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Abstract
Background/Aims: |diopathic pulmonary fibrosis (IPF) is a specific form of progressive and
chronic interstitial lung disease of unknown cause. IPF is characterized by excessive deposition
of extracellular matrix (ECM) and destructive pathological remodeling due to epithelial-to-
mesenchymal transition (EMT). Eventually, lung interstitium thickens and stiffens and breathing
becomes difficult. It has been well established that the transforming growth factor-f1
(TGF-B1)/Smad signaling pathway plays a critical role in the pathogenesis of pulmonary
fibrosis. TGF-B1-mediated activation of mitogen activated protein kinase (MAPK) family affects
Smad signaling. p90RSK is a serine/threonine kinase and is activated by the extracellular
signal-regulated kinase (ERK) signaling pathway. However, the roles played by p90RSK in
TGF-B1 signaling and the pathogenesis of pulmonary fibrosis remain unknown. Methods: We
investigated whether p90RSK regulates the pathogenesis of pulmonary fibrosis using in vitro
and in vivo systems and Western blotting, real-time quantitative PCR, transcriptional activity
assays and immunofluorescence studies. Results: Pharmacological inhibition of p90RSK by
FMK or inhibition of p90RSK with adenoviral vector encoding a dominant negative form of
p90RSK suppressed TGF-f1-induced ECM accumulation and EMT in lung epithelial cells and
fibroblasts. Interestingly, FMK significantly inhibited TGF-B1-induced smad binding element-
dependent transcriptional activity, but not Smad3 phosphorylation and nuclear translocation.
Furthermore, in a mouse model of bleomycin-induced lung fibrosis, FMK ameliorated
pulmonary fibrosis. Conclusion: These findings indicate that p90RSK plays critical roles in
pulmonary fibrosis, which suggests it be viewed as a novel therapeutic target for the treatment
of lung fibrosis.
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Introduction

Pulmonary fibrosis is a respiratory disease marked by lung tissue scarring and
consequent breathing problems [1]. Scar formation and the accumulation of excessive
fibrous connective tissue causes thickening and stiffening of tissue in and between air sacs,
and thus, impede oxygen supply to blood and the ability to breathe [2, 3]. In the majority
of pulmonary fibrosis cases, there is no known cause, and in such cases, the disease is
referred to as idiopathic pulmonary fibrosis (IPF). It is difficult to predict at disease onset
how rapidly the disease will progress in affected individuals. IPF has a mortality rate of
50% to 70% at 2 to 5 years after diagnosis [4]. Recently, pirfenidone and nintedanib have
been demonstrated to be clinically effective in IPF. Pirfenidone is an anti-fibrotic and anti-
inflammatory that was developed to treat IPF [5], and at a molecular level has been reported
to suppress fibroblast proliferation, TGF-1-induced collagen synthesis, and the productions
of the pro-inflammatory cytokines TNF-a and interleukin-1p (IL-1) in vitro and in vivo. In
a phase III trial, pirfenidone reduced IPF progression [6], but had several adverse effects,
which included hepatic dysfunction, gastrointestinal intolerance, skin reactions, weight
loss, anorexia, and fatigue. Thus, it has been recommended that patients taking pirfenidone
should be carefully monitored, particularly those with severe hepatic or advanced renal
dysfunction [7]. On the other hand, nintedanib is a small molecule tyrosine kinase inhibitor
that targets vascular endothelial growth factor receptor (VEGFR), fibroblast growth factor
receptor (FGFR), and platelet-derived growth factor receptor (PDGFR), which all potentially
underlie pulmonary fibrosis [8]. Nintedanib ultimately reduces proliferation, migration, and
survival of fibroblasts, and also probably attenuates angiogenesis in lungs [9]. Nintedanib
has also been reported to attenuate the histological features of pulmonary fibrosis and the
expressions of profibrotic genes in animal models of lung fibrosis. In two replicate phase
3 trials, nintedanib slowed IPF progression as evidenced by smaller annual reductions in
forced vital capacity [10]. The most common adverse reactions associated with nintedanib
therapy are gastrointestinal events, particularly diarrhea. Caution should be exercised
when a VEGFR inhibitor is administered to patients with an increased risk of bleeding or
gastrointestinal perforation or to patients at high risk of cardiovascular disease or with
known coronary artery disease. In addition, nintedanib is not recommended in patients
with moderate or severe liver disease [11]. Notably, these adverse effects frequently lead
to permanent treatment discontinuation, and thus, novel IPF therapeutics with no adverse
effects are urgently required.

