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Abstract
Transforming growth factor-β (TGF-β) is central during the pathogenesis of pulmonary fibro-

sis, in which the plasminogen activator inhibitor-1 (PAI-1) also has an established role.

TGF-β is also known to be the strongest inducer of PAI-1. To investigate the link between

PAI-1 and TGF-β in fibrotic processes, we evaluated the effect of SK-216, a PAI-1-specific

inhibitor, in TGF-β-dependent epithelial-mesenchymal transition (EMT) and fibroblast to

myofibroblast differentiation. In human alveolar epithelial A549 cells, treatment with TGF-β

induced EMT, whereas co-treatment with SK-216 attenuated the occurrence of EMT. The

inhibition of TGF-β-induced EMT by SK-216 was also confirmed in the experiment using

murine epithelial LA-4 cells. Blocking EMT by SK-216 inhibited TGF-β-induced endogenous

production of PAI-1 and TGF-β in A549 cells as well. These effects of SK-216 were not likely

mediated by suppressing either Smad or ERK pathways. Using human lung fibroblast

MRC-5 cells, we demonstrated that SK-216 inhibited TGF-β-dependent differentiation of

fibroblasts to myofibroblasts. We also observed this inhibition by SK-216 in human primary

lung fibroblasts. Following these in vitro results, we tested oral administration of SK-216 into

mice injected intratracheally with bleomycin. We found that SK-216 reduced the degree of

bleomycin-induced pulmonary fibrosis in mice. Although the precise mechanisms underly-

ing the link between TGF-β and PAI-1 regarding fibrotic process were not determined, PAI-

1 seems to act as a potent downstream effector on the pro-fibrotic property of TGF-β. In

addition, inhibition of PAI-1 activity by a PAI-1 inhibitor exerts an antifibrotic effect even in
vivo. These data suggest that targeting PAI-1 as a downstream effector of TGF-β could be a

promising therapeutic strategy for pulmonary fibrosis.
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Introduction
Pulmonary fibrosis is a lung disease that includes a heterogeneous group of lung disorders
characterized by irreversible destruction of lung architecture. Idiopathic pulmonary fibrosis
(IPF), a particularly severe form of pulmonary fibrosis with unknown etiology, features a pro-
gressive fibrotic process [1, 2], with no effective strategy to control progression [3].

Although many factors have been proposed to be involved in the development and progres-
sion of pulmonary fibrosis, it is widely accepted that transforming growth factor β (TGF-β)
plays a central role. TGF-β acts as a major pro-fibrotic cytokine that induces fibroblast migra-
tion, proliferation and differentiation of myofibroblasts, and deposition of extracellular matrix
[4, 5]. TGF-β is also known to strongly induce epithelial-mesenchymal transition (EMT) that
contributes to the generation and accumulation of fibroblasts and myofibroblasts responsible
for excessive extracellular matrix deposition [6, 7, 8]. This process is accompanied by the loss
of intercellular cohesion and epithelial makers, such as E-cadherin, and the acquisition of spin-
dle-shape, motile, and mesenchymal markers, such as vimentin or fibronectin, in epithelial
cells [8–11]. Although there exists strong evidence for TGF-β in this process, little progress has
been made in the context of using TGF-β inhibitors for the treatment of pulmonary fibrosis
[12].

Plasminogen activator inhibitor-1 (PAI-1) is a member of the serine protease inhibitor fam-
ily [13]. The primary role of PAI-1 is the regulation of plasminogen activator system through
its inhibitory action. The role of PAI-1 in lung fibrotic processes has also been firmly estab-
lished [14–17]. It has been shown that overexpression of the PAI-1 gene enhances bleomycin
(BLM)-induced pulmonary fibrosis [15], and mice deficient in the PAI-1 gene are protected
from BLM-induced pulmonary fibrosis [15, 16]. In addition, intrapulmonary administration of
siRNA against PAI-1 limits the development of pulmonary fibrosis in mice after BLM injury
[18]. Interestingly, TGF-β is a potent inducer of PAI-1 expression in multiple cell types [19–
21]. A recent study demonstrated that oral administration of a PAI-1 inhibitor reduced the
degree of pulmonary fibrosis induced by intrapulmonary administration of adenovirus vector
encoding TGF-β [22]. Our laboratory has also demonstrated that knockdown of PAI-1 pre-
vented EMT induced by TGF-β in mouse lung epithelial cells [18]. These observations
prompted us to speculate that pro-fibrotic properties of TGF-β could be mediated by PAI-1;
and consequently, inhibition of PAI-1 could be a novel strategy to counteract TGF-β activity.
We investigated the effect of PAI-1 inhibition using a novel small molecule PAI-1 inhibitor,
SK-216, to study EMT in alveolar epithelial cells and the differentiation of lung fibroblast cells
into myofibroblasts. Both these processes are induced by TGF-β. In addition, we also investi-
gated potential anti-fibrotic activity of SK-216 in a mouse model of BLM-induced pulmonary
fibrosis.

Materials and Methods

Materials
PAI-1 inhibitor, SK-216 ([5-[[6-[5-(1,1-Dimethylethyl)-2-benzoxazolyl]-2-naphthalenyl]oxy]
pentyl] propanedioate) was supplied by Shizuoka Coffein Co., Ltd. (Shizuoka, Japan). The
inhibitory activity of SK-216 on PAI-1 was investigated using previously published methods
and the IC50 was determined to be 44 μmol/L as reported in international patent WO04/
010996. Human lung adenocarcinoma epithelial cells (A549), mouse lung epithelial cells (LA-
4), and human lung fibroblast cells (MRC-5) were purchased from the Japanese Collection of
Research Bioresources Cell Bank (Tokyo, Japan). Human primary lung fibroblasts derived
from interstitial lung disease tissue (ILD-derived human primary lung fibroblasts) were
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established from lung tissues from a 67-year-old female who underwent lung biopsy to diag-
nose the type of ILD. Histologically, this patient was diagnosed with chronic hypersensitivity
pneumonitis. Normal human primary lung fibroblasts were established from a histologically
normal section of lung tissues from a 56-year-old male who underwent thoracic surgery for
lung cancer. The procedure for obtaining lung tissue cells was approved by the medical ethics
committee of Hiroshima University, Japan (Permit Number: 33), and written informed con-
sent was obtained from study participants. The morphologic features and fluorescent images of
cells were analyzed using the BZ-9000 fluorescence imaging system (Keyence, Osaka, Japan).

Cell culture and treatment
A549 cells were seeded at a density of 5×103 cells/well in 8-well Lab-Tek chamber slides for
morphologic analysis and immunofluorescence staining, 12×103 cells/well in 24-well plates for
reverse transcription polymerase chain reaction (RT-PCR), 2×104 cells/well in 24-well plates
for measurement of PAI-1 expression, and 1×105 or 3×105 cells/well in 6-well plates for west-
ern blot analysis and soluble collagen analysis. LA-4 cells were seeded at a density of 4×104

cells/well in 24-well plates for RT-PCR. The cells were cultured in Dulbecco's modified Eagle
medium (DMEM, Life Technologies, Carlsbad, CA) supplemented with 10% fetal calf serum
(FCS) for 48 hours. Thereafter, the cells were pre-incubated with or without SK-216 (50,
100 μM) in serum-free medium for 1 hour followed by stimulation with TGF-β1 (human
recombinant TGF-β1, 5 ng/mL, R&D Systems, Minneapolis, MN). Time points for sampling in
each experiment are described in the figure legends.

