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Shp2 Plays an Important Role in Acute Cigarette
Smoke-Mediated Lung Inflammation
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Cigarette smoke (CS), the major cause of chronic obstructive pulmonary disease, contains a variety of oxidative components that

were implicated in the regulation of Src homology domain 2-containing protein tyrosine phosphatase 2 (Shp2) activity. However,

the contribution of Shp2 enzyme to chronic obstructive pulmonary disease pathogenesis remains unclear. We investigated the role

of Shp2 enzyme in blockading CS-induced pulmonary inflammation. Shp2 levels were assessed in vivo and in vitro. Mice (C57BL/

6) or pulmonary epithelial cells (NCI-H292) were exposed to CS or cigarette smoke extract (CSE) to induce acute injury and

inflammation. Lungs of smoking mice showed increased levels of Shp2, compared with those of controls. Treatment of lung

epithelial cells with CSE showed elevated levels of Shp2 associated with the increased release of IL-8. Selective inhibition or

knockdown of Shp2 resulted in decreased IL-8 release in response to CSE treatment in pulmonary epithelial cells. In comparison

with CS-exposed wild-type mice, selective inhibition or conditional knockout of Shp2 in lung epithelia reduced IL-8 release and

pulmonary inflammation in CS-exposed mice. In vitro biochemical data correlate CSE-mediated IL-8 release with Shp2-regulated

epidermal growth factor receptor/Grb-2–associated binders/MAPK signaling. Our data suggest an important role for Shp2 in the

pathological alteration associated with CS-mediated inflammation. Shp2 may be a potential target for therapeutic intervention for

inflammation in CS-induced pulmonary diseases. The Journal of Immunology, 2012, 189: 3159–3167.

C
hronic obstructive pulmonary disease (COPD) is an in-
creasing global health problem. The airflow limitation in
COPD is usually progressive and associated with an ab-

normal inflammatory response of the lung to noxious particles or
gases (1). Early studies have proposed that its processes are fre-
quently triggered by cigarette smoke (CS), which has been iden-
tified as the primary cause of COPD (2–4). The pulmonary epi-

thelial barrier is the first innate defense system of the lungs that
protects against CS (5). Within the barrier, the epithelial cells play
an important role in defense; when induced by CS, these cells
secrete inflammatory mediators, including TGF-b (6), TNF-a (7),
and IL-8 (8). Pulmonary epithelial cells are an important source of
IL-8, a chemoattractant for inflammatory cells, including neu-
trophils and lymphocytes (9), which in turn help to stimulate IL-8
secretion (8, 9). Furthermore, CS triggers macrophage recruitment
and activation (10), and activated macrophages release IL-8 (11).
Given the characteristics of chronic inflammatory responses in
COPD, it is not surprising that IL-8 plays an important role.
However, the underlying cellular and molecular mechanisms of
chronic inflammatory response and airflow obstruction triggered
by CS remain elusive.
Reversible tyrosine phosphorylation in proteins is important in

maintaining normal cell signaling linked to cellular development
and pathological processes. Protein tyrosine phosphorylation and
dephosphorylation are governed by the balanced action of protein
tyrosine kinases and protein tyrosine phosphatases (PTPs) (12–14).
Src homology domain 2-containing protein tyrosine phosphatase
2 (Shp2) is an intracellular classical PTP (15). Recently, Shp2 has
been shown to play an important role in a wide variety of diseases,
including atherosclerosis (16), glioma (15), and gastric carcinoma
(17). Our previous studies have shown that Shp2 is important in
the control of proliferation, differentiation, and survival in stem
cells (18), lymphocytes, and mammary glands (19, 20). Of inter-
est, Shp2 is known to be universally expressed in the lungs (21,
22). However, the role of Shp2 in the pathogenesis of lung dis-
eases remains unclear.
In this work, we hypothesized that Shp2 regulates CS-induced

IL-8 production and inflammation in the lungs. This idea was
tested using an in vivo pharmacological inhibitor (23) and trans-
genic strategy that specifically abolished Shp2 in the pulmonary
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epithelia. Our observation offers a novel insight into the patho-
genesis of smoking-related lung diseases. Understanding the role
of Shp2 in chemokine production in pulmonary epithelia could aid
in developing therapies to target this currently untreatable disease.

