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Lung cancer cells induce senescence and apoptosis
of pleural mesothelial cells via transforming growth factor-beta1
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Abstract Pleural dissemination is commonly associated with
metastatic advanced lung cancer. The injury of pleural meso-
thelial cells (PMCs) by soluble factors, such as transforming
growth factor-beta1 (TGF-β1), is a major driver of lung
cancer pleural dissemination (LCPD). In this study, we exam-
ine the effects of TGF-β1 on PMC injury and the ability of
TGF-β1 inhibition to alleviate this effect both in vitro and
in vivo. PMCs were co-cultured with the high TGF-β1-
expressing lung cancer cell line A549 and with various
TGF-β1 signaling inhibitors. Expression of cleaved-caspase
3, cleaved-caspase 9, p21, and p16 were evaluated byWestern
blot and immunofluorescent confocal imaging. Apoptosis was
measured by 3-(4, 5-dimethylthiazol-2-yl) -2, 5-
diphenyltrazoliumbromide assay and AnnexinV-propidium
iodide (PI) staining. PMC senescence was assessed by stain-
ing for senescence-associated β-galactosidase (SA-β-Gal).
The ability of lung cancer cells (LCCs) to adhere to injured
PMCs was investigated using an LCC-PMC adhesion assay.
In our mouse model, PMC injury status was monitored by
hematoxylin–eosin (H&E) and Masson’s trichrome staining.
LCCs expressing high levels of TGF-β1 induce apoptosis and
senescence of PMCs in a co-culture system. Injured PMCs
adhere to LCCs, which may further promote LCPD.

Importantly, PMC monolayer injury could be reversed with
TGF-β1 inhibitors. This was consistent with our in vivo data
showing that the TGF-β1 inhibitor SB-431542 attenuated
PMC barrier injury induced by A549 culture medium in our
mousemodel. Our study highlights the importance of TGF-β1
signaling in LCPD and establishes this signaling pathway as a
potential therapeutic target in the disease.
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Introduction

Lung cancer is the most commonly diagnosed cancer and
leading cause of cancer-related death worldwide [1, 2].
Pleural dissemination and metastasis of primary lung cancers
are associated with advanced disease and is classified as stage
IV according to the tumor–node–metastasis (TNM) staging
system (7th edition) [3, 4]. In patients with non-small cell lung
cancer (NSCLC) associated with pleural dissemination, the 5-
year survival rate is 2 %, and the median survival time is
8 months [5]. Independent of the intial etiology, patients with
malignant pleural effusion (MPE) have a median survival time
of only 4 months [6]. To improve survival, a better under-
standing of the mechanisms governing lung cancer pleural
dissemination (LCPD) is urgently needed.

According to Paget’s “seed and soil” theory [7], metastasis
occurs when tumor cells (seeds) encounter favorable local
microenvironments (soil) where they can survive and rapidly
proliferate. The specific site of cancer cell metastasis is not
simply due to the anatomic location of the primary tumor or
proximity to the secondary sites; instead, it involves interac-
tions between tumor cells and the local microenvironment at
the secondary site [8, 9]. Pleural mesothelial cells (PMC) form
a monolayer covering the pleural cavity. This intact PMC
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layer acts as a barrier and prevents lung cancer cells (LCCs)
from infiltrating the sub-mesothelial connective tissue [10].
Duringmetastasis, PMCs are exposed to high levels of soluble
factors, including growth factors, cytokines, and chemokines,
which are secreted by free LCCs within the MPE [11, 12].
Increased levels TGF-β1, interleukin (IL)-6, IL-8, and vascu-
lar endothelial growth factor in cases of MPE are correlated
with higher TNM staging, increased occurrence of LCPD, and
a worse prognosis [13–15]. However, whether the increase in
LCPD is actually caused by soluble-factor-induced PMC in-
jury, and which soluble factors result in the most damage, is
currently unknown.