MRC-5 cells and human primary fibroblasts were seeded at a density of 12×103 cells/well in
8-well Lab-Tek chamber slides for immunofluorescence staining, 4×104 cells/well in 24-well
plates for real-time quantitative RT-PCR, and 3×105 cells/well in 6-well plates for western blot
analysis. After the incubation in DMEM containing 10% FCS for 24 hours, the cells were main-
tained in serum-free medium for 24 hours. Thereafter, the cells were pre-incubated with or
without SK-216 (50, 150 μM) in serum-free medium for 1 hour followed by stimulation with
TGF-β1 (5ng/ml). Time points for sampling in each experiment are described in the figure
legends.

Real-time quantitative RT-PCR
Total cellular RNA was extracted from cultured cells or lung tissues of mice using the RNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. After extraction,
total RNA was converted into cDNA by reverse transcription reaction, and real-time quantita-
tive RT-PCR was performed using the ABI 7500 Fast Real-Time PCR system (Applied Biosys-
tems, Foster City, CA). mRNA expression levels were evaluated and normalized to β-actin as
an endogenous reference. Primers used were as follows: E-cadherin (TaqMan Gene Expression
Assay ID Hs01023894_m1, Applied Biosystems); vimentin (Hs00185584_m1); N-cadherin
(Hs00983056_m1); type I collagen α1 chain (COL1A1, Hs00164004_m1, Mm00801666_
g1); fibronectin (Hs01549976_m1, Mm0069266_m1); Snail, (Hs00195591_m1); Slug
(Hs00161904_m1); α-smooth muscle actin (α-SMA, Hs00426835_g1, Mm00725412_s1); PAI-
1 (HS 01126606_m1, Mm00435858_m1); β-actin (4352935E, 4352341E).

Immunofluorescence staining
For the detection of E-cadherin or α-SMA, cells were fixed in ice-cold methanol for 10 min
and treated with a rabbit polyclonal antibody against E-cadherin (1:150; sc-7870; Santa Cruz
Biotechnology, Santa Cruz, CA) or α-SMA (1:100; ab5694; Abcam, Cambridge, UK) for 1
hour. The bound primary antibodies were detected using Zenon Alexa Fluor 488 (1:500; Life
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Technologies). For the detection of vimentin, cells were fixed in 4% paraformaldehyde for
15 min and permeabilized with phosphate-buffered saline (PBS) containing 0.1% TritonX-100
for 5 min. Thereafter, the cells were exposed to mouse Anti-vimentin eFluor 615 (1:100;
eBioscience, San Diego, CA) for 1 hour. Nuclei were stained with 4',6-diamidino-2-phenylin-
dole (DAPI, Life Technologies). Digital images were captured on the at least six fields per
sample with the same exposure time for each marker. The degrees of expression for E-cadherin,
α-SMA, and vimentin were quantified by measuring fluorescence intensities of Alexa Fluor
488 or eFluor 615 per each field using software (BZ-analysis application, Keyence).

Measurement of PAI-1 concentration and activity
PAI-1 levels in the supernatant of cell cultures or bronchoalveolar lavage fluid (BALF) were
measured using human total, human active, or mouse active PAI-1 ELISA kit (Molecular Inno-
vations, Novi, MI).

Assessment of endogenous TGF-β production in A549 cells
A549 cells were seeded at a density of 3×104 cells/well in 24-well plates and cultured in DMEM
with 10% FCS for 48 hours. Thereafter, the cells were pre-incubated with or without SK-216
(100 μM) in serum-free medium for 1 hour, and then stimulated with TGF-β1 (5ng/mL). After
treatment for 24 hours, culture mediums were replaced with serum-free medium one more
time. The concentrations of TGF-β1 in the supernatants of the cultures were measured at 12,
24, and 48 hours later using a TGF-β1 ELISA kit (R&D systems, Minneapolis, MN).

Measurement of soluble collagen
Total soluble collagen in the cell culture supernatant was measured using the Sircol assay kit
(Biocolor, Newtownabbey, United Kingdom) following the manufacturer’s instructions. To
minimize the influence of cell number, the level of soluble collagen was normalized to total
protein in the cell lysate measured using a BCA assay kit (Pierce Biotechnology, Rockford, IL).

Proliferation assay
The effects of SK-216 in the presence and absence of TGF-β1 on the cell proliferation were ana-
lyzed using the cell counting kit-8 (DOJINDO, Kumamoto, Japan) following the manufactur-
er’s instructions.

Western blotting
Cells were lysed with Nonidet P-40 (NP-40) lysis buffer (50 mM Tris–HCl [pH 8.0], 150 mM
NaCl, 1% NP-40) containing protease inhibitor cocktail. Proteins were separated on sodium
dodecyl sulfate‑polyacrylamide gel electrophoresis gels and were electroblotted onto polyviny-
lidene fluoride membrane (GE Healthcare Bio-sciences, Piscataway, NJ). The polyvinylidene
fluoride membranes were incubated with anti-phospho-Smad2 antibody (Ser465/467), anti-
phospho-extracellular-signal-regulated kinases (ERK) 1/2 monoclonal antibody (Thr202/
Tyr204), anti-total-Smad2 mouse monoclonal antibody, anti-total-ERK1/2 rabbit monoclonal
antibody, anti-E-cadherin rabbit monoclonal antibody, anti-vimentin rabbit monoclonal
antibody, anti-N-cadherin rabbit monoclonal antibody (Cell Signaling, Danvers, MA), anti-
α-SMA rabbit polyclonal antibody, anti-collagen I rabbit polyclonal antibody (Abcam), or
anti-fibronectin mouse monoclonal antibody (BD Biosciences). The HRP‑conjugated
goat anti-rabbit or anti-mouse IgG (GE Healthcare Bio-sciences) served as the secondary
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antibodies. The immunolabeled proteins were visualized by enhanced chemiluminescence. The
band intensity was analyzed densitometrically by using ImageJ software (NIH).

Bleomycin exposure and oral administration of SK-216
Female C57BL/6 mice were purchased from Charles River Laboratories (Kanagawa, Japan). All
animal experiments were approved by the animal ethics committee of Hiroshima University,
Japan (Permit Number: A10-100). All efforts were made to minimize animal suffering, includ-
ing anesthesia by using an intraperitoneal injection with pentobarbital. Mice were monitored
daily for signs of distress and changes in body weight. Mice were randomly allocated into three
weight-matched groups (n = 6 each group): PBS+DW group, PBS intratracheally instilled and
orally administered with distilled water; BLM+DW group, BLM intratracheally instilled and
orally administered with distilled water; BLM+SK-216 group, BLM intratracheally instilled and
orally administered with distilled water containing SK-216. On day 0, after anesthesia with
pentobarbital, mice were intratracheally instilled with PBS or PBS containing BLM (1.5) mg/kg
body weight, Nippon Kayaku, Tokyo, Japan) as previously described [18]. For the BLM+SK-
216 group, the mice were administered with distilled water on days from 0 to 8 and were given
distilled water containing SK-216 (1000ppm) on days from 9 to 21. Mice were sacrificed on
day 11 or 21 under deep anesthesia with pentobarbital for euthanasia.

