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Rho signaling pathway enhances proliferation of PASMC's
by suppressing nuclear translocation of Smadl in PAH
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Abstract. Bone morphogenetic protein (BMP) and Rho
kinase signaling pathways exert counter regulatory effects on
pulmonary artery smooth muscle cell (PASMC) proliferation
in pulmonary artery hypertension (PAH). To elucidate the
mechanism of this interaction, the present study tested whether
Rho kinase activated by platelet derived growth factor-BB
(PDGEF-BB) enhances PASMC proliferation by suppressing the
nuclear translocation of Smadl induced by BMP-2. BMP-2 was
used to activate the Smadl signaling pathway and PDGF-BB
was used to activate the Rho kinase signaling pathway
when cells were pretreated with or without Rho-associated
protein kinase (ROCK) inhibitor Y-27632 or dual specificity
mitogen-activated protein kinase kinase (MEK) 1 and 2
inhibitor U0126. Western blotting was used to determine the
expression of the components of the Rho signaling pathway, and
the expression of various variants of phosphorylated mothers
against decapentaplegic homolog (p-Smad)1 in the cytoplasm
and nucleus. Immunofluorescent staining was used to observe
subcellular distribution of p-Smadl. A cell counting kit was
used to analyze cell proliferation. Active RhoA/Rho kinase
signaling and decreased nuclear translocation of Smadl were
found in primary cultured PASMCs from the rat model of PAH
compared with the control PASMCs. Treatment with BMP-2
significantly increased nuclear accumulation of Smadl and
inhibited the proliferation of PASMCs. However, pretreat-
ment with PDGF-BB significantly decreased the nuclear
accumulation of Smadl induced by BMP-2 and enhanced the
proliferation of PASMCs. Furthermore, pretreatment with
Y-27632 or U0126 was found to restore the nuclear translocation
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of Smadl suppressed by PDGF-BB and decrease the prolifera-
tion of PASMC:s. In conclusion, the present study suggested that
Rho kinase activated by PDGF-BB suppressed BMP-2-induced
nuclear translocation of Smadl via the MEK/mitogen-activated
protein kinase and enhanced BMP-2-inhibited proliferation of
PASMCs.

Introduction

BMPs are a group of multi-functional growth factors of the
transforming growth factor § (TGF-p) superfamily. Binding
of BMP to BMP receptor type-2 (BMPR2) leads to phos-
phorylation of BMPRI1A, which activates its kinase activity and
phosphorylates regulatory Smads (R-Smads), including Smad1
at Ser463 and Ser465 (1). Phosphorylated R-Smads (p-Smads)
form complexes with common-partner Smads and translocate
into the nucleus to regulate transcription of target genes (2).

Loss of function and mutations in the BMPR2 gene have
been identified in ~80% of patients with familial pulmonary
artery hypertension (PAH) and in 11-40% of patients with
sporadic PAH (3-5). Reduced expression levels of BMPRIA
and BMPR?2 were also observed in the lungs of patients with
idiopathic and secondary PAH without detectable BMPR2
mutations (6,7) and in experimental animal models of PAH (8,9).
Expression and phosphorylation levels of Smadl significantly
decreased in lungs of rats with monocrotaline (MTC)-induced
PAH (10,11). The above evidence suggests that the BMP receptor
signaling is associated with the pathogenesis of PAH. However,
it remains to be elucidated how the BMP receptor signaling
causes PAH.

Smads have highly conserved N- and C-terminal regions,
termed mad homology (MH) 1 and MH2 domains, respec-
tively (12). The MH1 and MH2 domains are bridged by a
linker region with a variable length and consensus amino
acid sequences, which may be phosphorylated at Ser206 by
mitogen-activated protein kinase (MAPK) (13). The phosphory-
lation of Ser206 recruits E3 ubiquitin-protein ligase SMURF1
to the linker region and leads to degradation of Smadl and
interruption of nuclear translocation (12,14). Activated MAPK
signaling has been observed to be positively associated with the
occurrence and development of PAH. However, it remains to
be elucidated whether MAPK contributes to PAH by promoting
the degradation of Smadl (15,16). Previous studies suggested
the involvement of the RhoA/Rho kinase pathway in the
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pathogenesis of PAH induced by hypoxia, monocrotaline or high
blood flow (17-19). MAPK is one of the downstream signaling
molecules of the RhoA/Rho kinase pathway (20,21). The
authors of the present study hypothesized that the RhoA/Rho
kinase signaling pathway may promote the process of PAH by
attenuating the BMP signaling pathway.