TGF-β1 is a 25-kDa homodimeric polypeptide implicated
in a broad array of biological and pathological activities,
including wound healing and fibrotic disease [16–18].
Additionally, its levels are strongly and rapidly up-regulated
following multiple types of injury [19–21]. There are three
mammalian TGF-β isoforms, TGF-β1, TGF-β2, and
TGF-β3, that exert their functions via a cell surface receptor
complex composed of type I (TGFBR1) and type II
(TGFBR2) serine/threonine kinase receptors. Upon ligand
binding, TGFBR2 recruits and phosphorylates TGFBR1,
which in turn phosphorylates Smad2 or Smad3.
Phosphorylated Smad2 or Smad3 binds to Smad4; these pro-
tein complexes then translocate from the cytoplasm to the
nucleus where they can influence target gene expression [22].

In the present study, we demonstrate that TGF-β1, secreted
by LCCs, induces apoptosis and senescence of PMCs.
Furthermore, inhibition of TGF-β1 signaling attenuates
TGF-β1-induced PMC injury in a co-culture system. This is
consistent with our findings in animal models showing that
inhibition of TGF-β1 signaling attenuates LCC-induced PMC
monolayer damage in vivo. Our study highlights the impor-
tance of TGF-β1 signaling in LCPD and establishes this
signaling pathway as a potential therapeutic target in the
disease.

Materials and methods

Cell lines

The human mesothelial cell line HMR-SV5, human normal
lung epithelial cell line GNHu27, and the LCC lines HUL42,
A-549, GLC82, H441, PG49, and H1299 were all purchased
from the cell bank of the Chinese Academy of Sciences
(Shanghai, China). HUL42 and A-549 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) medium con-
taining 10 % fetal bovine serum (FBS). HMR-SV5, GLC82,
H441, PG49, and H1299 were all cultured in RPMI-1640
medium containing 10 % FBS. All cells were incubated in a
5 % CO2 atmosphere at 37 °C.

Animals

Male BALB/c nude mice (aged 8–10 weeks; weighing 20–
22 g) were purchased from Vital River (Beijing, China). Mice
were housed under sterile conditions and provided sterilized
food and water. All animal protocols received prior approval
from the ChinaMedical University Animal Ethics Committee,
and all experiments were performed in accordance with the
appropriate guidelines.

Establishment of the PMC injury model

HMR-SV5 cells (5×105 cells/well) were seeded in a six-well
plate. Once cells reached 80 % confluence, a co-culture insert
was added (0.4 μm pore, Corning, USA), and 2×105 A549
cells were seeded into the upper chamber. The co-culture
system was maintained in RPMI-1640 medium supplemented
with 10 % FBS for the indicated times. For inhibition of the
TGF-β1 signaling pathway, either TGF-β1 receptor inhibitor
SB-431542 or TGF-β1 neutralizing antibody (neu-TGF) was
added to the culture; cell culture medium was changed every
other day. HMR-SV5 cells in the lower chamber were collect-
ed for further studies.

ELISA assay

Cytokine production was determined using a Quantikine hu-
man TGF-β1 enzyme-linked immunosorbent assay (ELISA)
kit (R&D Systems) according to the manufacturer’s
instructions.

Western blot

Cells were incubated for 20 min on ice in 50 μL
radioimmunoprecipitation assay buffer supplemented with
1 mM phenylmethylsulfonyl fluoride, 1 μg/mL leupeptin,
1 mM β-glycerophosphate, 2.5 mM sodium pyrophosphate,
and 1 mM Na3VO4. Cells were then centrifuged for 20 min at
12,000×g at 4 °C. Next, 50 μg protein from each sample was
resolved on 10 % sodium dodecyl sulfate (SDS) polyacryl-
amide gels and transferred to polyvinylidene fluoride (PVDF)
membranes. Membranes were then blocked in Tris-buffered
saline and Tween 20 (TBST) solution containing 4 % skim
milk for 2 h at room temperature. Membranes were incubated
with mouse monoclonal anti-cleaved caspase 3 (1:1000; CST,
USA), mouse monoclonal anti-cleaved caspase 9 (1:1000;
CST, USA), rabbit monoclonal anti-p21 (1:1000; CST,
USA), or rabbit monoclonal anti-p16 (1:10000; Abcam,
USA) primary antibodies in TBST solution overnight at
4 °C. Following overnight incubation, membranes were
washed three times in TBST and then incubated with horse-
radish peroxidase-conjugated secondary antibodies (1:5000;
Santa Cruz, USA) in TBST for 2 h at room temperature.
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Membranes were incubated with ECL solution (Pierce, USA)
for 1 min, and protein bands were visualized using the ECL
chemiluminescence method.