Assessment of pulmonary fibrosis in mice
On day 11 after bleomycin injection, BALF was obtained as previously described [18] and lungs
were harvested for real-time quantitative RT-PCR. On day 21 after bleomycin injection, lungs
were harvested for hydroxyproline assay and histological examinations. The degree of pulmonary
fibrosis was determined by measuring hydroxyproline content in whole lung tissue as previously
described [16]. After perfusion with PBS, the right lungs were fixed with 4% paraformaldehyde
and embedded in paraffin for histological examinations. The sections were stained with hematox-
ylin and eosin (H&E) or Masson’s trichrome. Furthermore, for detection of α-SMA expression in
tissue cells, immunohistochemical staining with mouse anti-α-SMA antibody (1/500 dilution,
DAKO, Denmark) was performed using a Histofine Mousestain Kit (Nichirei, Tokyo, Japan).
The immunoreaction was visualized by incubation with diaminobenzidine (DAB) chromophoric
solution. The sections were then counterstained with Mayer’s hematoxylin.

Statistical analyses
Data are expressed as the mean ± SEM. The statistical significances were analyzed by the
Mann–Whitney U test or Student's t-test using SPSS software version 19 (SPSS Japan, Tokyo,
Japan). A p value of<0.05 was considered to be statistically significant.

Results

Effect of SK-216 on TGF-β-induced EMT
To determine whether PAI-1 is involved in TGF-β-induced EMT, we treated A549 cells with
TGF-β1 in the presence or absence of SK-216 and assessed the effects of SK-216 on changes in
morphology and expression patterns of EMT-related markers. As shown in Fig 1A, the treat-
ment of A549 cells with TGF-β1 transformed cobblestone-shaped epithelial cells into spindle-
shaped mesenchymal cells with loss of cell-cell contacts. However, the co-presence of SK-216
with TGF-β1 in the culture was shown to maintain epithelial cell like morphology of A549
cells. We performed a cell proliferation assay to evaluate the influence of SK-216 on the viabil-
ity of A549 cells. SK-216 did not affect the proliferation of A549 cells in the absence of TGF-β1
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but reversed the TGF-β-induced suppression in proliferation of A549 cells (Fig 1B). Next, we
investigated the relationship between these morphological changes and expression patterns of
epithelial and mesenchymal markers in A549 cells. As shown in Fig 1C, TGF-β1 treatment
decreased the expression level of E-cadherin and increased vimentin levels; however the co-
presence of SK-216 with TGF-β1 counteracted the decrease in E-cadherin expression level and

Fig 1. Effect of SK-216 onmorphological transformation and the expression of epithelial or mesenchymal markers in A549 cells undergoing TGF-
β-induced EMT.Cells were pre-incubated in the presence or absence of SK-216 (50, 100 μM) for 1 hour and then co-incubated with TGF-β1 (5 ng/ml). All
assays were performed after 48 hours of incubation. (A) Phase contrast images of A549 cells. A549 cells untreated with TGF-β1 maintained epithelial
cobblestone-shape with cell-cell contacts. The treatment with TGF-β1 transformed the cells into mesenchymal spindle-shape cells with loss of cell-cell
adhesion. The co-incubation with SK-216 reversed these TGF-β-induced morphologic alterations. Magnification: ×200. Scale bar = 100 μm. (B) Proliferation
of A549 cells after treatment with SK-216 and TGF-β1. (C) A549 cells stained for E-cadherin (green), vimentin (red) and nuclei (blue). Magnification: ×200.
Scale bar = 100 μm. (D) Fluorescence intensities for E-cadherin and vimentin. Results are expressed as Box plot of at least 6 fields. (E) Western blot analysis
of E-cadherin, vimentin, and N-cadherin. Data normalized to β-actin levels are shown as fold change from the control, and reflect the mean ± SEM of 3
independent experiments. (F) Measurement of total soluble collagen in the culture medium. Data are normalized to the amount of total protein in the cell
lysate. Results are expressed as the mean ± SEM of 4 independent experiments. *p <0.05, **p <0.01 vs untreated cells, #p <0.05, ##p <0.01 vs cells treated
with TGF-β1.

doi:10.1371/journal.pone.0148969.g001
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the increase in vimentin expression level. Fluorescence quantification showed that SK-216
restored the E-cadherin expression level eliminated by TGF-β1 and reduced the vimentin
expression level elevated by TGF-β1 (Fig 1D). We also analyzed the protein levels of EMT-
related markers in A549 cells using western blotting. As shown in Fig 1E, SK-216 reduced the
decrease of E-cadherin and the increase in vimentin and N-cadherin in TGF-β1-treated A549
cells. In addition, SK-216 was found to inhibit the TGF-β-induced increase of soluble collagen
in the culture supernatants of A549 cells (Fig 1F). We next tested mRNA expression levels of
EMT-related markers (E-cadherin, vimentin, N-cadherin), transcription factors (Snail and
Slug), and extracellular matrices (type I collagen and fibronectin) in A549 cells under the same
conditions. As shown in Fig 2, TGF-β1 treatment downregulated mRNA levels of E-cadherin
and upregulated mRNA levels of vimentin, N-cadherin, type I collagen α1 chain (COL1A1),
fibronectin, Snail, and Slug. However, the co-presence of SK-216 with TGF-β1 significantly
reversed these changes.

Effect of SK-216 on TGF-β-induced PAI-1 expression
TGF-β is a potent inducer of PAI-1 expression in various types of cells [19–21]. To assess
whether TGF-β induces PAI-1 expression in A549 cells even when EMT is being blocked by
SK-216, we evaluated PAI-1 concentration in the culture supernatants and mRNA expression
level of PAI-1 in these cells. As shown in Fig 3A and 3B, TGF-β1 stimulation significantly
increased PAI-1 levels in the supernatants and PAI-1 mRNA expression in A549 cells. How-
ever, the co-presence of SK-216 with TGF-β1 in the culture inhibited the elevation of PAI-1
levels in the culture supernatants and PAI-1 mRNA expression levels in the cells.

