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Background: Epithelial–mesenchymal transition (EMT) is the major pathophysiological process in lung fibrosis
observed in chronic obstructive pulmonary disease (COPD) and lung cancer. Smoking is a risk factor for develop-
ing EMT, yet themechanism remains largely unknown. In this study, we investigated the role of Rac1 in cigarette
smoke (CS) induced EMT.
Methods: EMTwas induced inmice and pulmonary epithelial cells by exposure of CS and cigarette smoke extract
(CSE) respectively.
Results: Treatment of pulmonary epithelial cells with CSE elevated Rac1 expression associated with increased
TGF-β1 release. Blocking TGF-β pathway restrained CSE-induced changes in EMT-relatedmarkers. Pharmacolog-
ical inhibition or knockdown of Rac1 decreased the CSE exposure induced TGF-β1 release and ameliorated CSE-
induced EMT. In CS-exposed mice, pharmacological inhibition of Rac1 reduced TGF-β1 release and prevented
aberrations in expression of EMT markers, suggesting that Rac1 is a critical signaling molecule for induction of

CS-stimulated EMT. Furthermore, Rac1 inhibition or knockdown abrogated CSE-induced Smad2 and Akt (PKB,
protein kinase B) activation in pulmonary epithelial cells. Inhibition of Smad2, PI3K (phosphatidylinositol
3-kinase) or Akt suppressed CSE-induced changes in epithelial and mesenchymal marker expression.
Conclusions and general significance: Altogether, these data suggest that CS initiates EMT through Rac1/Smad2
and Rac1/PI3K/Akt signaling pathway. Our data provide new insights into the fundamental basis of EMT and sug-
gest a possible new course of therapy for COPD and lung cancer.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Smoking is one of the leading causes of lung cancer and chronic ob-
structive pulmonary disease (COPD). Among smokers, lung cancer and
COPD commonly coexist. In addition, the presence of COPD increases
the risk of developing lung cancer [1]. Strikingly, patients with pulmo-
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nary fibrosis have a significantly higher risk to develop lung cancer
and COPD. EMT has been reported as a source of increased fibroblast
proliferation in diseases [2]. EMT occurs commonly in smokers and is as-
sociated with airway inflammation in lung cancer and COPD as de-
scribed nearly 30 years ago [3,4]. Recently, EMT has been suggested as
a potential source for lung fibrosis [5]. It plays an important role in
repairing and scar formation following epithelial injury. Furthermore,
previous studies have shown that fibrotic remodeling caused by EMT
is one of the major contributors to life-threatening organ dysfunction
in chronic lung diseases such as COPD and lung cancer [6].

COPD and lung cancer have been considered the result of ongoing in-
flammation and cellular injury that follow the subsequent activation and
proliferation of resident mesenchymal elements in the lung [7]. Chronic
airway inflammation caused by CS contributes to alterations in the
bronchial epithelium and lung microenvironment, provoking a milieu
conducive to pulmonary carcinogenesis. For example, CS-inducible
transforming growth factor β1 (TGF-β1) is upregulated in non-small
cell lung cancer and also plays an important role in promoting EMT [8].
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Milara and colleagues recently provide evidence of an active EMT process
in the small bronchi of smokers and patients with COPD which may po-
tentially contribute to the thickening of the wall of the small airways.
Their studies show that cigarette smoke may induce EMT, modulating
the TGF-β1 pathway as well as ROS and cAMP levels in human bronchial
epithelial cells (HBECs) [9]. Increased cAMP level reducedROS, TGF-β1 se-
cretion and their downstream signaling phospho-ERK1/2 and phospho-
Smad3 as well as the EMT process [10]. Cigarette smoke contains a high
number of ROS that may activate latent TGF-β1 release, activating its
downstream signaling Smad2/3 cascade in bronchial rat explants to pro-
mote small bronchi remodeling in vivo [11]. In vitro, exposure to CSE
causes an EMT-like phenotype by inducing certain changes of gene and
protein expression [12,13]. TGF-β1, a potent inducer of EMT, has been
shown to mediate EMT in several different cell lines including alveolar
and bronchial epithelial cells. In epithelial cells, TGF-β1-induced EMT is
mediated by several downstream factors such as ROS generation, activa-
tion of MAPK (mitogen-activated protein kinase) and Smad signaling
[14]. In vivo evidence for TGF-β1-mediated EMT has also been reported,
confirming the master regulation role of TGF-β1 [2]. Thus, blocking
TGF-β1 pathway directed at attenuating EMT, such as inhibitors, antibod-
ies, ligand traps, antisense oligos, ALK5 (the activin receptor-like kinase 5)
inhibitors, and immune response-based strategies [15]. However, wheth-
er blocking TGF-β1 pathway can attenuate CSE-induced EMT remains a
future study. More recently, novel mechanisms of epigenetic control, al-
ternative splicing, miRNAs, translation control, and posttranslational
modifications have been shown to play key roles in the control of EMT
[16]. However, the mechanism regarding how CSE mediates EMT-like
changes and the signaling events that underlie EMT are not fully
Fig. 1. CS upregulates level of Rac1 in lung tissues of amousemodel and pulmonary epithelial cell c
(control). Data representmeans± S.E.M. from4 independent experiments. Scale bar, 20 μm. 0, no
48 h. Cells were harvested to measure Rac1 gene expression by real-time PCR (n= 4 per group)
S.E.M. ⁎p b 0.05 and ⁎⁎p b 0.01, compared with untreated group. (C) A549 cells were pretreat
immunoprecipitated. Data represent means ± S.E.M. from three independent experiments. ⁎⁎p b
understood. Additional research is required to investigate the role of
EMT in chronic inflammatory lung diseases and lung carcinogenesis.