Real-time PCR

Total RNA was extracted from cultured cells using Trizol
reagent (Invitrogen, USA) and reverse-transcribed using the
Transcriptor First Strand cDNA synthesis kit (Invitrogen,
USA) according to the manufacturer’s instructions.
Quantitative real-time PCR reactions were performed using
an iCycler iQ Real-Time PCR Detection System (Bio-Rad,
USA) using the iQ SYBR Green Supermix (Bio-Rad). Real-
time PCR data are expressed as relative messenger RNA
(mRNA) expression quantified with Bio-Rad iCycler system
software and normalized to β-actin levels.

Senescence-associated β-galactosidase staining

Senescence-associated β-galactosidase (SA-β-Gal) staining
was performed using an SA-β-Gal Staining Kit (Genmed

Scientifics Inc, USA) according to the manufacturer’s proto-
col. Briefly, after co-culture treatment, HMR-SV5 cells were
fixed in 4 % formaldehyde for 5 min and stained with SA-β-
Gal staining solution at pH 6.0 for 16 h. Cells staining bright
blue in color were considered positive. The experiment was
repeated three times for each group.

MTT assay

PMC viability was assessed using an 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltrazoliumbromide (MTT) assay. PMCs
(approximately 1×104 cells/well) were seeded into 96-well
culture plates and cultured in DMEM with 10 % FBS for 12–
72 h. Cells were then incubated with 20 μLMTT (10 mg/mL)
for 4 h at 37 °C, and 200 μL dimethyl sulfoxide was added for
20 min at room temperature to solubilize the formazan prod-
uct. The optical density (OD) was determined using a spec-
trophotometer (Bio-800, Bio-Rad, USA) at a wavelength of
570 nm. Approximately 1×104 cells/well of untreated PMCs
were cultured with serum-free DMEM medium as a control.
Cell proliferation was calculated using the following equation:

Cell proliferation rate %ð Þ ¼ OD Experimental group – Control groupð Þ
.

OD control group � 100%

AnnexinV-propidium iodide staining

Apoptosis of HMR-SV5 cells was measured using an
AnnexinV-propidium iodide (PI) apoptosis detection kit
(Becton Dickinson, USA) according to the manufacturer’s
instructions. Briefly, cells were resuspended in 1× binding
buffer at a concentration of 1×106/mL. Next, 5 μL Annexin
V-fluorescein isothiocynate antibody and 5 μL PI were added;
samples were incubated in the dark at room temperature for
15 min. After washing twice with 1× binding buffer, cell-
surface staining was analyzed by flow cytometry (FACS
Caliber, Becton Dickinson, USA). PMCs in the upper-right
and the lower-right quadrants showed late- and early-stage
apoptosis, respectively. For AnnexinV-PI confocal imaging,
PMCs were cultured on a slide and subject to the same
staining procedure. Images were obtained with an immuno-
fluorescent microscope (FV1000, Olympus, Japan).

Immunofluorescent staining

Cells were fixed in 4 % paraformaldehyde in 20 mM HEPES
(pH 7.4) for 20 min, rinsed three times, and incubated with a
rabbit monoclonal anti-p16 antibody (1:500; Abcam, USA)
for 1 h at room temperature. The membrane was then rinsed
three times and incubated with a donkey anti-rabbit Alexa
Fluor 594-conjugated secondary antibody for 30 min at room

temperature in the dark. 4′,6-Diamidino-2-phenylindole was
used for nuclear counterstaining. The stained cells were
mounted and viewed under an immunofluorescent micro-
scope (FV1000, Olympus, Japan).