Fig 2. Effect of SK-216 onmRNA expression of epithelial or mesenchymal markers in A549 cells undergoing TGF-β-induced EMT. The cells were
pre-incubated in the presence or absence of SK-216 (50, 100 μM) for 1 hour and then co-incubated with TGF-β1 (5 ng/ml). After incubation for 24 hours, the
cells were harvested and total RNA was extracted. The mRNA expression shows E-cadherin as an epithelial marker; vimentin, N-cadherin, COL1A1, and
fibronectin as mesenchymal markers; and EMT-related transcription factors, Snail and Slug using real-time quantitative RT-PCR. Results are expressed as
fold change from the control and reflect the mean ± SEM of 4–5 experiments. *p <0.05, **p <0.01 vs untreated cells, #p <0.05, ##p <0.01 vs cells treated with
TGF-β1.

doi:10.1371/journal.pone.0148969.g002
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Production of endogenous TGF-β1 in A549 cells upon TGF-β-induced
EMT blocked by SK-216
We next investigated whether production of endogenous TGF-β was enhanced following TGF-
β-induced EMT in A549 cells and if this production was affected by SK-216. As shown in Fig
3C, the production of endogenous TGF-β1 was markedly elevated at 12, 24, and 48 hours after

Fig 3. PAI-1 expression (A-B) and production of endogenous TGF-β1 (C) in A549 cells when TGF-β-induced EMT was blocked by SK-216. (A-B) The
cells were pre-incubated in the presence or absence of SK-216 (50, 100 μM) for 1 hour and then co-incubated with TGF-β1 (5 ng/ml). After incubation for 24
hours, the cells and the supernatants of cell cultures were collected. (A) Active and total PAI-1 levels in the supernatants were measured using active and
total PAI-1 ELISA kit. Results are expressed as the mean ± SEM of 4 samples. (B) PAI-1 mRNA expression in the cells was measured using real-time
quantitative RT-PCR. Results are expressed as the mean ± SEM of 5 experiments. (C) The cells were pre-incubated in the presence or absence of SK-216
(100 μM) for 1 hour and then co-incubated with TGF-β1 (5 ng/ml). After incubation for 24 hours, the culture medium was replaced with serum-free medium.
The supernatants of cell cultures were collected at 12, 24, and 48 hours after the medium change. Endogenous TGF-β1 was analyzed by measuring the
concentration of TGF-β1 in the supernatants using TGF-β1 ELISA kit. Results are expressed as the mean ± SEM of 4 experiments. *p < 0.05, **p < 0.01,
***p < 0.001.

doi:10.1371/journal.pone.0148969.g003
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exogenous TGF-β1 stimulation. However, the co-treatment of A549 cells with SK-216 and
TGF-β1 significantly suppressed these elevations.

Effect of SK-216 on TGF-β-induced Smad and ERK phosphorylation in
A549 cells
Smad and ERK signaling are two important pathways for TGF-β-induced EMT [23–25]. To
assess the mechanism by which SK-216 blocks TGF-β-induced EMT, we evaluated the effects
of SK-216 on Smad2 and ERK1/2 phosphorylation in A549 cells undergoing EMT. As shown
in Fig 4, Smad2 and ERK1/2 were phosphorylated after the stimulation with TGF-β1 for 30
and 120 min. However, the co-presence of SK-216 with TGF-β1 did not inhibit these phos-
phorylations. This indicates that SK-216 inhibits TGF-β-induced EMT independent of these
pathways.

Effect of SK-216 on TGF-β-induced EMT in LA-4 cells
To confirm the effect of SK-216 on TGF-β-induced EMT in other alveolar epithelial cells, we
conducted an experiment using mouse lung epithelial LA-4 cells. As shown in Fig 5, the stimu-
lation with TGF-β1 downregulated E-cadherin mRNA expression and upregulated fibronectin
and α-SMAmRNA expression. However, the co-presence of SK-216 with TGF-β1 in the cul-
ture reversed these changes. These results indicate that SK-216 also inhibits TGF-β-induced
EMT in LA-4 cells. Vimentin was not used as an EMT-related marker for LA-4 cells because
TGF-β1 was found to decrease its mRNA levels (data not shown).

Effect of SK-216 on TGF-β-induced differentiation of fibroblasts to
myofibroblasts
Differentiation of fibroblasts to myofibroblasts is believed to play an important role in the pro-
gression of pulmonary fibrosis, and studies report a role for PAI-1 in this process [22, 26]. To

Fig 4. Effect of SK-216 on TGF-β-induced Smad2 and ERK1/2 phosphorylation in A549 cells. A549 cells were pre-incubated in the presence or
absence of SK-216 (50, 100 μM) for 1 hour and then co-incubated with TGF-β1 (5 ng/ml) for 30 and 120 min. The cell lysates were subjected to western
blotting with antibody against Smad2, phosphorylated Smad2, ERK1/2, and phosphorylated ERK1/2.

doi:10.1371/journal.pone.0148969.g004
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determine whether SK-216 exerts an inhibitory effect on TGF-β-induced differentiation of
fibroblasts to myofibroblasts, we evaluated the expression of α-SMA in MRC-5 cells treated
with TGF-β1 in the presence or absence of SK-216. The proliferation assay showed that in the
presence or absence of TGF-β1, 50 μM of SK-216 did not affect cell proliferation, but 150 μM
of SK-216 was able to suppress the proliferation of MRC-5 cells (Fig 6A). RT-PCR analysis
showed that TGF-β1 treatment increased the mRNA level of α-SMA in MRC-5 cells; whereas
co-treatment of MRC-5 cells with TGF-β1 and SK-216 significantly reversed this increase (Fig
6B). Furthermore, immunofluorescence staining for α-SMA demonstrated that the treatment
of MRC-5 cells with TGF-β1 enhanced the intensity of α-SMA staining and the co-treatment
with SK-216 blocked this enhancement (Fig 6C). Quantification of fluorescence intensity
revealed that SK-216 significantly reduced TGF-β-induced expression of α-SMA (Fig 6D).
Consistent with the results of RT-PCR and immunofluorescence staining, western blotting
analysis demonstrated that co-treatment with SK-216 significantly reduced TGF-β-induced
expression of α-SMA (Fig 6E). We also evaluated the effect of SK-216 on fibronectin and type I
collagen expression in MRC-5 cells treated with TGF-β1. In contrast to its effect on α-SMA
expression, SK-216 did not affect TGF-β-induced increases in fibronectin or type I collagen
expression at either the mRNA or protein level (Fig 6B and 6E). To examine whether SK-
216 inhibits TGF-β-induced myofibroblastic differentiation in other lung fibroblasts, we next
conducted experiments using ILD-derived and normal human primary lung fibroblasts. As
observed in MRC-5 cells, the co-treatment with SK-216 also blocked TGF-β-induced

Fig 5. Effect of SK-216 onmRNA expression of epithelial or mesenchymal markers in LA-4 cells
undergoing TGF-β-induced EMT. The cells were pre-incubated in the presence or absence of SK-216 (50,
100 μM) for 1 hour and then co-incubated with TGF-β1 (5 ng/ml). After incubation for 24 hours, the cells were
harvested and total RNA was extracted. The mRNA expression shows E-cadherin as an epithelial marker,
and fibronectin and α-SMA as mesenchymal markers using real-time quantitative RT-PCR. Results are
expressed as fold change from the control and reflect the mean ± SEM of 4 experiments. *p <0.05, **p <0.01
vs untreated cells, #p <0.05, ##p <0.01 vs cells treated with TGF-β1.

doi:10.1371/journal.pone.0148969.g005
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upregulation of α-SMA expression at both the mRNA and protein level in these primary lung
fibroblasts (Fig 7A–7C). Meanwhile, SK-216 marginally reduced TGF-β-induced expression of
fibronectin mRNA in ILD-derived human primary lung fibroblasts (Fig 7A), but fibronectin
protein levels were not affected in either primary lung fibroblast type (Fig 7B and 7C). SK-216
also did not affect either mRNA or protein expression of type I collagen in these primary lung
fibroblasts (Fig 7A–7C). Taken together, we can speculate that SK-216 significantly affects α-
SMA expression but its effect on extracellular matrix (ECM) production is negligible during
fibroblast to myofibroblast differentiation.