Materials and Methods
Materials

Phenylhydrazonopyrazolone sulfonate 1 (PHPS1) was obtained from
Sigma-Aldrich (St. Louis, MO). RPMI 1640, FBS, penicillin, and strep-
tomycin were obtained from Thermo Fisher Scientific (Kalamazoo, MI).
TRIzol reagents were purchased from Takara (Otsu, Shiga, Japan). ERK,
p-ERK, p-Shp2, b-actin (Cell Signaling Technology, Danvers, MA), and
Shp2 (Santa Cruz Biotechnology, Santa Cruz, CA) primary Abs were used
in the immunoblotting analysis. Lipofectamine LTX (Invitrogen, Carlsbad,
CA) was used in the small interfering RNA (siRNA) experiment.

Mice

C57BL/6 mice (Laboratory Animal Center of Zhejiang University,
Hangzhou, China; certificate no. SCXK 2007-0029) weighing 20 6 2 g
were studied in all experiments. All animals were housed in Plexiglas
cages, kept on a 12/12-h light–dark cycle and received food and water ad
libitum in temperature- and humidity-controlled rooms. To investigate the
treatment effects of PHPS1 on airway inflammation and remodeling, mice
were pretreated with PHPS1 by an i.p. injection at concentrations of 0.3,
1, and 3 mg/kg dissolved in saline with 0.5% DMSO 0.5 h before CS ex-
posure for 4 d. An equal volume of saline with 0.5% DMSO was substituted
for the PHPS1 in the model group and control group, respectively. After
the treatment, the animals were placed in a plastic box and exposed to CS.

Endogenous disruption of the Shp2 enzyme in lung epithelia was gen-
erated using a combined genetic strategy. Shp2f/f mice (C57BL/6 back-
ground), which are homozygous for a “floxed” Shp2 in the pulmonary
epithelium, were selected. SP-C-rtTAtg/2 and (tetO)7CMV-Cretg/2 trans-
genic mice (C57BL/6 background), as previously described, mated with
Shp2f/f mice to generate double-transgenic mice with SP-C-rtTA/Shp2f/f or
(tetO)7-Cre

tg/2/Shp2f/f. These mice then mated to generate SP-C-rtTA/
(tetO)7-Cre/Shp2

f/f triple transgenic mice. To confirm the mice’s geno-
types, genomic DNA was extracted from tails or lungs, and PCR was
performed on the SP-C-rtTA, (tetO)7CMV-Cre, and Shp2f/f genes, using
the following primers: SP-C-rtTA, 59-GACACATATAGAGACCCTGGT-
CA-39 and 59-AAAATCTTGCCAGCTTTCCC-39; (tetO)7CMV-Cre, 59-TG-
DDACGACCAAGTGACAGCAATG-39 and 59-AGAGACGGAAATCCAT-
CGCTCG-39; and Shp2f/f, 59-ACGTCATGATCCGCTGTCAG-39 and 59-
ATGGGAGGGACAGTGCAGTG-39.

Transgenic mice and nondeleted littermate control mice were used for
the experiments. To induce the activation of Cre recombinase in transgenic
mice, as described previously, 4-wk-old mice were fed doxycycline (DOX;
Sigma-Aldrich) in their drinking water (2 mg/ml) for 7 d. After the com-
pletion of doxycycline therapy, the mice were designated as Shp2 knockout
(KO) mice. To detect Shp2 KO in the lung, a forward primer (59-CAGT-
TGCAACTTTCTTACCTC-39) in intron 3 and a reverse primer (59-GCA-
GGAGACTGCAGCTCAGTGATG-39) in intron 4 were used. For Shp2f/f

and Shp2 WT, a Shp2f/f primer was used.

Animal exposures

The mice were exposed to whole-body CS generated from research-grade
cigarettes (3R4F; University of Kentucky, Lexington, KY) in 5-l smoking
chambers for 4 d, the method of which was modified according to previous
research (24–26). Mice were exposed to 7 cigarettes (control mice were
exposed to laboratory air) on the first day, 9 cigarettes on the second day,
and 11 cigarettes on each of the third and fourth days. The lung tissue and
bronchoalveolar lavage fluids (BALFs) were collected 18 h after the last
CS exposure.

Assessment of lung inflammation and histology

With the mice under terminal anesthesia, the left lungs were removed,
infused with 10% formalin, and immersed in the same solution before tissue
processing in paraffin-embedded blocks. Sections were stained with H&E
to evaluate general morphology.