Cytokines and growth factors play major roles as pathogenetic mediators of pulmonary
fibrosis [12]. In particular, TGF-$ is a pivotal pro-fibrotic cytokine that participates in the
development of pulmonary fibrosis by inducing cell differentiation, migration, invasion,
EMT, and collagen deposition [13]. A recent study demonstrated kaempferol, a nonselective
pharmacological inhibitor of p90RSK, inhibited liver diseases characterized by advanced
fibrosis, and thus, suppressed hepatic collagen deposition and the hepatic expressions of
profibrotic genes [14]. However, the roles played by p90RSK in TGF-f signaling and in the
pathogenesis of pulmonary fibrosis have not been determined. It has been reported that
many profibrotic growth factors such as CTGF, PDGF and FGF and their kinase signaling
cascades contribute to the pathogenesis of fibrotic lung diseases [15]. In fact, it has been
reported inhibition of MEK1/2-ERK1/2-p90RSK signaling pathway reduced PDGF-induced
cellmigration [16].In addition, FGF-2, a potent fibroblast mitogen, induced collagen synthesis
in lung fibroblasts and myofibroblasts, and ERK1/2 inhibition suppressed FGF-induced DNA
synthesis and the phosphorylations of ERK1/2 and p90RSK [17]. Furthermore, VEGF caused
the rapid activations of Raf-1, MAPK, and p90RSK in cardiac myocytes and fibroblasts [18].
Collectively these findings imply that kinases including p90RSK present a therapeutic target
in pulmonary fibrosis.

p90-kDa ribosomal S6 kinase (p90RSK) is a member of the serine/threonine kinase
family and is activated by the extracellular signal-regulated kinase (ERK) signaling pathway.
p90RSK is known to be involved in numerous signal transductions and to regulate diverse
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cellular processes including cell proliferation, growth, apoptosis, and transformation [19].
FMK (a fluoromethylketone) inhibits p90RSK by targeting the unique presence of threonine
and cysteine residues at two defined positions (Thr493 and Cys436) within the active site
of the C-terminal kinase domain of p90RSK [20, 21]. FMK also irreversibly inhibits the
C-terminal kinase activities of RSK1 and RSK2 (RSK isoforms) with remarkable specificity.
However, nothing is known of the effect of p90RSK on TGF-f31 signaling or of its involvement
in the pathogenesis of pulmonary fibrosis, and thus, we undertook to investigate the
involvements of p90RSK in these processes.

Materials and Methods

Cell culture

To determine the role of p90RSK in controlling TGF--induced fibrosis, we used in vitro model system
with lung fibroblasts and alveolar epithelial cells. Human lung fibroblasts (HLFs) and A549 cells (a human
alveolar epithelial cell line) were obtained from ATCC. HLF cells were cultured in Dulbecco’s modified
essential medium (DMEM, HyClone, Logan, UT, USA) supplemented with 10% FBS, 50 U/mL penicillin,
and 50 g/mL streptomycin. A549 cells were cultured in F12-K medium (GIBCO) supplemented with
10% FBS, 50 U/mL penicillin, and 50 g/mL streptomycin. Cells were incubated in a humidified 5% CO,
atmosphere at 37°C. To examine the epithelial-to-mesenchymal transition (EMT), A549 cells were treated
with an increasing concentration of FMK (2, 5, 10 uM) for 1 hour before incubation with 2 ng/mL TGF-$1
for 48 hours and collecting cells were applied to Western blotting analysis and quantitative real time RT-
PCR for EMT-related genes, such as E-cadherin and N-cadherin. Roles of myofibroblast differentiation and
extracellular matrix (ECM) molecule accumulation in controlling TGF-B-induced pulmonary fibrosis have
been established in lung fibroblasts. To examine the ECM and markers of myofibroblast differentiation, HLFs
were treated with an increasing concentration of FMK (2, 5, 10 uM) for 1 hour and then incubated with
TGF-B1 (2 ng/ml) for 24 hours. Collecting cells were applied to Western blotting analysis and quantitative
real time RT-PCR for ECM and myofibroblast differentiation-related genes, such as a-SMA, Calponin, SM22q,
Collagen, and Fibronectin.

Reagents and antibodies

Recombinant TGF-B1 was obtained from R&D systems (Wiesbaden Norderstedt, Germany). FMK, a
specific p90RSK inhibitor, was purchased from Axon Medchem (Groningen, Netherlands). Bleomycin and
dimethyl sulfoxide (DMSO) were from Sigma (St. Louis, MO, USA). Antibodies were purchased from the
following vendors: ERK1/2, p-ERK1/2, p-p90RSK, p-Smad3, and N-cadherin (Cell Signaling Technology,
Danvers, MA, USA); lamin B and Smad3 (Invitrogen, Carlsbad, CA, USA); fibronectin, RSK1, E-cadherin,
SM22a (Santa Cruz, Delaware, CA); collagen type I (Millipore, Billerica, MA, USA); collagen type III
(Fitzgerald, Acton, MA, USA); and tubulin (Sigma, St. Louis, MO).