Fig 6. Effect of SK-216 on fibroblast to myofibroblast differentiation induced by TGF-β1 in MRC-5 cells. After pre-incubation in serum free medium for
24 hours, MRC-5 cells were pretreated in the presence or absence of SK-216 (50, 150 μM) for 1 hour followed by stimulation with TGF-β1 (5 ng/ml). Real-
time quantitative RT-PCR analysis was performed after incubation for 24 hours. Proliferation assay, immunofluorescence staining, and western blotting
analysis were performed after incubation for 48 hours. (A) Proliferation of MRC-5 cells after treatment with SK-216 and TGF-β1. (B) mRNA expression of α-
SMA, fibronectin, and COL1A1 in MRC-5 cells evaluated using real-time quantitative RT-PCR. Results are expressed as fold change from the control and
reflect the mean ± SEM of 4–5 experiments. (C) MRC-5 cells stained for α-SMA labeled with Zenon Alexa Fluor 488 (green) and nucleus labeled with DAPI
(blue). Magnification: ×400. Scale bar = 50 μm. (D) Fluorescence intensities for α-SMA in MRC-5 cells. Results are expressed as Box plot of at least 6 fields.
(E) Western blot analysis of α-SMA, fibronectin, and type I collagen. Data normalized to β-actin levels are shown as fold change from the control and reflect
the mean ± SEM of 3 independent experiments. *p <0.05, **p <0.01 vs untreated cells, #p <0.05, ##p <0.01 vs cells treated with TGF-β1.

doi:10.1371/journal.pone.0148969.g006
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Fig 7. Effect of SK-216 on fibroblast to myofibroblast differentiation induced by TGF-β1 in human primary lung fibroblasts. After pre-incubation in
serum free medium for 24 hours, ILD-derived and normal human primary lung fibroblasts were pretreated in the presence or absence of SK-216 (50, 150 μM)
for 1 hour followed by stimulation with TGF-β1 (5 ng/ml). Real-time quantitative RT-PCR analysis and western blotting analysis were performed after
incubation for 24 and 48 hours, respectively. (A) mRNA expression of α-SMA, fibronectin, and COL1A1 in ILD-derived human primary lung fibroblasts
evaluated using real-time quantitative RT-PCR. Results are expressed as fold change from the control and reflect the mean ± SEM of 4 experiments. (B-C)
Western blot analysis of α-SMA, fibronectin, and type I collagen in (B) ILD-derived and (C) normal human primary lung fibroblasts. Data normalized to β-actin
levels are shown as fold change from the control and reflect the mean ± SEM of 3 independent experiments. *p <0.05, **p <0.01 vs untreated cells, #p <0.05,
##p <0.01 vs cells treated with TGF-β1.

doi:10.1371/journal.pone.0148969.g007
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Effect of SK-216 on BLM-induced pulmonary fibrosis
Following the results that SK-216 suppressed TGF-β-induced EMT and differentiation of fibro-
blasts to myofibroblasts in vitro, we next investigated whether SK-216 exerts an antifibrotic
effect on BLM-induced pulmonary fibrosis in vivo. To accurately assess the antifibrotic activity
of SK-216 in vivo, SK-216 was started at day 9 after BLM injection when the fibrotic phase of
BLM-induced pulmonary fibrosis is thought to begin. No mice died during the study period.
The expression levels of PAI-1 mRNA in lung tissue and active PAI-1 level in BALF 11 days
after BLM injection were significantly higher in BLM+DWmice compared with PBS+DW
mice. SK-216 administration reversed these effects (Fig 8A and 8B). Similarly, the expression
level of α-SMAmRNAs in lung tissues was also higher in BLM+DWmice compared with PBS
+DWmice, whereas the administration of SK-216 was shown to counteract this elevation (Fig
8A). Although SK-216 administration tended to lower type I collagen α1 chain (COL1A1)
mRNA levels in lung tissues, the differences between BLM+DWmice and BLM+SK-216 mice
did not reach statistical significance (Fig 8A). However, as shown in Fig 8C, the increased
hydroxyproline content in the lungs in response to BLM injection was significantly reduced by
the administration of SK-216 during the fibrotic phase of BLM-induced pulmonary fibrosis. In
contrast to these inhibitory effects of SK-216, TGF-β1 levels in BALF from BLM+SK-216 mice
on day 11 did not differ from those of BLM+DWmice (Fig 8B). Histological and immunohis-
tochemical analyses demonstrated that the administration of SK-216 appeared to reduce the
extent of fibrotic changes and the degree of collagen deposition and α-SMA expression in
BLM-injured mice (Fig 8D). These results show that SK-216 also exerts anti-fibrotic effects in
vivo.

Discussion
In this study, we show that SK-216, a PAI-1 specific inhibitor, blocks TGF-β-induced EMT in
lung epithelial A549 cells. This inhibition of EMT by SK-216 reduces the TGF-β-stimulated
production of PAI-1 and endogenous TGF-β in A549 cells. In addition, SK-216 is effective at
inhibiting TGF-β-induced differentiation of MRC-5 lung fibroblasts into myofibroblasts.
These in vitro results suggest that the biological action of TGF-β in fibrotic processes can be
suppressed by inhibition of PAI-1. Furthermore, oral administration of SK-216 to BLM injured
mice reduces the degree of pulmonary fibrosis, suggesting that the inhibition of PAI-1 is effec-
tive at limiting pulmonary fibrosis in vivo.

The most interesting finding of the present study is that the biological effects of TGF-β on
EMT and fibroblast to myofibroblast differentiation were blocked by inhibiting PAI-1 using a
PAI-1 specific inhibitor. We previously showed that siRNA-mediated knockdown of PAI-1 in
LA-4 cells inhibits the induction of EMT by TGF-β [18], suggesting a role for PAI-1 during
TGF-β-induced EMT. The results of the present study strengthen the fact that PAI-1 is associ-
ated with TGF-β-induced EMT, and further confirm that PAI-1 is a potent downstream effec-
tor of TGF-β on EMT and fibroblast to myofibroblast differentiation.