Rac1 is known to be overexpressed in most cancers [17]. Depletion
of Rac1 strongly inhibits cell migration and invasion by carcinoma
cells. Thus, pharmacological inhibition of Rac1 may represent a novel
approach to inhibit fibrosis [18]. Although a significant number of stud-
ies have analyzed the role of Rho pathways in TGF-β1-induced transfor-
mation, very little is known about the regulation of Rho GTPases by CSE
as well as their subsequent contribution to EMT. Rac1, a member of the
Rho family of small GTPases, is required for fibroblastmigration as dem-
onstrated both in vitro and in vivo [19,20]. Knocking out Rac1 in mice
prevents the formation and inhibits the function of myofibroblasts. Fur-
thermore, it delays cutaneous tissue repair and promotes resistance to
bleomycin-induced fibrosis, thus providing opportunities to investigate
therapeutic interventions [21,22]. Akt pathway is also involved in Rho
family signal transduction and is known to affect cell migration
[23,24]. A variety of stimuli such as hormones, growth factors, and
ECM can activate the Akt signaling pathway in cells [19,25]. PI3K and
Akt have a great impact on a variety of cellular processes such as cell
survival, migration, cytoskeletal remodeling and metabolic control
[26]. Whether Rac1, PI3K, and Akt participate in CSE induced EMT has
not been investigated.

In this study, we tested the hypothesis that inhibition of Rac1 may
reverse CSE-induced EMT in human type II alveolar epithelial cells.
The role of Rac1 in regulating EMT was confirmed in a mouse model
of CS exposure that is accompanied with characteristic EMT events.
We attempted to identify signaling pathways that are involved in
CSE-induced Rac1 activation and their roles in CSE-mediated Smad,
ulture. (A) Rac1 expression is shown in lung tissues frommice exposed to CS or laboratory air
t treatedwith CSE. ⁎p b 0.05, comparedwith control. (B) A549 cellswere treatedwith CSE for
and Rac1 protein production by immunoblotting (n = 3 per group). Data represent mean ±
ed with 20 μM NSC for 0.5 h and then exposed to 2% CSE for 0.5 h. Cell lysates were then
0.01 compared with untreated group. #p b 0.05 compared with 2% CSE treated group.
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PI3K/Akt and p38 MAPK activation. Our data provide new insights into
the fundamental basis of EMTand suggest a possible new course of ther-
apy for COPD and lung cancer.

2. Materials and methods

2.1. Materials

High glucose-DMEM, FBS, penicillin, and streptomycin were ob-
tained from Thermo Fisher Scientific (Kalamazoo, MI). Anti-TGF-β1
neutralizing antibody (ATNA) and ALK5 inhibitor (SB43152) were
purchased from Sigma-Aldrich (St. Louis, MO). PI3 kinase inhibitor
(Ly294002), Akt inhibitor (MK-2206 dihydrochloride) and p38 in-
hibitor (SB203580) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA).

2.2. Animals

Wild-type (WT) C57BL/6 mice (weighing 20± 2 g) were purchased
from Shanghai Slac Laboratory Animal Co. Ltd (NO. SCXK 2012–0002).
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
NSC (Tocris, USA) on EMT, mice were pretreated with NSC by an i.p. in-
jection at concentrations of 2.5 mg/kg dissolved in saline 0.5 h before CS
exposure for 10 d. An equal volume of saline was substituted for the
NSC in themodel group and control group, respectively. After the treat-
ment, the animals were placed in a plastic box and exposed to CS.