Preparation of BALFs and cell count

At 18 h after the last CS exposure, mice were euthanized by i.p. pento-
barbital injection of 6 g/kg urethane. BALFs were obtained by cannulating
the trachea and lavaging with PBS containing 1% BSA and 5000 IU/l
heparin. BALF cells were centrifuged once with PBS containing 2%

FCS at 500 g for 10 min at 4˚C. The pelleted BALF cells were resuspended
in PBS, and the total number of leukocytes was counted by a Neubauer
chamber. A total of 200 cells in a cytocentrifuged preparation of BALFs
stained with Wright–Giemsa were differentiated under a light microscope
according to classical cell morphology. The total number of each cell type
was determined by multiplying the percentage by the total number of cells.
The results were expressed as the number of each cell population in 1 ml
BALFs.

Cell culture

NCI-H292 cells, a human pulmonary epithelial cell line, were obtained from
the Cell Bank, Chinese Academy of Sciences. The cells were maintained in
RPMI 1640 (HyClone, Logan, UT) containing 10% FBS (HyClone) at 37˚C
in the presence of 5% CO2.

Preparation of cigarette smoke extract

Research-grade cigarettes (3R4F) were obtained from the Kentucky To-
bacco Research Council (University of Kentucky). The composition of
3R4F research-grade cigarettes was as follows: total particulate matter, 10.9
mg per cigarette; tar, 9.4 mg per cigarette; and nicotine, 0.726 mg per
cigarette. Cigarette smoke extract (CSE) was prepared by bubbling smoke
from three cigarettes into 30 ml PBS, modifying the method used in
previous research. CSE was standardized by measuring the absorbance at
a wavelength of 320 nm. After filtering through a 0.45-mM filter, CSE was
frozen in aliquots and stored at 280˚C. An aliquot of CSE was thawed
immediately before use.

Shp2 siRNA preparation and transfection

Shp2-specific siRNA was obtained from Prof. Feng Gensheng at the
Burnham Institute for Medical Research, La Jolla, CA. Sequences of the
oligonucleotides are as follows: 59-GAACAUCACGGCAAUUAAUU-39;
59-GAACACUGGUGAUUACUAUUU-39. The cells were cultured in a
24-well plate for 24 h. Then the Shp2-specific or control siRNA was
transfected into NCI-H292 cells using Lipofectamine LTX (Invitrogen)
according to the manufacturer’s instructions. Immunoblotting analysis was
used to examine Shp2 silencing by siRNA at 72 h after transfection.

RT-PCR and quantitative PCR

Total RNA was extracted with TRIzol reagent (Takara) according to the
manufacturer’s instructions. The PCR primers were purchased from
Shanghai Bioengineering (Shanghai, China). After PCR, the products were
run on a 1.5% agarose gel electrophoresis and stained with ethidium
bromide. All primers were checked against the basic local alignment
search tool for selectivity. Real-time PCR cycling was carried out (7500
Real-Time PCR System; Applied Biosystems, Carlsbad, CA) under the
following conditions: denaturation at 95˚C for 10 s, annealing at 60˚C for
15 s, and extension at 72˚C for 30 s. An initial denaturation step at 95˚C for
5 min and a final extension step at 72˚C for 10 min were also included.
PCR was performed for 40 cycles. b-Actin was amplified as an internal
control. The mRNA levels were calculated using the comparative param-
eter threshold cycle (Ct) and normalized top-actin.

Measurement of IL-8 by ELISA

NCI-H292 cells were plated in a 24-well plate. Subconfluent monolayers
of NCI-H292 cells were exposed to CSE in the presence or absence of
PHPS1 for 24 h. Supernatants were then collected and stored at280˚C until
assayed for IL-8 by ELISA (Boster, Wuhang, China). To investigate the
effects of PHPS1 on cytokine expression in lung tissues, mice were treated
with an i.p. injection of PHPS1 at concentrations of 3 mg/kg 0.5 h before
CS exposure. At 18 h after CS-exposed mice were euthanized by injection
of urethane (KC and MIP-2), the tissues were analyzed with ELISA kits
(eBioscience, San Diego, CA), using paired matched Abs, according to the
manufacturer’s instructions.