Transcriptional response assays

Assays were conducted using the reporter plasmids pSBE-luc or p800-Luc containing the promoter
of smad binding elements or PAI-1, respectively. For transcriptional assays of Smad3, cells were transiently
co-transfected with the luciferase reporter plasmids (pSBE-Luc or p800-Luc) and pRL-tk. Transfection
efficiencies were normalized versus renilla luciferase activities derived from pRL-tk construct, as described
previously [22]. Luciferase activities were assessed in cell lysates using a Dual luciferase reporter assay kit
(Promega, Madison, WI, USA) and a Glomax 20/20 luminometer (Promega Madison, WI, USA).

Adenoviral vector and transduction

Ad-DN-p90RSK was used to investigate the effect of p90RSK on the TGF-f1/Smad signaling pathway.
Adenoviral vector encoding a dominant negative form of p90RSK (K94A/K447A, Ad-DN-p90RSK) was used
as previously described [23]. HLFs were transduced with adenoviruses at a multiplicity of infection (MOI)
of 1 or 10 for 24 hours in growth medium and then treated with or without TGF-1.
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Western blot analysis

Cells were lysed with RIPA lysis buffer supplemented with 1 mM PMSF and 0.01 mM PIC, incubated on
ice for 15 minutes, and centrifuged at 15,000 g for 10 minutes at 4°C. Protein concentrations in supernatants
were determined using a Bradford assay. Proteins were separated by SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) and transferred to PVDF (polyvinylidene difluoride) membranes, which
were immunoblotted with primary antibodies (1:1000) as indicated in figures and then with corresponding
secondary antibodies (1:5000). Signals were visualized using chemiluminescence detection regents (ECL;
Millipore, Billerica, MA) according to the manufacturer’s instructions.

Assays of Smad3 translocation

Cellular localizations of Smad3 were determined by Western blot of cytosolic and nuclear protein
fractions. Briefly, cells were lysed with lysis buffer A (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM DTT, 1 mM PMSF), incubated on ice for 20 minutes, and centrifuged (15,000 g for 2 minutes
at 4°C). Supernatants represented cytosolic compartments. Pellets were treated with lysis buffer B (20 mM
HEPES, 0.4M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF) and centrifuged for 10 minutes. The
supernatants obtained from pellets were taken to represent nuclear compartments. Cellular locations of
Smad3 were determined by immunoblotting cytosolic and nuclear compartments with Smad3 antibody.
Adequate separations of cytosolic and nuclear compartments were confirmed using specific antibodies
against tubulin and lamin B, respectively.

Immunofluorescence imaging

Cells pretreated with or without FMK and then with TGF-B1 (2 ng/ml) were fixed in 10% buffered
paraformaldehyde for 30 minutes and permeabilized for 5 minutes at room temperature. Cells were
then blocked with 5% normal goat serum in PBS-0.05% Tween-20 (PBS-T), incubated with anti-Smad3
antibody (1:100) overnight at 4°C, with FITC-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA, USA)
for 90 minutes, and counter-stained with DAPI (4’,6-diamidino-2-phenylindole) for 10 minutes at room
temperature. Signals were observed and recorded using a confocal microscope (Leica, Bannockbum, IL,
USA).

RT-qPCR

Expression levels of mRNAs were measured by quantitative real time RT-PCR (RT-qPCR) as described
previously [24]. Briefly, total RNA was isolated using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA), and
reverse transcription was conducted using TagMan reverse transcription reagents (Applied Biosystems,
Carlsbad, CA) according to the manufacturer’s instructions. RT-qPCR was conducted using 1 pl of template
cDNA and Power SYBR Green (Applied Biosystems, Carlsbad, CA) in an ABI PRISM 7500 unit (Applied
Biosystems, Carlsbad, CA). Quantification was conducted using the efficiency-corrected AACq method. The
primers used to amplify DNA sequences were as follows:

human PAI-1 forward 5-CCCTTTGCAGGATGGAACTA-3’

and reverse 5-ATGGCAATGTGACTGGAACA-3’,

human Fibronectin forward 5-AAGGTTCGGGAAGAGGTTGT-3"

and reverse 5'-CGAGTCATCCGTAGGTTGGT-3’,

human E-cadherin forward 5’-GGCCTGAAGTGACTCGTAACGA-3’

and reverse 5’- CAGCCGCTTTCAGATTTTCATC-3’,

human N-cadherin forward 5"-TCAGTGGCGGAGATCCTACT-3"

and reverse 5" -TGGTTTGACCACGGTGACTA-3,

GAPDH forward 5’-GGAGCCAAAAGGGTCATCAT-3’

and reverse 5-GTGATGGCATGGACTGTGGT-3".