2.3. 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 10 d, themethod of which wasmodified accord-
ing to previous research [27]. Mice were exposed to 9 cigarettes/day
(control mice were exposed to laboratory air). The lung tissue and
Fig. 2.CSE increases TGF-β1 expression inhuman type II alveolar epithelial cells. CSE upregulate
time-dependent manner in A549 cells. (C) Expression changes of EMT-related markers followi
independent experiments. 0, not treated with CSE. ⁎p b 0.05 compared with untreated group.
bronchoalveolar lavage fluids (BALFs) were collected 18 h after the
last CS exposure.

2.4. Tissue processing and immunohistochemistry analysis

The left lung of each mouse was embedded in paraffin using stan-
dard procedures. Sections (5 μm) were mounted on slides for IHC and
Masson's trichrome stain analysis. IHC analysis was performed using
an indirect method with antibody against the S100A4 protein (Abcam,
Cambridge, MA, USA) or the Rac1 protein (Cell Signaling Technology,
Danvers, MA), and the following stain was applied: Masson's trichrome
stain for collagen. All specimens were measured using DP2-BSW soft-
ware (Olympus, Tokyo, Japan).

2.5. Cell culture

A549 cells were purchased from American Type Culture Collection
and continuously maintained at 37 °C in a 5% CO2 atmosphere in high
glucose-DMEM containing 10% fetal bovine serum (FBS), 2 mM L-gluta-
mine, 100 U/ml penicillin and 100 μg/ml streptomycin.

2.6. Preparation of cigarette smoke extract

Research-grade cigarettes (3R4F) were obtained from the Kentucky
Tobacco Research Council (University of Kentucky, Lexington, KY). The
composition of 3R4F research grade cigarettes was as follows: total par-
ticulate matter (10.9 mg/cigarette), tar (9.4 mg/cigarette), and nicotine
(0.726 mg/cigarette). CSE was prepared by bubbling smoke from three
cigarettes into 30 ml PBS according to our previous method [27].

2.7. RNA isolation and quantitative PCR

Total RNA was extracted with the TRIZOL reagent (Takara, Otsu,
Shiga, Japan) according to the manufacturer's instructions. The PCR
primers were purchased from Shanghai Bioengineering Ltd (Shanghai,
China). After PCR reactions, the productswere subjected to 1.5% agarose
s TGF-β1mRNA (A) and protein level (B) following CSE stimulation in a concentration- and
ng 48 h 0.1% CSE + 0.5 ng/ml TGF-β1 in A549 cells. Data represent mean ± S.E.M. from 4
†p b 0.05 compared with CSE group. ‡p b 0.05 compared with TGF-β1 group.

image of Fig.�2
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gel electrophoresis and stained with ethidium bromide. All primers
were checked against BLAST for selectivity. Real-time PCR cycling was
carried out (Real-time PCR system 7500; Applied Biosystems) 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. β-actin was
amplified as an internal control. The mRNA levels were calculated
using the comparative parameter threshold cycle (Ct) and normalized
top-actin.
2.8. Measurement of TGF-β1 by ELISA

To assay the total TGF-β1 content, the BALF or the supernatantswere
acidifiedwith 1 NHCl followed by subsequent neutralizationwith 1.2 N
NaOH/0.5 M HEPES and then measured with the Quantikine TGF-β1
assay kit (R&D Systems, Minneapolis, MN) according to the manufac-
turer's instructions. One hundred microliters of cell supernatant or the
BALF, standards, positive controls, ormedium used as a negative control
was incubated on a pre-coated ELISA plate alongwith 100 μl of buffered
protein solution for 90 min. The plates were washed three times, and
100 μl of TGF-β1 conjugate was added. After incubating for 1 h, the
plates were washed, and the substrate and stop solution were added.
Fig. 3. Effects of incubation of ATNA (0.1, 0.5, or 1 μg/ml) on CSE-induced EMT-relatedmarkersm
the up-regulation of vimentin, α-SMA mRNA and protein expressions are blocked by 10 μM SB
treated with CSE. ⁎p b 0.05, ⁎⁎p b 0.01, ⁎⁎⁎p b 0.001 compared with untreated group. #p b 0.0
The color absorbance at 450 nm was measured using a Bio-Rad micro-
plate reader.

2.9. Immunoblotting analysis

The distal portion of mouse lung tissues or cells were homogenized
in RIPA buffer (150mMNaCl; 50mMTris, pH 8.0; 1% Triton X-100; 0.5%
sodium deoxycholate; and 0.1% SDS, supplemented with protease and
phosphatase inhibitors) before further analysis. Lysates of whole lung
tissues or cells (30 μg)were separated by SDS-PAGE and immunoblotted
using antibodies against the following proteins: α-smooth muscle
actin (α-SMA) and β-actin (Bioworld, St. Louis Park, MN); E-cadherin,
vimentin, Smad2, p-Smad2, P38, p-P38, AKT, and p-AKT (Cell Signal-
ing Technology, Danvers, MA, USA). Immunoreactive bands were
visualized by a two-color infrared imaging system (Odyssey, LICOR,
USA).