Cell cycle analysis

The cell cycle was examined by a modified flow cytometric
method. In brief, PMC cells were harvested at 24 and 48 h.
Harvested cells were washed twice with phosphate-buffered
saline (PBS) and fixed in ice-cold 70 % ethanol at 4 °C
overnight. Ethanol-fixed cells were then stored at 4 °C for
up to 1 month. Ethanol-fixed cells were centrifuged and
washed once with PBS. The cell pellet was then suspended
in 0.2 mL DNA extraction buffer (192 mL 0.2 M Na2HPO4
and 8 mL 0.1 M citric acid, pH 7.8) and incubated in a 37 °C
shaker for 30 min. After incubation, cells were centrifuged at
1500 rpm for 10 min. The supernatant was carefully
discarded. Then, the pellet was stained with a propidium
iodide (PI) solution (0.08 mg PI, 0.1 % Triton X-100 and
0.1 mg/mL RNaseA in PBS) and incubated in the dark for
30 min at 37 °C. In total, 10,000 cells (adherent and non-
adherent) were harvested. Cellular DNA contents were mea-
sured by exciting PI at 488 nm and measuring the emission at
580 nm using a BD canto II flow cytometer (BD Biosciences,
San Jose, CA, USA).
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3D artificial pleura model

PMCs were grown in 96-well plates pre-coated with 200 μL
matrigel. Once PMCs reached 80 % confluence, co-culture
inserts (0.4 μm pore, Corning, USA) were added.
Approximately 2×104 A549 cells were seeded into the upper
chamber. PMCs were co-cultured with A549 cells for the
indicated length of time. Fresh culture medium was then
added, and the LCC-PMC adhesion assay was performed.

LCC-PMC adhesion assay

The adhesion of tumor cells to PMCs was determined as
previously described [15]. A549 cells were pretreated with

or without 50 μg/mL RGD and stained with 15 μM calcein
AM for 30 min at 37 °C. Subsequently, A549 cells (1×104/
well) were added to the 24-well plates containing PMCs and
incubated for 3 h at 37 °C. To remove non-adherent LCCs, the
plates were then washed three times with 200 μL PBS. The
fluorescent intensity in each well was recorded by spectroflu-
orometry using wavelengths of 485 and 535 nm for excitation
and emission, respectively. As a positive control, PMCmono-
layers were seededwith labeled A549 cells and maintained for
30 min without any PBS wash steps. Untreated PMC mono-
layers were used as a negative control. Adhesion capability
was calculated as follows:

Adhesion capability ¼ fluorescence intensity of experimental group−negative control
.
fluorescence intensity of positive control−negative control

� �
� 100%

In vivo mesothelial cell injury models

Male BALB/c nude mice were divided into control and
treatment groups (n=10 per group). Mice in both groups
received 1 mL A549 cell-conditioned medium (CM) by
intrapleural injection (i.p.) at a left costophrenic angle
prior to being anesthetized via inhalation of isoflurane.
Mice in the treatment group were also injected with
0.5 mL 1 μM SB-431542 on days 1 and 3 after CM
inoculation; as a comparison, mice in the control group
received two i.p. injections of 0.5 mL PBS. Two weeks
post-inoculation, mice in each group were killed by
cervical dislocation. The pleural wall, pleura, and dia-
phragm were excised, fixed, and embedded for H&E
and Masson’s trichrome stain.

Masson’s trichrome staining

Masson’s trichrome staining was performed as previous-
ly described [14]. Briefly, 4-μm sections were
deparaffinized and hydrated by sequential incubations
in xylene and ethanol. After washing, sections were
placed in Bouin’s fixative for 1 h at room temperature,
transferred to 4 % ferric ammonium sulfate for 5 min at
50 °C, and rapidly rinsed with distilled water at 50 °C.
Slides were then immersed in 0.1 % acid fuchsin for
1 min, gently rinsed five times by repeated immersion
in water, placed in 1 % phosphomolybdic acid for
10 min, and stained for 90 s in 0.25 % light green/
0.5 % phosphomolybdic acid. The slides were then
washed in water until the rinses became clear,
dehydrated in graded ethanol, cleared with xylene, and
covered with coverslips using neutral resin.