In the present study, using an experimental rat model of
PAH, a primary culture of PASMCs was established and used
to analyze cell proliferation under differential drug treatment.
The present study aimed to establish whether the RhoA/Rho
kinase signaling pathway activated by PDGF-BB enhances the
proliferation of PASMCs by suppressing the nuclear transloca-
tion of Smad1 induced by BMP-2.

Materials and methods

Primary PASMC isolation and culture. A total of 30 Male
Sprague-Dawley (SD) rats (age, 4 weeks; weight 150-200 g) were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd.,
(Shanghai, China). Animals were housed under standard envi-
ronmental conditions with a regulated temperature (20-24°C)
and humidity (45-50%), with a 12 h light/dark cycle and free
access to food and water. Animals were then divided into two
groups (n=15). One group were subcutaneously injected with a
single dose of MCT (40 mg/kg body weight; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) to induce PAH as previ-
ously reported (22). The second group were subcutaneously
injected with an equal volume of normal saline as a control
and then fed normally for two weeks. The control SD rats and
PAH rats were subsequently anesthetized and pulmonary artery
systolic pressure was measured, as previously described, to
determine the establishment of the PAH model (23). All rats
were sacrificed and the lungs were harvested. Animal welfare
and experimental procedures were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals,
published by the Ministry of Science and Technology of
China (24), and were approved by the Animal Ethics Committee
of Shandong University.

Intralobar pulmonary arteries (2nd branches; 100-400 gm
diameter) were dissected, rinsed in cold PBS two times, and the
adventitia and endothelium were removed using scissors and
a cotton swab in PBS. Arteries were cut into small pieces and
dissociated in 0.25% pancreatin solution (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at 37°C for 30 min. The
dissociation solution was removed following centrifugation at a
speed of 200 x g for 5 min at 4°C, and 5 ml Dulbecco's Modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc.) was added to re-suspend the pellets.

Collected cells were cultured in 25 ml culture flasks for
3-5 days in 10% fetal bovine serum (FBS)-DMEM in a humidi-
fied atmosphere of 5% CO, at 37°C. Purity of the cultures was
assessed by morphological appearance using phase-contrast
microscopy (magnification, x200) and immunofluorescent
staining using selective anti-a-smooth muscle actin (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) antibody observed under
a fluorescence microscope at a magnification of x200. Cells
were used for experiments at passage 3-5.

PASMC treatment. PASMCs were cultured in 10% FBS-
DMEM at 37°C in a humidified atmosphere of 5% CO, to 95%

confluence. The medium was changed to 0.1% FBS-DMEM for
24 h and, subsequently, fresh 10% FBS-DMEM was added to
synchronize the cell cycle to the G, phase. Rho, in combination
with GTP, activates downstream Rho-associated protein kinase
(ROCK), phosphorylating its downstream substrates (25).
PASMC:s from the control rats were pretreated with the specific
drug Y-27632 (10 uM; Sigma-Aldrich; Merck KGaA) of ROCK
inhibitor, or U0126 (20 #M; Sigma-Aldrich; Merck KGaA) of
MEK1/2 inhibitor, were added 12 h prior to PDGF-BB (10 ng/ml;
PeproTech, Inc., Rocky Hill, NJ, USA) treatment to activate the
Rho kinase. PASMCs from PAH rats were pretreated 12 h prior
to PDGF-BB or BMP-2 (2 ng/ml; Peprolech, Inc., Rocky Hill,
NIJ, USA) treatment with the specific drugs Y-27632 or U0126
to activate Smadl.