2.10. Rac activity assay

Rac activity was measured using a Rac activity assay kit (Thermo,
USA). The assay was performed according to the manufacturer's in-
structions. Briefly, epithelial cells were grown in 100 mm dishes and
protein was harvested by 1× Lysis/Binding/Wash Buffer containing
RNA (A) and protein expression (B) in A549 cells. The down-regulation of E-cadherin and
43152 (C and D). Data represent mean ± S.E.M. from 4 independent experiments. 0, not
5 compared with cells treated with 2% CSE group.

image of Fig.�3
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PMSF. Glutathione Resin, to which a GST-human Pak1-PBD fusion pro-
tein was conjugated, and active Rac (Rac-GTP), which binds GST-
human Pak1-PBD, were recovered through repeated centrifugation
andwashing of the Glutathione Resin. Bound Racwas identified by boil-
ing beads in 2× SDS Sample Buffer and subjecting the resultant extracts
to SDS-PAGE and Western blot analysis using an anti-Rac antibody.

2.11. Rac1/Smad2 siRNA preparation and transfection

Rac1/Smad2-specific siRNA were purchased from GenePharma
(Shanghai, China). The cells were cultured in a 6-well plate for 24 h.
Then, the Rac1/Smad2-specific or control siRNA was transfected
into epithelial cells by using Lipofectamine 2000 (Invitrogen, CA) accord-
ing to themanufacturer's instructions. Immunoblotting analysis was used
to examine Rac1/Smad2 silencing by siRNA at 48 h after transfection.

2.12. Statistical analysis

The datawere expressed as themeans± S.E.M. Statistical testswere
performed using SPSS software (version 16.0, SPSS Inc., Chicago, IL,
USA). One-way Analysis of Variance (ANOVA) followed by the Stu-
dent–Newman–Keuls test was used to determine multiple compari-
sons. Statistical significance was accepted at P b 0.05.

3. Results

3.1. CS elevated Rac1 expression in vivo and in vitro

We showed in Fig. 1A that CS elevated Rac1 expression in lung tis-
sues in vivo. On the other hand, we confirmed that 48 h exposure of
A549 cells to CSE triggered increases in Rac1mRNA and protein expres-
sion in a concentration-dependentmanner (Fig. 1B). In addition, stimu-
lation of A549 cellswith CSE activated Rac1,which can be suppressed by
Fig. 4.NSC suppresses CSE-induced TGF-β1 release in pulmonary epithelial cells and CSmousem
stimulatedwith 2%CSE for 48 h. After stimulationwith CSE, cell culturemediawere collected to
by real-time PCR (n=4 per group). (B) C57BL/6micewere repeatedly exposed to CS for 10 d.M
At 18 h after the last CS exposure, BALFswere harvested tomeasure TGF-β1 release by ELISA. Lu
Data represent mean ± S.E.M. 0, not treated with CSE or not treated with NSC. ⁎⁎p b 0.01, ⁎

stimulated cells or mice with CS exposure.
NSC (Fig. 1C). These data suggest that Rac1 signaling is responding to CS
and may participate in CS-mediated EMT.
3.2. CSE increases TGF-β1 level in epithelial cells in vitro

It has been demonstrated in vitro that TGF-β1 canmediate EMT in a
number of epithelial cells, including renal proximal tubular, lens, and al-
veolar epithelial cells [28]. We next investigated the effect of CSE on
TGF-β1 level in A549 cells. We found that CSE increased TGF-β1
mRNA (Fig. 2A) and protein production (Fig. 2B) in A549 cells in a
concentration- and time-dependent manner. We have tried to
apply TGF-β1 (0.5 ng/ml) based on previous reports [7,29], but failed
to induce the expected EMT-related changes. Therefore, we used a
combination of TGF-β1 (0.5 ng/ml) and 0.1% CSE to induce EMT in
pulmonary epithelial cells and measured changes in expression of
EMT-related markers by Q-PCR. As depicted in Fig. 2C, our findings re-
vealed that co-incubation with 0.1% CSE and 0.5 ng/ml TGF-β1 for 48
h caused a significant decrease in expression of E-cadherin and an in-
crease in expression of vimentin, α-SMA, and MMP-9 mRNA levels;
however, the change in expression of MMP-2 was not statistically
significant.