Statistical analysis

All statistical analyses were performed using SPSS version
16.0 software (SPSS Inc., USA). Continuous variable data
obtained from two separate experiments were examined by t
test. Continuous variable data obtained from three or more
separate experiments were examined by ANOVA test. Data
are expressed as mean±SD. Statistical significance was set at
p<0.05.

Results

High expression of TGF-β1 in human LCC lines

We measured cytoplasmic expression of TGF-β1 in six LCC
lines (HUL42, A549, GLC82, H441, H1299, and PG49) by
Western blot analysis. TGF-β1was detected in four of the six
cell lines, with the highest expression detected in A549 cells
(Fig. 1a). We also performed real-time PCR to assess TGF-β1
mRNA levels in each of the cell lines; quantitative PCR data
were consistent with our Western blot analysis. A549 cells
showed 3.6±0.25-fold higher expression of TGF-β1 mRNA
compared to HUL42 cells (Fig. 1b, P<0.05). Based on these
results, we chose A549 cells for subsequent functional studies.
TGF-β1 level was compared among lung cancer cells (A549),
normal lung epithelial cells (GNHu27) as well as PMCs at
protein levels (Fig. 1c). PMCs exhibited higher TGF-β1 ex-
pression compared with GNHu27 cells (3.52±0.25-fold,
P<0.05). TGF-β1 expression was also compared among un-
treated PMCs, PMCs co-cultured with A549 cells, and PMCs
co-cultured with GNHu27. No significant difference in
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TGF-β1 level was detected between untreated PMCs and
PMCs co-cultured with GNHu27 (Fig. 1d, P>0.05).

LCC lines induce PMC injury and promote tumor cell
adhesion

The expression of proteins related to senescence and apoptosis
were analyzed by Western blot (Fig. 2a). We examined ex-
pression of senescence-related proteins p16 and p21 and
apoptosis-related proteins cleaved-caspase-3 and cleaved-
caspase-9 in PMCs co-cultured with A549 cells; comparisons
were made against PMCs not cultured in the presence of A549
cells. Expression of p16 and p21 did not show a significant
increase from 12 to 48 h. In contrast, expression of apoptosis-
related proteins was elevated and reached amaximum by 48 h.
MTT assay indicated that proliferation of PMCs was reduced
following 12 h co-culture with A549 cells; by 48 h, prolifer-
ation was completely inhibited. Untreated, control PMCs
displayed normal levels of cell proliferation. Proliferation
rates of co-cultured PMCs were as follows: 12 h, 20.8±
4.2 %; 24 h, 21.1±5.1 %; and 48 h, 8.4±1.4 % (all P<0.05
compared to normal PMCs at each time point, Fig. 2b).
Apoptotic became more apparent after longer periods of co-
culture incubation. The expression of senescence-related pro-
teins peaked by 12 h. We expanded on this observation by
performing SA-β-Gal staining. As shown in Fig. 2c, co-
cultured PMCs showed distinctive senescent morphology

and bright blue staining, indicative of positive β-Gal expres-
sion (red arrow). The expression of p16 protein was also
investigated by immunofluorescent staining (Fig. 2d). After
12 h of co-culture, PMCs exhibited significantly increased
p16 expression, which was found located both in the center
and at the periphery of the nucleus. Apoptosis was examined
by Annexin V-PI double staining (Fig. 2e). PMC apoptosis
was more apparent after 24 h of co-culture. The apoptosis
rates of normal and co-cultured PMCs were as follows: nor-
mal PMCs, 0.52±0.01 % (early stage) and 2.19±0.03 % (late
stage); co-cultured PMCs, 4.78±0.16 % (early stage) and
10.97±0.74 % (late stage) (both P<0.05). Cell cycle was also
assayed by FACS, co-cultured PMC exhibited more apparent
G1/S and G2/M arrest (Fig. 2f).

In LCC-PMC adhesion assays, the attachment of co-
cultured PMCs to the 3D artificial pleura model was signifi-
cantly greater than that of untreated PMCs at multiple time
points (22.6±1.47 % for 12 h; 54.8±3.5 % for 24 h; 56.7±
4.44 % for 48 h; all P<0.05 compared to normal PMCs,
Fig. 2g).