TGF-β-mediated signaling pathways that induce EMT have been well studied. Although the
Smad signaling pathway is known to play a key role in TGF-β-induced EMT, non-Smad signal-
ing pathways, including mitogen-activated protein kinases (MAPKs) such as ERKs, the c-
junNH2-terminal kinases (JNKs), and the p38 MAPK, the phosphoinositide-3-kinase (PI3K),
and AKT have also been reported to mediate TGF-β-induced EMT [23–25]. Zhang et al.
showed that, in lung fibroblasts from BLM injured mice, transfection of siRNA against PAI-1
inhibited the phosphorylation of ERK and AKT, whereas overexpression of PAI-1 increased
these phosphorylations [26]. It has also been reported that recombinant PAI-1 enhances ERK
phosphorylation in mesangial cells [27]. These findings suggest that PAI-1 might activate the
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Fig 8. Effect of SK-216 on BLM-induced pulmonary fibrosis in mice.Mice were allocated into three groups: PBS+DW group, BLM+DW group, BLM+SK-
216 group. Mice were intratracheally instilled with PBS or PBS containing BLM (1.5 mg/kg body weight) on day 0. PBS+DW group; PBS intratracheally
instilled and orally administered with distilled water, BLM+DW group; BLM intratracheally instilled and orally administered with distilled water, BLM+SK-216

Inhibition of PAI-1 Blocks TGF-β-Dependent EMT

PLOSONE | DOI:10.1371/journal.pone.0148969 February 9, 2016 14 / 18



ERK signaling pathway. Based on these observations, we examined whether SK-216 would
inhibits Smad and/or ERK signaling pathways. However, western blot analysis of extracts from
A549 cells treated with TGF-β in the presence or absence of SK-216 revealed that SK-216 did
not affect the phosphorylation of Smad2 and ERK1/2. We also found that SK-216 inhibited
mRNA expression of Snail and Slug, transcriptional factors strongly associated with EMT.
Although we failed to elucidate the molecular mechanisms by which SK-216 blocked TGF-β-
induced EMT, the inhibition of Snail and Slug expressions by SK-216 suggests that SK-216
blocked TGF-β-mediated signaling pathways related to EMT other than Smad and ERK. As
another possible mechanism, the binding of PAI-1 to vitronectin is known to modulate cell-
matrix adhesion, cell migration, and cell phenotype via its interaction with integrins or uroki-
nase-type plasminogen activator receptor (u-PAR) [28–30] and a recent study indicates that
the vitronectin-binding function of PAI is more important for the progression of pulmonary
fibrosis than its anti-protease activity [31]. In this light, we suspected that SK-216 might block
the binding between PAI-1 and vitronectin and thus inhibit EMT. Unfortunately, however,
suitable assay systems to test this possibility were not available to us. Further investigation is
necessary to better understand the role of PAI-1 in TGF-β-induced EMT.

The differentiation of lung fibroblasts to myofibroblasts, which is characterized by high
expression of α-SMA, promotes the aberrant deposition of extracellular matrix and contributes
to the development of pulmonary fibrosis [32–34]. Huang et al. demonstrated that a PAI-1
inhibitor significantly suppressed the TGF-β-induced expression of α-SMA and fibronectin in
CCL-210 human lung fibroblasts [22]. Consistent with this report, we also found that SK-216
limited TGF-β-induced overexpression of α-SMA in MRC-5 cells and human primary lung
fibroblasts. These results confirm PAI-1 inhibition has the potential to block TGF-β-induced
differentiation of fibroblasts to myofibroblasts characterized by α-SMA expression. However,
unlike the results of Huang’s report [22], PAI-1 inhibition by SK-216 did not affect the expres-
sion of fibronectin and type I collagen in MRC-5 cells or primary lung fibroblasts. Although we
do not have a convincing explanation for this discrepancy, SK-216 significantly influenced α-
SMA expression, but its effect on ECM production was negligible during fibroblast to myofi-
broblast differentiation. These observations suggest that PAI-1 is involved in TGF-β-induced
differentiation into myofibroblasts, defined by α-SMA as a downstream effector.

In the present study, we have demonstrated that TGF-β-induced EMT stimulated the pro-
duction of both PAI-1 and endogenous TGF-β in A549 cells and the blockade of EMT by SK-
216 negated these effects of exogenous TGF-β. These results suggest that the induction of EMT
by TGF-β stimulated the expression of PAI-1 and TGF-β in A549 cells and again PAI-1 acts as
a downstream effector of TGF-β. In mesangial cells, PAI-1 is reported to activate the TGF-β1
gene promoter [35] and enhance the expression of TGF-β [27], suggesting that a positive feed-
back loop exists between PAI-1 and TGF-β. These observations imply that PAI-1 released by
A549 cells treated with TGF-β enhanced the production of TGF-β, and SK-216 was effective at
disrupting this positive feedback loop in the present study.

In our study, oral administration of SK-216 through drinking water was shown to limit the
development of BLM-induced pulmonary fibrosis in mice. We also found that administration
of SK-216 reduced active PAI-1 levels in BALF and PAI-1 mRNA expression in BLM-injured

group; BLM intratracheally instilled and orally administered with distilled water on days from 0 to 8 and distilled water containing SK-216 (1000ppm) on days
from 9 to 21. (A) mRNA expression levels of PAI-1, α-SMA, and COL1A1 in lung. Left lung harvested on day 11 was analyzed using real-time quantitative
RT-PCR. Results are expressed as fold change from the control. (B) Levels of active PAI-1 and TGF-β1 in BALF. BALF was collected on day 11. (C) The
degrees of pulmonary fibrosis were analyzed by measuring hydroxyproline contents in the whole lungs on day 21. (D) Histological and immunohistochemical
analysis of bleomycin-injured lung. Right lungs were excised and sectioned on day 21. Scale bar = 200 μm. Results are presented as the mean ± SEM of 6
mice per group. *p <0.05, **p <0.01 vs PBS+DW group, #p <0.05, ##p <0.01 vs BLM+DW group.

doi:10.1371/journal.pone.0148969.g008
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lung tissues. These results indicate that SK-216 counteracted PAI-1 activity and also reduced
PAI-1 production in the lung tissue. Furthermore, administration of SK-216 reduced α-SMA
expression in the BLM-injured lung at both protein and mRNA levels. This result is consistent
with in vitro findings. These data suggest that SK-216 can exert an antifibrotic effect even in
vivo and a therapeutic strategy targeting PAI-1 might become an option for treatment of pul-
monary fibrosis. Measurement of TGF-β levels in BAL fluids on day 11 after BLM treatment
(= 2 days after the start of SK-216 administration) showed that SK-216 administration did not
affect TGF-β levels in BAL fluids. This result is not consistent with in vitro findings that SK-
216 inhibited the production of endogenous TGF-β in A549 cells upon TGF-β-induced EMT.
Based on this discrepancy between the in vivo and in vitro results, we can speculate that TGF-β
production in bleomycin-treated mice is determined at a time point prior to the start of SK-
216 administration, and/or SK-216 does not suppress TGF-β production by cells other than
lung epithelial cells. Furthermore, we can speculate that the antifibrotic action of SK-216 is
mediated by the inhibition of the pro-fibrotic activity of TGF-β, but not by the reduction of
TGF-β production in vivo. We believe that the antifibrotic effect of SK-216 in vivo is also medi-
ated by its inhibitory effects on TGF-β-induced EMT and differentiation of fibroblasts to myo-
fibroblasts, but this possibility remains to be tested. Further investigations are necessary to
understand mechanisms involved in in vivo antifibrotic effects of PAI-1 inhibitors.