To further confirm the critical role of TGF-β signaling in CSE-induced
EMT, we treated cells with ATNA to prevent the binding of active TGF-β
to its type II receptor and consequently block downstream signaling.
This approach prevented the down-regulation of E-cadherin and the
up-regulation of vimentin, α-SMA mRNA and protein expression in
CSE-induced EMT (Fig. 3A and B). Meanwhile, we employed an ALK5-
specific inhibitor (10 μM SB43152) to corroborate the participation of
TGF-β in CSE-induced EMT. The down-regulation of E-cadherin and the
up-regulation of vimentin, α-SMA expressions were in a fashion re-
strained by ALK5 inhibition (Fig. 3C and D). These observations indicate
that CSE induced EMT through TGF-β and its downstream signaling
activation.
odels. (A) A549 cells were pretreatedwith NSC (5–20 μM) for 30min; then, the cellswere
measure TGF-β1 protein by ELISA, and the cellswere harvested for TGF-β1 gene expression
icewere treatedwith NSC (2.5 mg/kg) by i.p. injection at 30min before daily CS exposure.
ng tissues were harvested for TGF-β1 gene expression by real-time PCR (n=6 per group).
⁎⁎p b 0.001 compared with untreated group. #p b 0.05, ##p b 0.01 compared with CSE-

image of Fig.�4


Fig. 5. Effects of NSC on CSE-induced EMT in pulmonary epithelial cells. A549 cells were pretreatedwith or without NSC (5, 10, or 20 μM) for 0.5 h and then exposed to 2% CSE for 48 h. AI:
control cells in media alone have a pebble-like shape and display cell-cell contacts consistent with an epithelial morphology. AII: cells treated with 2% CSE exhibit a fibroblast-like mor-
phology with cellular elongation and reduction of cell-cell contacts. AIII: treatment with 20 μM NSC alone causes no appreciable changes in cell morphology. AIV: 20 μM NSC prevents
changes induced by CSE and preserves an epithelial morphology (Images were obtained by confocal microscopy, magnification of 10×). E-cadherin, vimentin andα-SMAmRNA expres-
sion wasmeasured by real-time PCR (B), and E-cadherin, vimentin andα-SMA protein expression wasmeasured by immunoblotting (C). Data representmean± S.E.M. from 4 indepen-
dent experiments. 0, not treated with CSE. ⁎p b 0.05, ⁎⁎p b 0.01 compared with untreated group. #p b 0.05 compared with cells treated with 2% CSE.

1843H. Shen et al. / Biochimica et Biophysica Acta 1840 (2014) 1838–1849
3.3. Pharmacological suppression of Rac1 alleviates TGF-β1 production in
CS-exposed mice

To assess potential role of Rac1 in regulating EMT, we examined ef-
fects of CSE on TGF-β1 gene expression and protein production in pul-
monary epithelial cells with administration of NSC, a Rac1 inhibitor.
As shown in Fig. 4A, pharmacological inhibition of Rac1 results in
marked reduction of TGF-β1 in both mRNA and protein levels. To fur-
ther probe effects of Rac1 inhibition on CS exposure in vivo, C57BL/6
mice were exposed to CS or laboratory air for 10 d consecutively. CS-
modelmicewere i.p. injectedwithNSC (2.5 mg/kg), 30min before quo-
tidian CS exposure. Lung tissues were harvested 18 h after the last CS
exposure. Our findings suggested that TGF-β1 release was significantly
reduced in NSC-pretreated mice (Fig. 4B). These observations suggest
a potential role of Rac1 in TGF-β1-modulated EMT in a mouse model
of CS.

3.4. Inhibiting either the activity or expression of Rac1 suppresses CSE-
induced EMT

Changes in cellmorphology and expression ofmesenchymal and ep-
ithelial markers were read out to assess the effects of NSC on CSE-
induced EMT in A549 cells. Control A549 cells in media alone showed
a pebble-like shape and cell–cell adhesion (Fig. 5AI). After treatment
with 2% CSE, epithelial cells displayed a decrease in cell–cell contacts
and adopted amore fibroblast-likemorphology (Fig. 5AII). Cells treated
with 20 μM NSC in the presence or absence of 2% CSE retained their
pebble-like shape and displayed cell–cell adhesion consistent with re-
tention of the epithelial phenotype (Fig. 5AIII and IV).
We next examined the effects of NSC on CSE-induced expression of
mesenchymal and epithelialmarkers inA549 cells. Real-timePCRanalysis
showed an expected decrease in E-cadherin mRNA expression and in-
creases in vimentin and α-SMA expression 48 h after exposure to 2%
CSE compared with untreated groups. Cells pretreated with the Rac1-
specific inhibitor NSC (5–20 μM) showed enhanced E-cadherin expres-
sion and reduced vimentin,α-SMAmRNAexpression (Fig. 5B). Similar re-
sults were obtained when protein expression was assessed using
immunoblotting analysis; Co-incubation of NSC (5–20 μM) with 2% CSE
significantly enhanced E-cadherin protein expression and reduced
vimentin, α-SMA protein expression compared with CSE treatment
alone (Fig. 5C). NSC itself did not appreciably affectmRNAand protein ex-
pression in untreated of A549 cells.