Inhibition of TGF-β1 signaling reduces LCC-induced PMC
injury and inhibits tumor cell adhesion

Multiple TGF-β1 inhibitors were tested in our co-culture
system. Following 48 h of treatment, both SB-431542 and
neu-TGF-β1 abrogated A549-induced PMC senescence and

Fig. 1 High expression of TGF-β1 in human LCC lines. aWestern blot
showing the expression of TGF-β1 in six LCC lines. GAPDH served as a
protein loading control. b Expression of TGF-β1 in six LCC lines was
analyzed by real-time PCR. Results are expressed as fold of change
(mean±SD, *P<0.05 compared with HUL-42). c Expression of
TGF-β1 were compared among A549, GNHu27 as well as PMCs by

ELISA assay. Results are expressed as fold of change (mean±SD,
*P<0.05 compared with PMCs). d Expression of TGF-β1 were evaluat-
ed in normal PMCs, PMCs co-cultured with A549 cells and PMCs co-
cultured with GNHu27 cells by ELISA assay. (Results are expressed as
mean±SD, *P<0.05 compared with untreated PMCs)
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apoptosis (Fig. 3a). To further investigate the impact of
TGF-β1 inhibition on LCC adhesion, we established a 3D
artificial pleura model. As shown in Fig. 3b, both SB-431542
and neu-TGF-β1 significantly reduced (66.4 and 54.6 %,
respectively; P<0.05) the attachment of A549 cells in the
3D artificial pleura model. To investigate if TGF-β1 inhibitors
exert a direct effect on PMCs, their proliferative capacity in
the presence of SB-431542 or neu-TGF-β1was assessed.
MTT assays showed reduced proliferation in A549 cells treat-
ed with neu-TGF-β1 (0.75±0.03-fold compared to untreated

A549; P<0.05; Fig. 3c). In contrast, low-dose SB-431542 did
not directly affect proliferation of A549 cells (0.93±0.05-fold
compared to untreated A549; P>0.05; Fig. 3c).

Inhibition of TGF-β1 signaling attenuates PMC-mediated
injury in vivo

To investigate the effects of TGF-β1 inhibition on PMC-
mediated injury in vivo, nude mice were inoculated (i.p.) with
conditioned medium (CM) from A549 cells and then injected

Fig. 2 LCC lines induce PMC injury and promote tumor cell adhesion. a
Western blot showing the expression of senescence- and apoptosis-related
proteins in PMCs co-cultured with A549 cells. GAPDH served as a
protein loading control. b PMCproliferationwas analyzed byMTTassay.
Results are expressed as fold of change (mean±SD, *P<0.05 compared
with normal PMC; **P<0.05 compared with co-cultured PMC at indi-
cated time interval). c SA-β-Gal staining of PMCs co-cultured with A549
cells (red arrow indicates senescent PMCs). d Immunofluorescence
analysis of p16 expression in PMCs co-cultured with A549 cells (p16,

green staining; 4′,6-diamidino-2-phenylindole, blue staining; magnifica-
tion, ×600). e Annexin V-PI double staining shows early- and late-stage
apoptosis of PMCs in the co-culture system (dots in right-lower quadrant
indicate early stage apoptosis of PMCs; dots in right-upper quadrant
indicate late stage apoptosis). f Cell cycle assayed shows G1/S and G2/M
arrest of PMCs in the co-culture system. g Rate of A549 cells adhered to
confluent PMCs. (Data are expressed as mean±SD, *P<0.05 compared
with co-cultured PMCs at 0 h
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Fig. 3 Inhibition of TGF-β1 signaling reduces LCC-induced PMC
injury and inhibits tumor cell adhesion. a Western blot showing expres-
sion of senescence- and apoptosis-related proteins in PMCs co-cultured
with A549 cells. GAPDH served as a protein loading control. TGF-β1
signaling inhibitors were added to the co-culture system where indicated.
b Numbers of A549 cells attached to confluent PMCs. (Data are

expressed as mean±SD, *P<0.05 compared with normal PMC;
**P<0.05 compared with PMCs co-cultured with A549 cells). c MTT
assay of A549 cells treated with different reagents. (Data are expressed as
fold change relative to untreated A549 cells, *P<0.05 compared with
untreated A549 cells)