Immunoblotting analysis

NCI-H292 cells were seeded into a six-well plate. After reaching the
confluent, the cells were incubated in serum-free medium (RPMI 1640)
overnight and then exposed to CSE in the presence or absence of PHPS1 for
15 min. After treatment, the cells were washed three times with ice-cold
PBS and lysed in 100 ml radioimmunoprecipitation assay buffer with
10 mM PMSF (Beyotime, Haimen, China). The protein concentration was
measured by the BCA Protein Assay Kit (cwbiotech, Beijing, China). A
sample of protein (20–50 mg) from the cell lysates was separated by SDS-
PAGE in 12% polyacrylamide gel and transferred to nitrocellulose mem-
branes (Pall, Port Washington, NY), which were blocked with 5% fat-free
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milk (1 h at room temperature). The membranes were then incubated with
p-ERK, ERK (Cell Signaling Technology), Shp2 (Santa Cruz Bio-
technology), p-Shp2, and actin primary Abs (Bioworld, St. Louis Park,
MN). Afterward, the membranes were rinsed with TBST and then probed
with secondary Abs (Invitrogen) for 1 h at room temperature. Immuno-
reactive bands were visualized by a two-color infrared imaging system
(Odyssey; LI-COR, Lincoln, NE).

Shp2 immunohistochemistry

For Shp2 immunohistochemistry, the lung tissues were obtained from
C57BL/6 mice exposed to CS or laboratory air. Immunostaining for Shp2
was performed using Shp2 mAb. All specimens were stained at the same
time.

Statistical analysis

Data were expressed as mean 6 SEM. Statistical tests were performed
using SPSS software (version 16.0; SPSS, Chicago, IL). One-way ANOVA
followed by the Student–Newman–Keuls test was used to determine
multiple comparisons. Statistical significance was accepted at p , 0.05.

Results
CS induces the elevated level of Shp2 in the mouse model
in vivo and pulmonary epithelial cells in vitro

Tyrosine phosphatase Shp2 is known to modulate multiple sig-
naling involved in inflammatory responses (27–29). We investi-
gated the effect of cigarette smoking on Shp2 levels in mouse
lungs. As shown in Fig. 1A, cigarette smoking elevated Shp2
expression in vivo. To investigate CS-induced Shp2 expression in
inflammatory cells, total inflammatory cells in BALFs were col-
lected from smoke-exposed mice 18 h after the last CS exposure,
and Shp2 levels were measured. The results (Supplemental Fig. 2)
indicate no significant change in Shp2 gene expression in the in-
flammatory cells compared with the controls, suggesting that CS-
induced inflammation in the lungs does not affect Shp2 expression
in inflammatory cells. In addition, we found that the increased
Shp2 level was triggered by CSE in pulmonary epithelial cells
in vitro. The pulmonary epithelial cells (NCI-H292 cells) were
exposed to CSE for 6 h. As shown in Fig. 1B, CSE, in a concen-
tration-dependent fashion, triggered Shp2 production in the early
stage of CSE exposure. We also measured the activity of Shp2
enzyme in lung epithelial cells in response to CSE stimulation
in vitro. We noticed enhanced levels of the phosphor site (Y-542)
of Shp2 in a concentration-dependent manner (Fig. 1C). To cor-
roborate the acute effects of CS on Shp2 expression, we deter-
mined the change of Shp2 levels in mouse lungs after smoke
cessation. We found that an increased level of Shp2 persisted over
7 d and then gradually decreased to baseline by 30 d post CS
exposure (Supplemental Fig. 4). These data underscore the im-
portance of Shp2 in CS-mediated acute inflammatory response.

CSE triggers IL-8 release in pulmonary epithelial cells

To examine the effects of CSE on cytokine production in lung ep-
ithelia, pulmonary epithelial cells were treated with CSE, followed
by analysis of a panel of chemokines and cytokines. We found
a remarkable elevation of IL-8 in lung epithelial cells in vitro (Fig.
2A, Supplemental Fig. 3). Further studies suggest that IL-8 release
is induced by CSE in a concentration- and time-dependent manner
(Fig. 2B). Our data are consistent with recent studies, which have
shown increased levels of IL-8 in lung epithelia as a potent che-
moattractant for recruiting inflammatory cells (30, 31).