To circumvent issue regarding drug specificity and solidify the con-
clusion, siRNA was employed to silence Rac1 gene expression in A549
cells. Immunoblotting analysis confirmed that Rac1 protein expression
was significantly suppressed by Rac1 siRNA gene silencing (Fig. 6A).
Most importantly, Rac1 knockdown restored the E-cadherin, vimentin,
and α-SMA expression levels that were altered following CSE stimula-
tion (Fig. 6B and C). Our data suggest that activation of Rac1 signaling
pathway is required for CSE-mediated EMT.

3.5. NSC inhibits CS-induced EMT in the mouse model in vivo

The observation that NSC alleviated EMT induced by CS was further
investigated in mice with pharmacological inhibition of Rac1. Effects of
NSC on EMT-related markers were assessed on day 10 after CS opera-
tion. CS induced a substantial decrease in E-cadherin expression and in-
creases in vimentin, α-SMA expression in lung tissues of CS-exposed

image of Fig.�5
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mice. NSC (2.5 mg/kg) treatments significantly reduced the changes
(Fig. 7A and B). Sl00A4 was assessed in response to CS challenge by im-
munohistochemistry. Sl00A4 was widely expressed in lung tissues of
CS-exposed mice, which was not seen in mice exposed to laboratory
air. Furthermore, the change can be reversed by pre-treatment of NSC
(Fig. 7C). Assessments of Masson's trichrome-stained lung tissues
showed the Rac1-dependent effects on lung fibrosis. It was shown
that CS operation induced extensive collagen deposition in the lung,
which was markedly ameliorated by administration of NSC (Fig. 7D).
3.6. EMT is mediated by Rac1 signaling through Smad and PI3kinase/Akt
pathway

We then further explored molecular mechanisms underlying of the
regulatory function of Rac1 in CS-induced EMT. Immunoblotting analy-
sis of the resultant protein, whole cell extracts revealed that inhibition
of either the activity or expression of Rac1 suppressed CSE-induced
Smad2, Akt activation, whereas P38 activation cannot be restrained by
silencing or inhibiting Rac1 (Fig. 8A–C).

We then investigated the effects of inhibition on CSE-mediated per-
turbation of E-cadherin and vimentin expression in pulmonary epithe-
lial cells. To test this hypothesis, we screened Smad2 siRNA, PI3 kinase
inhibitor Ly294002, Akt inhibitor MK-2206 dihydrochloride, p38 inhib-
itor SB203580, Erk (extracellular regulated protein kinases) inhibitor
U0126 or JNK (c-Jun N-terminal kinases) inhibitor SP600125 in CSE-
stimulated pulmonary epithelial cells. We showed that treatment with
SB203580 (Fig. 9A), U0126 or SP600125 (data not shown) cannot pre-
vent the phenomenon, only Smad2 siRNA, Ly294002 and MK-2206
dihydrochloride suppressed the alteration of E-cadherin and vimentin
expression induced by CSE stimulation (Fig. 9B–D). Thus, these results
indicate that CSE-exposure induced EMT is activated by Rac1 activation
Fig. 6. Effects of Rac1 gene silencing on CSE-inducedEMT in pulmonary epithelial cells. Pooled sy
at 50 pmol per well. 24 h after transfection, cells were stimulatedwith 2% CSE in serum free 0.1%
of Rac1 production by immunoblotting assay (A), expression changes of EMT-related markers
S.E.M. from 4 independent experiments. 0, not treated with CSE. ⁎p b 0.05, ⁎⁎p b 0.01 compare
through Smad2 and PI3kinase/Akt signaling pathway but not MAP
kinases.
4. Discussion

In this article, we report that the inhibition of Rac1 in pulmonary ep-
ithelia prevents the EMT induced by CS via activation of the Smad2 and
PI3K/Akt signaling. These findings enable us to understand a novel bio-
logical role of the Rac1 in the pathogenesis of pulmonary EMT.

Our research has focused on the role of Rac1 in lung EMT responses
triggered by CS. We employed a 10 day cigarette exposure in mice as
the model. This is based on our pilot experiments, where mice were
exposed to cigarette for 5, 10, 20 and 30 days. We found that the most
significant changes of E-cadherin, vimentin, and α-SMA protein
expression have been found within the 10 day group (see supplemen-
tary Fig. 3). We found increased expression and activation of Rac1 in
lung tissues ofmicewith CS-induced EMT responses (Fig. 1A). Similarly,
CSE elevated Rac1 expression and activated the Rac1 in A549 cells
(Fig. 1B and C). These findings suggest that Rac1 may be involved in
the pathogenesis of EMT induced by CS in the lung. Consistentwith pre-
vious reports [9,13,14], we observed that CSE promoted EMT through
the activation of intracellular ROS (see supplementary Fig. 2), the re-
lease of TGF-β1, and a greater elevation of TGF-β1 expression than
that of other proinflammatory cytokines and chemokines in the epithe-
lial cells and pulmonary inflammatory of mouse model to CS. In addi-
tion, our previous data also support the increase in TGF-β expression
in lung epithelial cells stimulated by CSE [30].