Mouse and animal experiments

Specific pathogen free C57BL/6 mice were purchased from Samtaco (Seoul, Republic of Korea). Male
mice (25-30 g body weight) were intratracheally (i.t.) inoculated with bleomycin (0.75 unit/kg body weight
in 50 pL saline) to induce pulmonary fibrosis. To determine in vivo anti-fibrotic effect of FMK, mice were
inoculated with bleomycin with or without FMK treatment and sacrificed 3 and 5 days (for WB analysis)
and 14 days (for histological analysis) after BLM inoculation. In each experiment, 5 mice in each group
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was inoculated. Experiments were repeated two times and representative data are presented. To determine
the in vivo effect of FMK (a specific p90RSK inhibitor) on pulmonary fibrosis, FMK was i.p. administrated
to mice at 5 mg/kg every other day for 2 weeks. Vehicle controls were administered dimethyl sulfoxide
in the same manner. Protein was extracted from lung tissues, and levels of collagen type I, I1I, fibronectin,
p-p90RSK, p90RSK, p-Smad3, smad3, and tubulin were assessed by Western blot. In addition, lung tissues
were fixed in 10% buffered formaldehyde, paraffin embedded, and 5 um thick sections were immunostained
with p-p90RSK immunohistochemical staining, or stained with H&E (hematoxylin and eosin) or Masson'’s
trichrome (MTC). Positive signals of p-p90RSK in lung tissue sections stained with p-p90RSK antibody
were measured with Fiji Image]2 software (NIH, MD, USA) and expressed as optical densities of positive
signal (n=4). The quantitative histological analysis of lung fibrosis was performed by measuring the alveolar
air area in H & E stained lung tissues (n=4) using Image] version 1.52q (NIH, MD, USA) and expressed
as the percentage of alveolar air area. The quantification of collagen-positive areas in Masson Trichrome
stained lung tissues (n=4) were performed using Image] version 1.52q (NIH, MD, USA) and expressed as
the percentage of collagen positive area. All animal experiments were approved by the Institutional Animal
Care and Use Committee of Yeungnam University College of Medicine. All experiments were carried out in
accordance with the approved guidelines.

Statistical analysis

The significances of intergroup differences were determined using the Student’s t-test and multiple
group comparisons using ANOVA followed by Bonferroni’'s post hoc test. Results are presented as the
means*SDs of three independent experiments. The analysis was conducted using GraphPad prism Ver. 5.0
(Graph-Pad Software Inc.), and p values of <0.05 were considered statistically significant.

Results

p90RSK mediated TGF-f1-induced epithelial-to-mesenchymal transition

It has been reported that the induction of epithelial-to-mesenchymal transition (EMT)
by TGF-B1 is a key event in pulmonary fibrosis [25]. To determine the effect of p90RSK on
TGF-B1-induced EMT-related gene expressions, p90RSK was pharmacologically inhibited
with FMK or with adenovirus encoding a dominant negative form of p90RSK (Ad-DN-
p90RSK). Itis known E-cadherin is a specific marker of epithelial cells, and that N-cadherin is
specific marker of mesenchymal cells [26]. Biochemical data showed that FMK markedly and
concentration-dependently inhibited the TGF-f1-mediated down-regulation of E-cadherin
and the up-regulation of N-cadherin (Fig. 1A). Similarly, Ad-DN-p90RSK significantly inhibited
the TGF-B1-mediated down-regulation of E-cadherin and up-regulation of N-cadherin (Fig.
1B). In addition, both FMK and Ad-DN-p90RSK suppressed the TGF-B1-induced down-
regulation of E-cadherin mRNA expression and the up-regulation of N-cadherin mRNA
expression in A549 cells (Fig. 1C, D). These observations suggest that inhibition of p90RSK
blocks TGF-B1-mediated EMT.