In conclusion, we demonstrated that treatment of cells with a PAI-1 inhibitor, SK-216,
blocked the occurrence of TGF-β-dependent EMT and differentiation of fibroblasts to myofi-
broblasts, suggesting that PAI-1 is a potent downstream effector of TGF-β in fibrotic processes.
In addition, oral administration of SK-216 was shown to limit the development of BLM-
induced pulmonary fibrosis in mice, suggesting that inhibition of PAI-1 in vivo exerts an antifi-
brotic effect. These results imply that targeting PAI-1 as a downstream effector of TGF-β can
become a promising therapeutic strategy for pulmonary fibrosis.

Author Contributions
Conceived and designed the experiments: KO NH TS YT TM TN HI KF HH NK. Performed
the experiments: KO TS TN. Analyzed the data: KO NH TS YT TM TN NK. Contributed
reagents/materials/analysis tools: KO TS YT TM. Wrote the paper: KO NH NK.

References
1. Selman M, King TE, Pardo A. Idiopathic pulmonary fibrosis: pre-vailing and evolving hypotheses about

its pathogenesis and implications for therapy. Ann Intern Med. 2001; 134: 136–151. PMID: 11177318

2. CowardWR, Saini G, Jenkins G. The pathogenesis of idiopathic pulmonary fibrosis. Ther Adv Respir
Dis. 2010; 4: 367–388. doi: 10.1177/1753465810379801 PMID: 20952439

3. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al.: ATS/ERS/JRS/ALAT Committee
on Idiopathic Pulmonary Fibrosis. An official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary
fibrosis: evidence-based guidelines for diagnosis and management. Am J Respir Crit Care Med. 2011;
183: 788–824. doi: 10.1164/rccm.2009-040GL PMID: 21471066

4. Giri SN, Hyde DM, Hollinger MA. Effect of antibody to transforming growth factor beta on bleomycin
induced accumulation of lung collagen in mice. Thorax. 1993; 48: 959–966. PMID: 7504843

5. Sime PJ, Xing Z, Graham FL, Csaky KG, Gauldie J. Adenovector-mediated gene transfer of active
transforming growth factor-beta1 induces prolonged severe fibrosis in rat lung. J Clin Invest. 1997;
100: 768–76. PMID: 9259574

6. Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG, Brumwell AN, et al. Alveolar epithelial cell
mesenchymal transition develops in vivo during pulmonary fibrosis and is regulated by the extracellular
matrix. Proc Natl Acad Sci USA. 2006; 103: 13180–13185. PMID: 16924102

7. Taylor MA, Parvani JG, SchiemannWP. The pathophysiology of epithelial-mesenchymal transition
induced by transforming growth factor-beta in normal and malignant mammary epithelial cells. J Mam-
mary Gland Biol Neoplasia. 2010; 15: 169–190. doi: 10.1007/s10911-010-9181-1 PMID: 20467795

Inhibition of PAI-1 Blocks TGF-β-Dependent EMT

PLOSONE | DOI:10.1371/journal.pone.0148969 February 9, 2016 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11177318
http://dx.doi.org/10.1177/1753465810379801
http://www.ncbi.nlm.nih.gov/pubmed/20952439
http://dx.doi.org/10.1164/rccm.2009-040GL
http://www.ncbi.nlm.nih.gov/pubmed/21471066
http://www.ncbi.nlm.nih.gov/pubmed/7504843
http://www.ncbi.nlm.nih.gov/pubmed/9259574
http://www.ncbi.nlm.nih.gov/pubmed/16924102
http://dx.doi.org/10.1007/s10911-010-9181-1
http://www.ncbi.nlm.nih.gov/pubmed/20467795


8. Willis BC, Borok Z. TGF-beta-induced EMT: mechanisms and implications for fibrotic lung disease. Am
J Physiol Lung Cell Mol Physiol. 2007; 293: 525–534.

9. Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du Bois RM, et al. Induction of epi-
thelial-mesenchymal transition in alveolar epithelial cells by transforming growth factor-beta1: potential
role in idiopathic pulmonary fibrosis. Am J Pathol. 2005; 166: 1321–1332. PMID: 15855634

10. Kasai H, Allen JT, Mason RM, Kamimura T, Zhang Z. TGF-beta1 induces human alveolar epithelial to
mesenchymal cell transition (EMT). Respir Res. 2005; 6:56. PMID: 15946381

11. Kim JH, Jang YS, Eom KS, Hwang YI, Kang HR, Jang SH, et al. Transforming Growth Factor β1
Induces Epithelial-to-Mesenchymal Transition of A549 Cells. J Korean Med Sci. 2007; 22: 898–904.
PMID: 17982242

12. Akhurst RJ, Hata A. Targeting the TGFβ signalling pathway in disease. Nat Rev Drug Discov. 2012;
11: 790–811. doi: 10.1038/nrd3810 PMID: 23000686

13. Potempa J, Korzus E, Travis J. The serpin superfamily of proteinase inhibitors: structure, function and
regulation. J Biol Chem. 1994; 269: 15957–15960. PMID: 8206889

14. Olman MA, Mackman N, Gladson CL, Moser KM, Loskutoff DJ. Changes in procoagulant and fibrino-
lytic gene expression during bleomycin-induced lung injury in the mouse. J Clin Invest. 1995; 96:
1621–1630. PMID: 7544811

15. Eitzman DT, McCoy RD, Zheng X, FayWP, Shen T, Ginsburg D, et al. Bleomycin-induced pulmonary
fibrosis in transgenic mice that either lack or overexpress the murine plasminogen activator inhibitor-1
gene. J Clin Invest. 1996; 97: 232–237. PMID: 8550840

16. Hattori N, Degen JL, Sisson TH, Liu H, Moore BB, Pandrangi RG, et al. Bleomycin-induced pulmonary
fibrosis in fibrinogen-null mice. J Clin Invest. 2000; 106: 1341–1350. PMID: 11104787

17. Ghosh AK, Vaughan DE. PAI-1 in Tissue Fibrosis. J Cell Physiol. 2012; 227: 493–507. doi: 10.1002/
jcp.22783 PMID: 21465481

18. Senoo T, Hattori N, Tanimoto T, Furonaka M, Ishikawa N, Fujitaka K, et al. Suppression of plasminogen
activator inhibitor-1 by RNA interference attenuates pulmonary fibrosis. Thorax. 2010; 65: 334–340.
doi: 10.1136/thx.2009.119974 PMID: 20388759

19. Albo D, Arnoletti JP, Castiglioni A, Granick MS, Solomon MP, Rothman VL, et al. Thrombospondin
(TSP) and transforming growth factor beta 1 (TGF-beta) promote human A549 lung carcinoma cell
plasminogen activator inhibitor Type1 (PAI-1) production and stimulate tumor cell attachment in vitro.
Biochem Biophys Res Commun. 1994; 203: 857–865. PMID: 8093068

20. Dennler S, Itoh S, Vivien D, ten Dijke P, Huet S, Gauthier JM. Direct binding of Smad3 and Smad4 to
critical TGF beta-inducible elements in the promoter of human plasminogen activator inhibitor-type 1
gene. EMBO J. 1998; 17: 3091–3100. PMID: 9606191