Pulmonary epithelia play a key role in the early defense against CSE.
CSE increases TGF-β1 level or activates TGF-β1 to induce EMT, which
are involved in predominant small airway fibrosis [9]. It is possible
that Rac1 may regulate the CS-evoked EMT response, particularly
nthetic siRNA duplexes targeting different regions of Rac1were transfected into A549 cells
BSA/DMEM for a further 48 h prior to harvest. The cells were collected to assess the levels
were measured by real-time PCR and immunoblotting (B and C). Data represent mean ±
d with negative control (NC) group. #p b 0.05 compared with NC + 2% CSE group.
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Fig. 7.NSC prevents CS-induced EMT in themousemodel. C57BL/6micewere repeatedly exposed to CS for 10 d.Micewere treatedwith NSC (2.5 mg/kg) by i.p. injection at 30min before
daily CS exposure. At 18 h after the last CS exposure, lung tissues were harvested for the analysis of EMT-relatedmarkers. Expression changes of EMT-relatedmarkers were measured by
real-time PCR (A) and immunoblotting (B). C: Representative photomicrographs demonstrating S100A4 expression (arrows) in lung tissue detected by immunohistochemistry. Scale bar:
20 μm. D: Representative photomicrographs demonstrating peribronchial collagen deposition (arrows) detected by Masson's trichrome staining (blue color). Scale bar: 20 μm. 0, not
treatedwith NSC. All data shownwere obtainedwith groups of n= 6–8mice/group, in two separate experiments. Data representmean± S.E.M. ⁎p b 0.05, ⁎⁎p b 0.01, ⁎⁎⁎p b 0.001 com-
pared with control mice with air exposure. #p b 0.05, ##p b 0.01 compared with control mice with CS exposure.
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Fig. 8. Inhibiting either the activity or expression of Rac1 suppresses CSE-induced Smad2, Akt, and P38 phosphorylation in A549 cells. Cell lysateswere prepared, and then immunoblotted
with antibodies for phospho-Smad2 phosphorylated at Ser465/467, phospho-Akt phosphorylated at Thr-308, and phospho-p38MAPK phosphorylated at Thr180/Tyr182. The data repre-
sent themean± S.E.M. from3 independent experiments. 0, not treatedwith CSE. ⁎p b 0.05, ⁎⁎p b 0.01 comparedwith untreated group or negative control (NC) group, #p b 0.05 compared
with 2% CSE group or NC + 2% CSE group.
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TGF-β1 expression and release. Therefore, understanding specific sig-
naling mechanisms of EMT induced by TGF-β1 may reveal therapeutics
to attenuate fibrogenesis while preserving the important homeostatic
functions of TGF-β1 [31]. Our results showed that CSE stimulation in-
creased TGF-β1 production in A549 cells (Fig. 2A and B). Furthermore,
co-treatment of TGF-β1 and CSE at low concentrations strengthened
their abilities to induce EMT as measured by the changes of E-
cadherin, vimentin, α-SMA, and MMP-9 expression in A549 cells
(Fig. 2C). To explore theunderlyingmechanisms,we examinedwhether
ATNA can directly neutralize TGF-β1 and potentially be used as a thera-
peutic agent to suppress EMT induced by CSE. The present results
showed that ATNA prevented changes in vimentin, α-SMA, and E-
cadherin levels induced by CSE-stimulation (Fig. 3A and B). An ALK5-
specific inhibitor (SB43152) was also used to corroborate the participa-
tion of TGF-β. The results were consistent with ATNA (Fig. 3C and D).
Fig. 9. Smad2 and PI3K/Akt signaling pathways are involved in CSE-mediated E-cadherin/vime
inhibitor (10 μM Ly294002), or Akt inhibitor (10 μMMK-2206 dihydrochloride) for 30 min and
different regions of Smad2 were transfected into A549 cells at 50 pmol per well. E-cadherin/vim
independent experiments. 0, not treated with CSE. ⁎p b 0.05, ⁎⁎p b 0.01 compared with untreat
with 2% CSE or NC + 2% CSE group.
However, through applying either ATNA or ALK5 inhibitor, blocking
TGF-β did not completely prevent the CSE-mediated EMT process in
our work, indicating it only partially arose from TGF-β activation in
A549 cells. Other mechanisms of the EMT process could be TGF-β-
independent and involving other inductors, such as MMP-9 [32], reac-
tive oxygen species [33], IL-8 [34], or plasmin albumin [35].