p90RSK regulated TGF-f1-induced myofibroblast differentiation

Roles of myofibroblast differentiation and extracellular matrix (ECM) molecule
accumulation in controlling TGF-B-induced pulmonary fibrosis have been established in
lung fibroblasts [27]. By considering the critical roles of lung fibroblasts in pathophysiology
of lung fibrosis, we investigated whether p90RSK affects TGF-B1-induced specific markers
of myofibroblast differentiation in human lung fibroblasts (HLFs). Biochemical data showed
that FMK significantly and concentration-dependently inhibited the TGF-f1-induced protein
expressions of a-SMA, calponin, and SM22a (Fig. 2A). Similarly, Ad-DN-p90RSK markedly
inhibited TGF-B1-induced protein expressions of a-SMA, calponin, and SM22a (Fig. 2B).
These observations suggest p90RSK inhibition blocks TGF-31-mediated pulmonary fibrosis
by preventing myofibroblast differentiation.
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Fig. 1. p90RSK mediated TGF-B1-induced epithelial-to-mesenchymal transition. A: A549 lung epithelial
cells were treated with increasing concentrations of FMK for 1 hour and incubated with TGF-1 (2 ng/ml)
for 48 hours. Levels of E-cadherin, N-cadherin, p-p90RSK, and p90RSK were analyzed by immunoblotting.
Bar graphs present the densitometric results of Western blot bands. ANOVA: *, p<0.05 versus CON. f, p<0.05,
#, p<0.01 versus TGF-f1 treated. B: A549 cells were transduced with Ad-DN-RSK or Ad-LacZ for 1 day and
then treated with TGF-B1 (2 ng/ml) for 48 hours. Protein levels were analyzed by immunoblotting using
specific antibodies against E-cadherin, N-cadherin, p-p90RSK, p90RSK, and tubulin. Bar graphs present
the densitometric results of Western blot bands. ANOVA: *, p<0.05; **, p<0.01 versus CON. f, p<0.05, f,
p<0.01 versus TGF-f1 treated. C: A549 cells were pretreated with 10 pM FMK for 1 hour and then incubated
with TGF-B1 (2 ng/ml) for 48 hours. The mRNA levels of E-cadherin and N-cadherin were determined by
RT-qPCR. D: A549 cells were transduced with Ad-DN-RSK or Ad-LacZ for 1 day and treated with TGF-$1
(2 ng/ml) for 48 hours. The mRNA levels of E-cadherin and N-cadherin were determined by RT-qPCR.
Relative expression levels were normalized versus GAPDH. Results are presented as the means+SDs of three
independent experiments that produced similar results (*, p<0.05 versus CON. f, p<0.05, *f, p<0.01 versus
TGF-B1 treated.).
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Fig. 2. p90RSK regulated TGF-B1-induced myofibroblast differentiation. A: Human lung fibroblasts were
treated with increasing concentrations of FMK for 1 hour and then incubated with TGF-f1 (2 ng/ml)
for 24 hours. a-SMA, calponin, SM22a, p-p90RSK, p90RSK, and tubulin protein levels were assessed by
immunoblotting. Bar graphs present the densitometric results of Western blot bands. ANOVA: *, p<0.05; **,
p<0.01 versus CON. f, p<0.05, *, p<0.01 versus TGF-B1 treated. B: Human lung fibroblasts were transduced
with Ad-DN-RSK or Ad-LacZ for 1 day and treated with TGF-B1 (2 ng/ml) for 24 hours. Protein levels were
assessed by immunoblotting with specific antibodies against a-SMA, calponin, SM22a, p-p90RSK, p90RSK,
and tubulin. Bar graphs represent the densitometric results of western blot bands. Results are presented as
the means+SDs of three independent experiments. (*, p<0.05 versus CON. t, p<0.05, *, p<0.01 versus TGF-1
treated. (n=3).

p90RSK was involved in TGF-f1-induced ECM accumulation

The role played by p90RSK in TGF-B1l-induced expressions of ECM molecules were
examined in HLFs. FMK pretreatment significantly inhibited the TGF-B1-induced protein
expressions of type 3 collagen and fibronectin in fibroblasts (Fig. 3A). Similarly, TGF-$1-
induced protein expressions of type 3 collagen and fibronectin were also markedly inhibited
in HLFs transduced with Ad-DN-p90RSK (Fig. 3B). In addition, the TGF-B1-induced mRNA
expressions of fibronectin and PAI-1 were also significantly inhibited by FMK (Fig. 3C). These
results show p90RSK promotes the TGF-B1-induced expressions of ECM and profibrotic
genes.
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Fig. 3. p90RSK was involved in TGF-B1-induced ECM accumulation. A: Human lung fibroblasts were treated
with increasing concentrations of FMK for 1 hour and then incubated with TGF-$1 (2 ng/ml) for 24 hours.
Protein levels were assessed by immunoblotting with specific antibodies against collagen 1], fibronectin,
p-p90RSK, p90RSK, and tubulin. Bar graphs present the densitometric results of Western blot bands. ANOVA:
* p<0.05; **, p<0.01 versus CON. f, p<0.05, ™, p<0.01 versus TGF-B1 treated. B: Fibroblasts were transduced
Ad-DN-RSK or Ad-LacZ for 1 day and then treated with TGF-f1 (2 ng/ml) for 24 hours. Expression levels
of collagen III, fibronectin, p90RSK and tubulin were assessed by Western blotting. Bar graphs present the
densitometric results of Western blot bands. ANOVA: *, p<0.05; **, p<0.01 versus CON. f, p<0.05, *f, p<0.01
versus TGF-B1 treated. C: Fibroblasts were treated with 10 uM FMK in the presence of TGF-1 (2 ng/ml) for
6 hours. The mRNA levels of fibronectin and PAI-1 were determined by RT-qPCR. Relative expression levels
were normalized versus GAPDH. Results are presented as the means+SDs of three independent experiments
that produced similar results. *: p<0.05; **: p<0.01.