Pharmacological suppression of Shp2 alleviates IL-8 release
and inflammatory responses in CS-exposed mice

Next, we asked whether Shp2 activity correlates with IL-8–me-
diated lung injuries in CS-exposed mice. To assess the potential

role of Shp2 in regulating inflammation, we examined the effects
of CSE on IL-8 gene expression and production in pulmonary
epithelial cells with the administration of PHPS1, a Shp2 inhibitor.
As shown in Fig. 3A, pharmacological inhibition of Shp2 results
in marked reduction of IL-8 in both mRNA and protein levels. To
further probe the effect of Shp2 in CS exposure in vivo, C57BL/6
mice were exposed to CS or laboratory air for 4 d consecutively.
CS-model mice were i.p. injected with increasing doses of PHPS1,
from 0.3 to 3 mg/kg, 30 min before quotidian CS exposure. Lung
tissues were harvested 18 h after the last CS exposure. Our find-
ings suggested that IL-8 (MIP-2 and KC) release was significantly
reduced in PHPS1-pretreated mice (Fig. 3B). The total inflam-
matory cell count in BALFs collected from mice suggested a re-
markable reduction of macrophages and neutrophils in the group
treated with PHPS1 compared with controls (Fig. 3C). Lung
sections were further analyzed with histological studies. As il-
lustrated in Fig. 3D, H&E staining revealed that PHPS1 admin-
istration, compared with CS exposure alone, alleviated the influx
of inflammatory cells, characterized as a significant infiltration of
macrophages and neutrophils into alveolar spaces. These obser-
vations reveal a potential role for Shp2 in IL-8–modulated re-
cruitment of inflammatory cells in acute mouse models of CS.

Endogenous inactivation of Shp2 exhibits decreased
inflammation in CS-induced lung injuries

The observation that PHPS1 alleviated inflammation in CS-induced
lung injury was further investigated by endogenous inactivation
of Shp2 in lung epithelial cells and in vivo transgenic mice. Simi-
lar experiments were conducted to examine the contribution of
Shp2 to CS-induced lung inflammation. Using siRNA-mediated
knockdown of Shp2 in pulmonary epithelial cells, we found that
inactivation of Shp2 decreased CSE-induced IL-8 release (Fig.
4A). We next generated lung-specific Shp2 KO mice. The speci-
ficity of the Shp2 deletion in the lungs was confirmed by immu-
noblotting analysis (Fig. 4B, Supplemental Fig. 1D). Shp2 KO
mice displayed levels of MIP-2 and KC similar to those in control
mice upon exposure to laboratory air (Supplemental Fig. 1).
However, as we observed, control mice exposed to CS for 4 con-
secutive days showed a remarkable elevation of MIP-2 and KC in
controls, but not in Shp2 KO mice (Fig. 4C). In addition, inflam-
matory cells—especially macrophages, neutrophils, and lympho-
cytes—were decreased in Shp2 KO mice (Fig. 4D). Pathological
analysis of the lungs using H&E staining revealed a pronounced
decrease in the infiltration of macrophages and neutrophils into
alveolar spaces, compared with controls (Fig. 4E). Consistent with
findings from inhibitor treatment, these data further suggest the
in vivo importance of Shp2 in regulating the inflammatory re-
sponse in acute CS mouse models.

Shp2 regulates CSE-induced epidermal growth factor receptor/
Grb-2-associated binders/MAPK axis, contributing to IL-8
release

In previous studies, Shp2 has been demonstrated to mediate epi-
dermal growth factor (EGF) signaling events in various cells and
tissues (23). In this study, we asked whether Shp2 is involved in
EGF-induced inflammation in lung epithelia. In NCI-H292 cells,
we found that, upon CSE exposure, Shp2 was recruited to an
epidermal growth factor receptor (EGFR)-dependent complex that
involves Grb-2–associated binder 1 (Gab1) docking proteins (Fig.
5A). Our data suggest that direct interaction between cytoplasmic
Shp2 and docking protein Gab1 may increase activation of EGFR
initiated by CSE. This idea has been further supported by in-
creased levels of active ERK following CSE treatment (Fig. 5C).
Pharmacological inhibition of both Shp2 and ERK decreased
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CSE-mediated IL-8 production (Fig. 3A, Fig. 5B); meanwhile,
wild-type mice pretreated with PHPS1 and Shp2 KO mice re-
vealed decreased activation of Erk1/2 induced by CS (Fig. 5D).
Taken together, our results identify the importance of Shp2 in

regulating IL-8 release in lung epithelia in response to CS expo-
sure via EGFR/Gabs/MAPK and thereby potentially contribute to
the development of a novel therapeutic target for lung inflam-
matory diseases.