In this article, we showed that inhibiting Rac1 prevented smoke-
induced EMT response by increasing E-cadherin, and reducing TGF-β1
(Fig. 4B), vimentin andα-SMAmRNA (Fig. 7A) and protein expressions
(Fig. 7B) aswell as suppressing S100A4 protein expression (Fig. 7C) and
peribronchial collagen deposition (Fig. 7D) in lung tissue in vivo. Simi-
larly, inhibition of Rac1 significantly alleviated the morphological
changes in A549 cells (Fig. 5A), increased CSE-stimulated gene expres-
sion and protein production of E-cadherin and reduced vimentin and
α-SMA (Fig. 5B and C) in A549 cells in vitro. Thus, we provide novel
ntin release. A549 cells were pretreated with p38 inhibitor (10 μM SB203580), PI3 kinase
then incubated with 2% CSE for another 48 h. Pooled synthetic siRNA duplexes targeting
entin levels were determined by immunoblotting. Data represent mean ± S.E.M. from 3

ed group or negative control (NC) group. #p b 0.05, ##p b 0.01 comparedwith cells treated
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evidence that Rac1 regulates the lung EMT response induced by CS. This
finding is further supported by studies of the genetic ablation of Rac1 on
A549 cells in vitro (Fig. 6A–C).

We hypothesized that Rac1 could regulate smoke-induced lung EMT
response via signaling pathways such as the Smad [9], PI3K/Akt and p38
MAPK pathway [36,37], because Rac1 positively regulates diverse cellu-
lar signaling pathways, including cytoskeletal organization, transcrip-
tion and cell-cycle progression by activating the Rac1 pathway [38]. It
has been suggested that Rac1 regulates PI3K/Akt signaling in response
to TGF-β1, epidermal growth factor (EGF), fibroblast growth factor
(FGF) and hepatocyte growth factor (HGF) in the epithelial cells
[38–40]. Our data displayed that not only the phosphorylation of
Smad2 and not Smad3 (data are not shown) elevated in A549 cells
treated with CSE, but also the phosphorylation of Akt and p38/MAPK
was increased following the expression and activation of Rac1
(Fig. 8A–C). This is an interesting phenomenon, since both Smad2 and
PI3K/AKT activation seem to be dependent of Rac. Whether PI3K/AKT
signaling is dependent of the increment of TGF-β or if is only dependent
of increment in the expression and activity of Rac1? Therefore, we next
used an ALK5-specific inhibitor (10 μM SB43152) to demonstrate
whether the activation of PI3K/AKT signaling is dependent on the incre-
ment of TGF-β. We examined Akt phosphorylation. The results showed
that effects of SB43152 on CSE-induced Akt phosphorylation are not sta-
tistically significant (see supplementary Fig. 4). Therefore, we speculat-
ed that the activation of PI3K/AKT signaling may be dependent on the
increment in the expression and activity of Rac1.We then exploredmo-
lecular mechanisms underlying the regulatory function of Rac1 in CS-
induced EMT, and found that the inhibition of either the activation or
expression of Rac1 suppressed CSE-induced Smad2 and Akt activation,
whereas P38 activation cannot be restrained by Rac1 silencing or inhib-
itor (Fig. 8A–C). In order to further prove the result, we investigated the
effects of some inhibitors of signaling pathway on CSE-mediated pertur-
bation of E-cadherin and vimentin expression in pulmonary epithelial
cells. We screened Smad2 siRNA, PI3 kinase inhibitor Ly294002, Akt in-
hibitorMK-2206 dihydrochloride, p38 inhibitor SB203580, Erk inhibitor
U0126 or JNK inhibitor SP600125 in CSE-stimulated pulmonary epithe-
lial cells. The results showed that treatment with SB203580 (Fig. 9A),
U0126 or SP600125 (data not shown) cannot prevent the EMT re-
sponses, only Smad2 siRNA, Ly294002 and MK-2206 dihydrochloride
suppressed the alteration of E-cadherin and vimentin expression in-
duced by CSE stimulation (Fig. 9B–D). Thus, these results suggested
that CSE-induced EMT is activated by Rac1 activation through Smad2
and PI3K/Akt signaling pathway but not MAP kinases.

This is the first study to show that CS-induced Rac1 activation can
occur through recruitment of TGF-β1 in vivo and in vitro. However,
whether other involving mechanisms are involved needs further
study. Smoking cigarettes directly causes EMT-like changes in gene
and protein expression, indicating that EMT is involved in the progres-
sion of lung cancer and COPD.
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