p90RSK inhibition did not influence the TGF-B1-induced C-terminal phosphorylation of

Smad3

To further elucidate the molecular mechanisms underlying the p90RSK-mediated
regulation of TGF-B1-induced fibrogenic responses, we evaluated the effect of p90RSK
inhibition on TGF-B1l-induced Smad3 activation in HLFs. Interestingly, neither FMK
pretreatment (Fig. 4A) nor Ad-DN-p90RSK transduction (Fig. 4B) inhibited TGF-1-induced
Smad3 phosphorylation. As expected, TGF-B1-induced ERK1/2 phosphorylation was not
affected by FMK and Ad-DN-RSK, suggesting that p90RSK may act as a downstream of
ERK1/2.
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Fig. 4. p90RSK did not affect C-terminal phosphorylation of Smad3 in response to TGF-B1. A: Human lung
fibroblasts were treated with 10 pM FMK for 1 hour and then incubated with TGF-f1 (2 ng/ml) for 15, 30,
or 60 minutes. Cell lysates were immunoblotted with antibodies of p-Smad3, Smad3, p-ERK1/2, ERK1/2,
p-p90RSK, p90RSK, and tubulin. Bar graphs present the densitometric results of Western blot bands. ANOVA:
* p<0.05; **, p<0.01. B: Fibroblasts transduced with Ad-DN-RSK or Ad-Lacz were treated with TGF-f1 (2
ng/ml) for 15, 30, or 60 minutes, and cell lysates were immunoblotted using p-Smad3, Smad3, p-ERK1/2,
ERK1/2, p90RSK, and tubulin antibodies. Bar graphs represent densitometric results of western blot bands.
Results are presented as the means+SDs of three independent experiments. *, p<0.05; **, p<0.01 (n=3).

p90RSK did not regulate the TGF-f1-induced nuclear translocation of Smad3

To determine whether p90RSK regulates TGF-f1-Smad3 cascade by regulating the
nuclear translocation of Smad3 in HLFs, we performed immunofluorescence staining for
Smad3 and Western blot analysis of cytosolic and nuclear protein fractions (Fig. 5). FMK
pretreatment did not inhibit the TGF-B1-induced nuclear translocation of Smad3, indicating
that p90RSK inhibition did not suppress the TGF-B1-induced nuclear translocation of Smad3
and p90RSK may regulate TGF-B1-mediated Smad3 signaling in downstream events after
nuclear translocation.
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Fig. 5. p90RSK was not involved in TGF-B1-induced nuclear translocation of Smad3. A: Human lung
fibroblasts were incubated with 10 uM FMK for 1 hour and then incubated with TGF-B1 (2 ng/ml) for
30 minutes. Cells were stained with anti-Smad3 antibody and nuclei were stained with DAPI. Cells were
visualized at x200 under an immunofluorescence microscope (Olympus, Tokyo, Japan). B: Fibroblasts were
pretreated with 10 pM FMK for 1 hour and then incubated with TGF-1 (2 ng/ml) for 30 or 60 minutes.
Nuclear and cytosol compartments were obtained by cellular fractionation as described in Materials and
Methods. Cellular localizations of Smad3 were determined by immunoblotting with anti-Smad3 antibody
and specific antibodies of lamin B1 and tubulin. Bar graphs represent densitometric results of Western
blot bands. Results are presented as the means+SDs of three independent experiments. *: p<0.05; N.S.: not
significant (n=3).