FIGURE 1. CS induces the increased level of Shp2 in the mouse model and pulmonary epithelial cells in vitro. (A) Shp2 immunohistochemistry was

assessed in lung tissues from mice exposed to CS or laboratory air. Shp2 immunohistochemistry in mice showed that cigarette smoking elevated Shp2

expression. Data were expressed as mean 6 SEM (n = 9 per group) of three independent experiments. Scale bar, 20 mm. ***p , 0.001, compared with

control. (B) The pulmonary epithelial cells (NCI-H292 cells) were treated with CSE for 6 h. After treatment, cells were harvested to measure Shp2 gene

expression by real-time PCR (n = 9 per group) and Shp2 protein production by immunoblotting (n = 3 per group). (C) Cells were exposed to CSE for 15

min. In a concentration-dependent manner, CSE activated Shp2. Total Shp2 and phosphorylated Shp2 were examined by immunoblotting, as described

above (n = 3 per group). Data were shown as mean 6 SEM of three independent experiments. *p , 0.05 compared with no treatment with CSE.

FIGURE 2. CS induces IL-8 expression and release

in pulmonary epithelial cells in vitro. (A) NCI-H292

cells were treated with CSE for 6 h. A panel of 16

chemokines and cytokines were measured by real-time

PCR (n = 9 per group). (B) The cells were treated with

different concentrations of CSE for 24 h. Then the cells

were exposed to 2.5% CSE for different times (2–24 h).

The mRNA and protein of IL-8 were separately

assessed by RT-PCR and ELISA (n = 9 per group).

Data were expressed as mean 6 SEM of three inde-

pendent experiments. *p , 0.05, **p , 0.01, ***p ,
0.001, compared with control.
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Discussion
In this article, we report that inhibition of the tyrosine phosphatase
Shp2 in pulmonary epithelia prevents the inflammatory response
induced by CS via the EGFR/MAPK axis. These findings enable us
to understand a novel biological role for the Shp2 enzyme in the
pathogenesis of chronic pulmonary inflammation.
Cigarette smoking is a leading cause of COPD, which is as-

sociated with a persistent inflammatory response (32, 33). The lung
inflammatory response to CS exposure is more complex than the
neutrophil accumulation. However, targeting the acute effects of
CS-mediated pulmonary inflammation by interfering with specific
molecules, such as Shp2, may lead to the development of novel
anti-COPD agents. Shp2, a member of a subfamily of PTPs, has
been recently linked to cell growth and chemotactic responses (18,
34). However, no study has provided evidence on the effects of
Shp2 on the CS-induced inflammatory response in COPD.

Our research has focused on the role of Shp2 in acute inflam-
matory lung responses triggered by CS. Considering that the acute
lung response to CS in mice may differ depending on whether the
mice have been previously exposed to CS, we studied the acute
response to a few days of CS exposure in mice that have never been
exposed to smoke, rather than the response to repeated smoke
exposure periods of weeks or months. We found increased levels of
Shp2 in mice with CS-induced lung inflammation. Similarly, CSE
elevated Shp2 expression and activated the Shp2 enzyme in pul-
monary epithelial cells in vitro. These findings suggest that Shp2
may be involved in the pathogenesis of pulmonary inflammation
induced by CS. Consistent with a previous report (35), we observed
a greater elevation of IL-8 expression than of other proinflam-
matory cytokines and chemokines in the pulmonary epithelial
cells and mouse model of acute CS. Pulmonary epithelia play a
key role in the early defense against CSE. The increased IL-8

FIGURE 3. PHPS1 suppresses CSE-induced IL-8 release in pulmonary epithelial cells and inflammatory responses in CS mouse models. (A) NCI-H292

cells were pretreated with PHPS1 (1–10 mM) for 15 min; then, the cells were stimulated with 2.5% CSE for 24 h. After stimulation with CSE, cell culture

media were collected to measure IL-8 protein by ELISA, and the cells were harvested for IL-8 gene expression by real-time PCR (n = 8 per group). (B)

C57BL/6 mice were repeatedly exposed to CS for 4 d. Mice were treated with PHPS1 (3 mg/kg) by i.p. injection at 30 min before daily CS exposure. At 18

h after the last CS exposure, BALFs were harvested to measure KC and MIP-2 release by ELISA. (C) The total inflammatory cells in BALFs were counted,

and a minimum of 200 cells were used to classify inflammatory cells as macrophages or neutrophils. (D) Lung tissues were stained with H&E, repre-

sentative of three independent experiments. The inflammatory cells were observed under microscopes. Mice with air exposure had no infiltration of in-

flammatory cells. Mice with CS exposure showed an influx of macrophages (green arrowheads) and neutrophils (orange arrowheads) into the alveolar

spaces. The macrophage is mononuclear, and its cytoplasm contains vacuoles and granules. The neutrophil contains a nucleus divided into two to five lobes