21. Samarakoon R, Higgins CE, Higgins SP, Kutz SM, Higgins PJ. Plasminogen activator inhibitor Type1
gene expression and induced migration in TGF-beta1-stimulated smooth muscle cells is pp60(c-src)/
MEK-dependent. J Cell Physiol. 2005; 204: 236–246. PMID: 15622520

22. HuangWT, Vayalil PK, Miyata T, Hagood J, Liu RM. Therapeutic value of small molecule inhibitor to
plasminogen activator inhibitor-1 for lung fibrosis. Am J Respir Cell Mol Biol. 2012; 46: 87–95. doi: 10.
1165/rcmb.2011-0139OC PMID: 21852684

23. Xie L, Law BK, Chytil AM, Brown KA, Aakre ME, Moses HL. Activation of the ERK pathway is required
for TGF-β1-induced EMT in vitro. Neoplasia. 2004; 6: 603–610. PMID: 15548370

24. Wendt MK, Allington TM, SchiemannWP. Mechanisms of the epithelial-mesenchymal transition by
TGF-beta. Future Oncol. 2009; 5: 1145–1168. doi: 10.2217/fon.09.90 PMID: 19852727

25. Piek E, Moustakas A, Kurisaki A, Heldin CH, ten Dijke P. TGF-(beta) type I receptor/ALK-5 and Smad
proteins mediate epithelial to mesenchymal transdifferentiation in NMuMG breast epithelial cells. J Cell
Sci. 1999; 112: 4557–4568. PMID: 10574705

26. Zhang YP, WangWL, Liu J, Li WB, Bai LL, Yuan YD, et al. Plasminogen activator inhibitor-1 promotes
the proliferation and inhibits the apoptosis of pulmonary fibroblasts by Ca(2+) signaling. Thromb Res.
2013; 131: 64–71. doi: 10.1016/j.thromres.2012.09.003 PMID: 23021499

27. Nicholas SB, Aguiniga E, Ren Y, Kim J, Wong J, Govindarajan N, et al. Plasminogen activator inhibitor-
1 deficiency retards diabetic nephropathy. Kidney Int. 2005; 67: 1297–1307. PMID: 15780082

28. Loskutoff DJ, Curriden SA, Hu G, Deng G. Regulation of cell adhesion by PAI-1. APMIS. 1999; 107:
54–61. PMID: 10190280

29. Scaffidi AK, Moodley YP, WeichselbaumM, Thompson PJ, Knight DA. Regulation of human lung fibro-
blast phenotype and function by vitronectin and vitronectin integrins. J Cell Sci. 2001; 114: 3507–3516.
PMID: 11682610

Inhibition of PAI-1 Blocks TGF-β-Dependent EMT

PLOSONE | DOI:10.1371/journal.pone.0148969 February 9, 2016 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/15855634
http://www.ncbi.nlm.nih.gov/pubmed/15946381
http://www.ncbi.nlm.nih.gov/pubmed/17982242
http://dx.doi.org/10.1038/nrd3810
http://www.ncbi.nlm.nih.gov/pubmed/23000686
http://www.ncbi.nlm.nih.gov/pubmed/8206889
http://www.ncbi.nlm.nih.gov/pubmed/7544811
http://www.ncbi.nlm.nih.gov/pubmed/8550840
http://www.ncbi.nlm.nih.gov/pubmed/11104787
http://dx.doi.org/10.1002/jcp.22783
http://dx.doi.org/10.1002/jcp.22783
http://www.ncbi.nlm.nih.gov/pubmed/21465481
http://dx.doi.org/10.1136/thx.2009.119974
http://www.ncbi.nlm.nih.gov/pubmed/20388759
http://www.ncbi.nlm.nih.gov/pubmed/8093068
http://www.ncbi.nlm.nih.gov/pubmed/9606191
http://www.ncbi.nlm.nih.gov/pubmed/15622520
http://dx.doi.org/10.1165/rcmb.2011-0139OC
http://dx.doi.org/10.1165/rcmb.2011-0139OC
http://www.ncbi.nlm.nih.gov/pubmed/21852684
http://www.ncbi.nlm.nih.gov/pubmed/15548370
http://dx.doi.org/10.2217/fon.09.90
http://www.ncbi.nlm.nih.gov/pubmed/19852727
http://www.ncbi.nlm.nih.gov/pubmed/10574705
http://dx.doi.org/10.1016/j.thromres.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23021499
http://www.ncbi.nlm.nih.gov/pubmed/15780082
http://www.ncbi.nlm.nih.gov/pubmed/10190280
http://www.ncbi.nlm.nih.gov/pubmed/11682610


30. Vial D, McKeown-Longo PJ. PAI1 stimulates assembly of the fibronectin matrix in osteosarcoma cells
through crosstalk between the alphavbeta5 and alpha5beta1 integrins. J Cell Sci. 2008; 121: 1661–
1670. doi: 10.1242/jcs.020149 PMID: 18445685

31. Courey AJ, Horowitz JC, Kim KK, Koh TJ, Novak ML, Subbotina N, et al. The vitronectin-binding func-
tion of PAI-1 exacerbates lung fibrosis in mice. Blood. 2011; 118: 2313–2321. doi: 10.1182/blood-
2010-12-324574 PMID: 21734232

32. Kuhn C, McDonald JA. The roles of the myofibroblast in idiopathic pulmonary fibrosis. Ultrastructural
and immunohistochemical features of sites of active extracellular matrix synthesis. Am J Pathol. 1991;
138: 1257–1265. PMID: 2024710

33. Zhang K, Rekhter MD, Gordon D, Phan SH. Myofibroblasts and their role in lung collagen gene expres-
sion during pulmonary fibrosis. A combined immunohistochemical and in situ hybridization study. Am J
Pathol. 1994; 145: 114–125. PMID: 7518191

34. Kendall RT, Feghali-Bostwick CA. Fibroblasts in fibrosis: novel roles and mediators. Front Pharmacol.
2014; 5: 123. doi: 10.3389/fphar.2014.00123 PMID: 24904424

35. Seo JY, Park J, Yu MR, Kim YS, Ha H, Lee HB. Positive feedback loop between plasminogen activator
inhibitor-1 and transforming growth factor-beta1 during renal fibrosis in diabetes. Am J Nephrol. 2009;
30: 481–490. doi: 10.1159/000242477 PMID: 19786738

Inhibition of PAI-1 Blocks TGF-β-Dependent EMT

PLOSONE | DOI:10.1371/journal.pone.0148969 February 9, 2016 18 / 18

http://dx.doi.org/10.1242/jcs.020149
http://www.ncbi.nlm.nih.gov/pubmed/18445685
http://dx.doi.org/10.1182/blood-2010-12-324574
http://dx.doi.org/10.1182/blood-2010-12-324574
http://www.ncbi.nlm.nih.gov/pubmed/21734232
http://www.ncbi.nlm.nih.gov/pubmed/2024710
http://www.ncbi.nlm.nih.gov/pubmed/7518191
http://dx.doi.org/10.3389/fphar.2014.00123
http://www.ncbi.nlm.nih.gov/pubmed/24904424
http://dx.doi.org/10.1159/000242477
http://www.ncbi.nlm.nih.gov/pubmed/19786738