Inhibition of p90RSK blocked TGF-B1-induced Smad3 transcriptional activation and PAI-1

promoter activity

To determine whether p90RSK affects Smad3 transcriptional activation and PAI-
1 promoter activity, lung epithelial cells were transiently transfected with pSBE-luc or
p800-luc, which contains smad binding elements or PAI-1 promoter, respectively. PAI-1 is
a multifunctional glycoprotein that plays an important role in several progressive, chronic
fibrotic disorders [28], and TGF-B1 is a known inducer of PAI-1. FMK pretreatment inhibited
TGF-B1-induced SBE-dependent transcriptional activity (Fig. 6A) and PAI-1 promoter activity
(Fig. 6B). In addition, Ad-DN-p90RSK attenuated TGF-B1 signal to Smad3 transcriptional
activity (Fig. 6C) and PAI-1 promoter activity in A549 cells (Fig. 6D). To show the specificity
of reporter assay with the TGF-f signaling pathway, we used SIS3, a specific inhibitor of
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Fig. 6. p90RSK was involved in TGF-B1-induced Smad3 transcriptional activation and PAI-1 promoter
activity. A and B: A549 cells were transfected with pSBE-Luc or p800-Luc, which contain smad binding
elements or a fragment of PAI-1 promoter, respectively. Transfected cells were pretreated with FMK (10 pM)
or SIS3, a specific inhibitor of Smad3, and then treated with TGF-B1 (2 ng/ml) for 6 hours. C and D: A549
cells were transduced with Ad-LacZ or Ad-DN-p90RSK, transfected with pSBE-Luc or p800-Luc, and then
treated with TGF-B1 (2 ng/ml) for 6 hours. Luciferase activities in cell lysates were measured using the Dual
luciferase reporter assay kit and a Glomax 20/20 luminometer. Transfection efficiencies were normalized
versus renilla luciferase activity derived from pRL-tk construct. Results are presented as the means+SDs of
three independent experiments. *, p<0.05; **, p<0.01 versus CON. t, p<0.05, ¥, p<0.01 versus TGF-{1 treated.

Smad3, as a positive control (Fig. 6A, 6B). These observations suggest p90RSK plays a
critical mediating role in the profibrotic responses induced by TGF-f1 via the transcriptional
activation of Smad3.

Inhibition of p90RSK attenuated pulmonary fibrosis in our mouse model of pulmonary

fibrosis

To study the anti-fibrotic effect of p90RSK inhibition in vivo, we first assessed
p90RSK activation in lung tissues at 3 or 5 days after bleomycin inoculation in our mouse
model of lung fibrosis. p90RSK phosphorylation was greatly increased by administering
bleomycin i.t. (Fig. 7A). In addition, immunohistochemical analysis showed more intense
staining of p-p90RSK in lung tissues at 14 days after bleomycin administration (Fig. 7B).
We then examined the anti-fibrotic effect of FMK in our mouse model of lung fibrosis. FMK
pretreatment suppressed the protein expressions of ECM, type 1 and type 3 collagen, and
fibronectin in the lung tissues of bleomycin administered mice as compared with vehicle
controls (Fig. 7C). Furthermore, FMK markedly suppressed fibrogenic histological changes
(Fig. 7D) and collagen accumulation (Fig. 7E) in the lung tissues of the bleomycin model. In
addition, areas of consolidated fibrotic patches were greatly increased by bleomycin, but
markedly reduced by FMK. Taken together, these results suggest that inhibition of p90RSK
suppressed pulmonary fibrosis in vivo.
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Fig. 7. FMK treatment ameliorated bleomycin-induced lung fibrosis. A: Mice were examined at 3 or 5 days after
the intratracheal administration of bleomycin (BLM) as described in the Materials and Methods (n=>5). Lung tissue
lysates were immunoblotted with antibodies for phospho-p90RSK, p90RSK, and tubulin. Bar graphs represent
densitometric results of Western blot bands. B: To determine the in vivo effect of FMK (a specific p90RSK inhibitor)
on pulmonary fibrosis induced by BLM, FMK was i.p. administrated to mice at 5 mg/kg every other day for 14
days. Mice were analyzed at 14 days after the intratracheal administration of BLM (n=5). Protein expressions
of p-p90RSK in lung tissues were examined by immunohistochemistry. Positive signals of p-p90RSK in lung
tissue sections stained with p-p90RSK antibody were measured with Fiji Image]2 software (NIH, MD, USA) and
expressed as optical densities of positive signal (n=4). Data was presented as the Mean * Standard Deviation.
C: Mice were analyzed 14 days after BLM intratracheal administration in the presence or absence of FMK i.p.
injection, as described in Material and Methods (n=5). Lung tissue lysates were immunoblotted with antibodies
for collagen I, collagen II], fibronectin, p-p90RSK, p90RSK and tubulin. D: Histological sections of lung tissue were
stained with hematoxylin and eosin. The quantitative histological analysis of lung fibrosis was performed by
measuring the alveolar air area in H & E stained lung tissues (n=4) using Image] version 1.52q (NIH, MD, USA)
and expressed as the percentage of alveolar air area. Data was presented as the Mean * Standard Deviation. E:
Histological sections of lung tissue were stained with Masson Trichrome. The quantification of collagen-positive
areas in Masson Trichrome stained lung tissues (n=4) were performed using Image] version 1.52q (NIH, MD, USA)
and expressed as the percentage of collagen positive area. Data was presented as the Mean * Standard Deviation.
* p<0.05; **, p<0.01 versus CON. *, p<0.05, *, p<0.01 versus TGF-B1 treated, N.S.: not significant.
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Discussion