(the separated lobes are connected by chromatin), and the cytoplasm stains neutral pink. Treatment with PHPS1 attenuated the inflammatory cells’ in-

filtration. Data were expressed as mean 6 SEM of three independent experiments. Scale bar, 20 mm. *p , 0.05. **p , 0.01, ***p , 0.001 compared with

control. #p , 0.05, ##p , 0.01, ###p , 0.001 compared with CSE-stimulated cells or mice with CS exposure.
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levels in epithelia recruit inflammatory cells in the lungs, which
are involved in predominant inflammatory responses. Therefore, it
is possible that Shp2 may regulate the CS-evoked inflammatory
response, particularly IL-8 expression and release.
In this article, we showed that inhibiting Shp2 prevented smoke-

induced pulmonary inflammation by reducing macrophage and
neutrophil infiltration as well as the release of proinflammatory
cytokines, such as MIP-2 and KC, found in BALFs in vivo.
Similarly, inhibition of Shp2 significantly reduced CSE-stimulated

levels of IL-8 gene expression and protein production in human
pulmonary epithelial cells in vitro. Thus, we provide novel evi-
dence that Shp2 regulates the lung inflammatory responses induced
by CS. This finding is further supported by studies of pulmonary
epithelia-specific Shp2 KO mice in vivo and the genetic ablation of
Shp2 on NCI-H292 cells in vitro.
We hypothesized that Shp2 could regulate smoke-induced lung

inflammation via signaling pathways such as the MAPK pathway,
because Shp2 positively regulates cell proliferation, differentiation,

FIGURE 4. Genetic ablation of Shp2 reduces the levels of IL-8 triggered by CSE in NCI-H292 cells and the inflammatory response induced by CS in

mice. (A) The pulmonary epithelial cells were treated with transfection agent Lipofectamine LTX and transfected with either Shp2 siRNA (100 nM) or

nonspecific control siRNA (100 nM). After 24 h, the cultured cells were treated with or without CSE (2.5%) for 24 h. The cells were collected to assess the

levels of Shp2 production by immunoblotting assay, and the culture medium was used to measure IL-8 by ELISA. Data were expressed as mean 6 SEM

(n = 9 per group) of three independent experiments. *p , 0.05; **p , 0.01, ***p , 0.001 compared with cells (scramble siRNA) without CSE exposure.
###p , 0.001 compared with cells (Shp2 siRNA) with CSE exposure. (B) The Shp2 protein levels of Shp2 KO mice were evaluated by immunoblotting

assays. Results were expressed as mean 6 SEM of three independent experiments. *p , 0.05 compared with control mice. (C) Shp2 KO mice and control

mice were repeatedly exposed to CS or laboratory air for 4 d. At 18 h after the last CS exposure, the BALFs were collected to evaluate the levels of KC and

MIP-2 by ELISA. (D) The total leukocytes, macrophages, neutrophils, and lymphocytes were determined in BALFs. (E) Lung sections were stained with

H&E, representative of three independent experiments. Mice with CS exposure, compared with air-exposed mice, showed macrophage (green arrowheads)

and neutrophil (orange arrowheads) influx into the alveolar spaces. Shp2 KO mice exhibited a decrease in inflammatory cell infiltration. Results were

expressed as mean 6 SEM of three independent experiments. Scale bar, 20 mm. *p , 0.05, ***p , 0.001 compared with control mice with air exposure.
#p , 0.05, ##p , 0.01 compared with control mice with CS exposure.
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and survival by activating the MAPK pathway (36, 37). It has been
suggested that Shp2 regulates MAPK signaling in response to
EGF, hepatocyte growth factor, and other growth factors and is
required for the binding of the docking protein Gab1 (36, 38). In
addition, Shp2 is considered an important downstream protein of
EGFR (23). It has been reported that CS activates EGFR in human
epithelial cells (39, 40). In response to stimulation, the activated
EGFR recruits and activates a docking protein Gab1, which is a
substrate of Shp2 and involved in regulating Erk1/2 activation
(38). As a result, the activated Gab1 attracts and activates Shp2
(36, 38). In our studies, we observed that CSE, independent of
concentration, induced the binding of Shp2 to EGFR and Gab1.
We also found that CSE, in a concentration-dependent manner,
increases Shp2 expression and activates phosphorylation of Shp2
protein. Therefore, it is possible that regulation of Shp2 in the
smoke-induced IL-8 release relates to the involvement of Gab1
and EGFR. Previous research has shown that Shp2 acts on the
upstream portion of the MAPK pathways (23, 41). Moreover,
PHPS1 significantly inhibits Erk1/2 activation (23). Therefore, we
assumed that Shp2 regulates acute pulmonary inflammation in-
duced by CS, at least partially, through the Erk1/2 MAPKs