Fig. 4 Blockade TGF-β1 signaling inhibits PMC injury in vivo. a H&E
staining of the pleura of mice in the control group (right, c), untreated mice
(middle, b), and in the SB431542-treated group (left, a) (magnification,

×400). b Masson’s trichrome staining showing the integrity of the PMC
monolayer and pleural collagen fiber exposure in mice in the control group
(right, b) and in the SB431542-treated group (left, a) (magnification, ×400)

Tumor Biol. (2015) 36:2657–2665 2663



with either 1 mL 1 μMSB-431542 or PBS. This was followed
by HE andMasson’s trichrome staining (Fig. 4). In the control
group (A549 cell CMwith PBS), the PMCmonolayer became
discontinued, and the submesothelial collagenous zone be-
came exposed to the chest cavity—typical pathological chang-
es associated with pleura injury (Fig. 4a); additionally,
Masson’s trichrome staining showed evidence of senescence
and apoptosis. In contrast, treatment with SB431542 protected
the PMC monolayer from injury (Fig. 4b).

Discussion

Although mesothelial cells can prevent against tumor inva-
sion, theymay become damaged in response to soluble factors
released by tumor cells during metastasis [23, 24]. Damaged
PMCs become hemispherical in shape and undergo exfolia-
tion, which results in exposure of sub-mesothelial connective
tissue and collagen fiber [25, 26]. Thus, naked areas of
submesothelial connective tissue become directly exposed to
tumor cells and may serve as a favorable “soil” to promote
tumor dissemination. MPE is a common occurrence in lung
cancer patients with advanced TNM staging, and it is corre-
lated with lung cancer metastasis and poor prognosis [11, 27].
While several soluble factors may induce PMC injury, in this
study, we specifically focus on TGF-β1.

TGF-β1 plays a role in a number of normal and patholog-
ical processes, including fibrotic disease, wound healing, stro-
ma reconstruction, tumorigenesis, and metastasis [19, 20].
TGF-β1 regulates cellular senescence, apoptosis, and differ-
entiation via the TGF-β/Smad pathway [28, 29]. However, a
role for TGF-β1 in LCPD is currently unknown. To address
this question, we co-cultured PMCs with the high TGF-β1-
expressing A549 LCC line. We also evaluated whether
TGF-β1 signaling blockade inhibited LCPD both in vitro
and in vivo.

We examined TGF-β1 expression in six human LCC lines
and found the highest expression level in A549 cells. PMC
proliferation was inhibited by co-culture with A549 cells in a
time-dependent manner. Co-culture also increased senes-
cence, apoptosis, and attachment of PMCs. Importantly, these
effects were attenuated in the presence of a TGF-β inhibitor,
establishing TGF-β1 signaling as a potential therapeutic target
in the disease.

Inhibition of TGF-β1 signaling to block cancer metastasis
has been the focus of several studies in recent years [30, 31].
Treatment of TGFβR-expressing cells with SB-431542 (3–
10 μM) reduces both proliferation and migration/invasion
ability [32, 33]. In our study, low-dose (1 μM) SB-431542
had no direct effect on PMC proliferation but markedly atten-
uated LCC-induced PMC injury in a co-culture system
(Fig. 3). Another inhibitor, neu-TGF-β1, was capable of

exerting a direct cytotoxic effect on PMCs. Our in vitro find-
ings were supported by our in vivo experiments as well. It
should be noted that inhibition of TGF-β1 only partially
attenuated LCC-induced PMC injury. This suggests that ad-
ditional LCC-secreted soluble factors may also contribute to
this process. Thus, additional research to identify such factors
should be the focus of future research.

In conclusion, our results demonstrate that LCCs invading
the pleural cavity can secrete soluble factors, such as TGF-β1,
that induce senescence and apoptosis of PMCs and promote
LCPD. Our study highlights the importance of TGF-β1 sig-
naling in LCPD and establishes this signaling pathway as a
potential therapeutic target in the disease.
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