The present study was performed to determine whether inhibition of p90RSK suppresses
TGF-B1-induced EMT, ECM accumulation, and profibrogenic gene expressions in vitro and
in vivo. Interestingly, inhibition of p90RSK suppressed TGF-B1-induced ECM accumulation,
profibrogenic responses, and EMT in HLFs and in A549 lung epithelial cells (Fig. 1, 2, 3).
Although p90RSK inhibition significantly reduced TGF-B1-induced Smad3 transcriptional
activity, TGF-B1-stimulated C-terminal phosphorylation and nuclear translocation of Smad3
were found to be unaffected by p90RSK signaling (Fig. 4, 5, 6). Furthermore, in our mouse
model of bleomycin-induced lung fibrosis, FMK suppressed the development of pulmonary
fibrosis (Fig. 7).

p90RSK has been shown to be involved in diverse cellular processes such as cell
proliferation, apoptosis, and transformation and been implicated in atherosclerosis, heart
diseaseandliverdisease[14,23,29].Inapreviousstudy,the pP9ORSK-C/EBP3 phosphorylation
pathway was found to be critical for activating hepatic stellate cells during the progression
of liver fibrosis [30]. Buck et al. reported that blocking C/EBP-3-Thr217 phosphorylation
by blocking peptide with Thr/Ala mutation inhibited the development of lung fibrosis by
inhibiting lung myofibroblast activation [31], and in a recent study, it was demonstrated
that kaempferol, a nonselective pharmacological inhibitor of p90RSK, inhibited liver
diseases characterized by advanced fibrosis, suppressed hepatic collagen deposition, and
the expressions of profibrotic genes [14]. In contrast, little is known about the specific role
played by p90RSK in pulmonary fibrosis. In the present study, p90RSK regulated TGF-f31-
induced ECM accumulation and profibrogenic gene expressions in HLFs and A549 cells (Fig.
1, 2 and 3). In addition, FMK inhibited lung fibrosis in our bleomycin-induced murine model
of lung fibrosis (Fig. 7).

TGF-B has both canonical Smad-dependent signaling pathway and non-canonical Smad-
independent signaling pathway. In Smad-independent pathways, TGF-f3 activates MAPK
(including ERK1/2, JNK1/2/3, and p38/MAPKs) and PI3K/Akt pathways [32]. The p90RSK
is a group of serine/threonine kinase that plays a central role in the MAPK signaling cascade
and is the direct downstream effector of ERK1/2. In addition, it is well known that ERK1/2
activation directly phosphorylates and activates p90RSK [33]. Therefore, it is logical to think
that TGF-B-induced activation of p90RSK could be possibly mediated by ERK1/2. Since our
major interest is to determine how p90RSK regulates TGF-B-induced EMT process, we did
not focus on the activation mechanism of TGF-B-induced p90RSK, therefore it has to be
further clarified. In this study, we for the first time, as far as we know, report an important
role of p90RSK on pulmonary fibrosis by regulating Smad3 transcriptional activity.

In quiescent cells, p90RSK and CBP are associated in a complex, which inhibits p90RSK
kinase activity and CBP acetyltransferase activity. This complex dissociates when p90RSK is
phosphorylated after activation of the MAPK signaling pathway and regulates the activation
of histone acetyltransferase (HAT) and the acetylations of specific substrates that lead to the
coordinated modulation of gene expression [34]. Acetylation of Smad3 by acetyltransferase
CBP/p300 plays a critical role in the transcriptional regulatory function of Smad3. However,
it remains to be determined whether p90RSK inhibition blocks TGF-B1-Smad3 acetylation.
Recently, Jo et al. showed that kaempferol (a nonselective inhibitor of p90RSK) inhibits
TGF-B1-induced EMT, migration, and MMP-2 activation by inhibiting the phosphorylation
of Smad3 at Thr 179 in its linker region in A549 cells [35]. In line with these observations,
additional studies are needed to determine whether p90RSK activation is required for the
TGF-B1-mediated phosphorylation of the Smad3 linker region.
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Conclusion

In the present study, p90RSK positively regulated TGF-B1 signaling for Smad3
transcriptional activity, subsequent pro-fibrogenic responses, and EMT. Furthermore, in
our mouse model of bleomycin-induced lung fibrosis, FMK suppressed the development of
pulmonary fibrosis. These findings suggest targeting p90RSK might constitute a strategy for
preventing the progression of pulmonary fibrosis.
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