pathway. To prove this hypothesis, a pharmacological inhibitor
of Erk1/2, 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]
butadiene (U0126), was used in the experiment. We found that
U0126 blocks the release of IL-8 induced by CSE in NCI-H292
cells. Involvement of the Erk1/2 pathway is further demonstrated
by experiments detecting Erk1/2 phosphorylation. Key findings
show that activation of Erk1/2 by CS was inhibited by PHPS1 or
endogenous inactivation of Shp2 in vitro and in vivo. Moreover,
these findings are consistent with recent research indicating that
CSE induces IL-8 release through an Erk1/2-dependent pathway
in human lung fibroblasts cells and small airway epithelial cells
(42, 43). Recent studies have shown that the formation of the Shp2
and Gab1 complex plays an essential role in EGFR/MAPK sig-
naling (44). Therefore, MAPK pathways are involved in Shp2-
regulated IL-8 production by CSE.
In conclusion, we performed pioneering work on the effects of

Shp2 in regulating the pulmonary inflammatory response triggered
by CS. Stimulating NCI-H292 cells with CSE resulted in the el-
evation of IL-8 gene expression and protein release, which was
alleviated by inhibiting the Shp2 enzyme or by the endogenous
inactivation of Shp2. These processes act through Shp2/MAPK

FIGURE 5. CSE activates EGFR/Shp2/MAPK signaling in NCI-H292 cells. (A) The cells were incubated with different concentrations of CSE for 15 h.

Cell lysates were subjected to immunoprecipitation with anti-Shp2 Ab and immunoblotting with anti-EGFR and anti-Gab1 Abs. Similar data were obtained

in two independent experiments. (B) NCI-H292 cells were pretreated with U0126 (10 mM) for 15 min; then cells were treated with CSE (2.5%) for 24 h.

The culture supernatants were measured for IL-8 release by ELISA. (C) NCI-H292 cells were exposed to CSE (5%) for different lengths of time (0–15 min),

or the cells were treated with various concentrations of CSE for 15 min. The activity of Erk1/2 was determined in the indicated cell line by immunoblotting.

CSE induced Erk1/2 activation in a concentration- and time-dependent manner. Then the cells were pretreated with PHPS1 for 15 min, followed by CSE

(5%) treatment for 15 min. Pretreatment of PHPS1 attenuated the activity of Erk1/2 induced by CSE. Data were expressed as mean 6 SEM (n = 3 per

group) of three independent experiments. *p , 0.05, ***p , 0.001 compared with control. ##p , 0.01, ###p , 0.001 compared with treatment with CSE

alone. (D) Lungs obtained from Shp2 inhibition or Shp2 (KO) mice were harvested to measure the activity of Erk1/2. Results were expressed as mean 6
SEM (n = 3 per group) of three independent experiments. **p , 0.001, ***p , 0.001 compared with control. #p , 0.05, ##p , 0.01 compared with mice

with CS exposure. IB, immunoblotting; IP, immunoprecipitation.
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pathways. In addition, either the inhibition of the Shp2 enzyme or
the genetic ablation of Shp2 led to an attenuated inflammatory
response induced by CS in mouse lungs. Considering the role of
Shp2 in regulating release of the proinflammatory mediator IL-8 as
well as inflammatory cell recruitment and influx into the lungs, we
presume that involvement of Shp2 in regulating acute inflammatory
responses mediated by CSwould have affected processes leading to
COPD pathogenesis. Further research is required to assess whether
Shp2 can regulate other inflammatory factors released by CS and
their molecular mechanisms and to examine the role of Shp2 in
the regulation of chronic inflammatory response to long-term CS
exposure. Enhanced understanding of the impact of the Shp2
enzyme on the release of inflammatory mediators improves our
ability to develop novel and targeted therapeutic interventions for
smoking-mediated lung diseases.
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