced COPD (49),
and IL-17 expression is significantly
increased in the bronchial biopsies of
patients with COPD (50). Thus, IL-17
expression, which we found to be sensitive
to Src inhibition, could be a common
mechanism involved in the onset and
progression of COPD and lung cancer.
Future studies are needed to explore the
precise mechanisms by which Src inhibition
prevented IL-17 induction in the cigarette
smoke–exposed lung.

EGFR and c-Src demonstrated an
important interrelationship in response to
cigarette smoke. Although c-Src is typically
viewed as a downstream target of EGFR, c-
Src was required for the tyrosine
phosphorylation and hence activation of
EGFR in CSE-treated SAE cells. This study
and others have shown that cigarette smoke
phosphorylates c-Src via a PKC-
a–dependent mechanism (9, 29). Once
activated by cigarette smoke, c-Src
phosphorylated EGFR and KRAS/Raf, and
these signaling proteins further activated c-
Src. This positive feedback loop observed
in our in vitro studies may account for the
robust c-Src activation that was noted in
the lungs of cigarette smoke–exposed mice.
A unique finding of this study was that the
effects of c-Src on EGFR/KRAS/c-RAF/
MAPK signaling varied depending on the
stimulus. Although the loss of c-Src
expression effectively blocked MAPK
activation in CSE-treated cells, it had little
effect on these responses in cells treated
with EGF. Thus, this study shows that c-Src
plays a much more prominent role on
EGFR signaling under smoke exposure
conditions.

In conclusion, this study determined
that c-Src activation is a key mediator of
cigarette smoke–induced inflammation and

Figure 7. AZD-0530 treatment prevents cigarette smoke–induced MMP-9, MMP-12, and IL-17 in
mice. A/J mice were exposed to 2 months of cigarette smoke or room air in combination with daily
oral administration of vehicle or AZD-0530. Bronchoalveolar lavage fluid from mice was examined for
MMP-9 and MMP-12 levels (A) and IL-17 BAL levels (B). (C) Quantitative PCR for mouse TNF-a,
MCP-1, KC, cathepsin K, and MMP-12 was conducted using cDNA prepared from mRNA isolated
from the lungs of each group. (D) Alveolar macrophages were isolated from animals exposed to
cigarette smoke for 4 days and treated with AZD-0530. MMP-9 and MMP-12 levels were determined
by quantitative PCR. Graphs are represented as mean 6 SEM of 10 samples. P values are shown
comparing both treatments connected by a line. RQ, relative quantity.
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tissue destruction. Furthermore, it provides
data indicating that c-Src may mediate
these effects by inducing the expression of
IL-17, MMP-9, and MMP-12 in the lung.
These findings provide a plausible
mechanistic link between the pathogenesis

of COPD and lung cancer and set the stage
for future studies to address whether
blocking c-Src activity, or its downstream
effectors, can prevent the detrimental
responses that lead to the development of
these diseases. n
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