Immunofluorescence staining. PASMCs from PAH rats at
different time-points following treatment (0-210 min) were
fixed in 4% paraformaldehyde at room temperature for 20 min
and permeabilized in 0.1% Triton X-100 in PBS at room
temperature for 20 min. Samples were then blocked with 5%
BSA at room temperature for 30 min. The fixed cells were
incubated with rabbit-phospho-Smadl (phosphorylation site,
Ser463/465; 1:1,000; cat. no. 13820; Cell Signaling Technology,
Inc., Danvers, MA, USA) primary antibodies at 4°C overnight
and a Rhodamine Red-labeled goat anti-rabbit immunoglobulin
G (1:2,000; cat. no. 305-295-003; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) secondary antibody at
room temperature for 60 min to assess nuclear translocation of
p-Smadl using confocal fluorescence microscopy (magnifica-
tion, x200). The nuclei were counterstained with DAPI (Roche
Diagnostics, Basel, Switzerland) at room temperature for 3 min.
A total of 10 images per group at each time point were randomly
selected to observe nuclear translocation and calculated the
percentage of cells with p-Smadl (Ser463/465) nuclear staining
using Image J software (National Institute of Health, Bethesda,
MD, USA).

Western blotting. Nuclear proteins were isolated using
nuclear protein extraction kit (Bestbio Corporation, Nanjing,
China) and the total cellular proteins were extracted using
total protein extraction kit (Bestbio Corporation, Nanjing,
JS, CN). Protein concentration was detected using a BCA
protein assay kit (Thermo Fisher Scientific, Inc.). A total
of 30 ug protein was loaded per lane and subjected to 12%
SDS-PAGE. Samples were then electrophoretically trans-
ferred to nitrocellulose membranes. Following blocking with
5% BSA at room temperature for 30 min, the membranes
were incubated with the following primary antibodies at 4°C
overnight: Rabbit-ROCKI1 (cat. no. 4035), mouse-MEK1
(cat. no. 2352), rabbit-phospho-MEK1/2 (Ser217/221; cat. no.
9154), mouse-ERK1/2 (cat. no. 4696), rabbit-phospho-ERK1/2
(Thr202/Tyr204; cat. no. 4376), rabbit-phospho-Smadl
(Ser206; cat. no. 9553), rabbit-phospho-Smadl (Ser463/465;
cat. no. 13820), rabbit-Smad1 (cat. no. 9743; 1:1,000; all Cell
Signaling Technology, Inc.), mouse-B-actin (1:1,000 dilution;
cat. no. 21800; Signalway Antibody LLC, College Park, MD,
USA) or rabbit-histone H3.1 (1:500; cat. no. 32667; Signalway
Antibody LLC). Subsequently, the membranes were incubated
with horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G (cat. no. 115-005-166) or goat anti-rabbit
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Figure 1. Expression levels of Smad] and proteins associated with the Rho signaling pathway. PASMCs were isolated from pulmonary arteries of control rats or
rat models of PAH and cultured. Total and nuclear proteins were extracted. (A) Protein levels of p-ERK1/2, ERK1/2, p-MEK1, MEK1 and ROCK1 in PASMCs
and PAH-PASMCs were measured by western blotting. (B) Total Smadl, p-Smad1 (Ser206) and nuclear Smadl (Ser463/465) protein expression levels were
measured by western blotting in PASMCs and PAH- PASMCs. "P<0.05. Data are presented as the mean + standard deviation, n=3. PAH, pulmonary artery
hypertension; ROCK1, Rho-associated protein kinase 1; p, phosphorylated; PASMC, pulmonary artery smooth muscle cell; ERK1/2, mouse-mitogen-activated
protein kinase; MEK1, dual specificity mitogen-activated protein kinase kinase; Smadl, mothers against decapentaplegic homolog 1.

immunoglobulin G (cat. no. 111-005-144; both 1:2,000;
Jackson ImmunoResearch Laboratories, Inc.) at room tempera-
ture for 60 min. Bands were identified through enhanced
chemiluminescence (ECL) using the Immobilon™ Western
Chemiluminescent HRP Substrate (EMD Millipore, Billerica,
MA, USA). Scanned images were inverted and quantified by
densitometric analysis with Quantity One 1-D software (version
4.6.9; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Histone
H3.1 and B-actin were used as loading controls for nuclear and
total cellular proteins, respectively.

Cell proliferation analyses. Cell proliferation was analyzed
using Cell Counting kit (Dojindo Molecular Technologies, Inc.,
Kumamuto, Japan) according to the manufacturer's protocol.
Briefly, PAH-PASMCs were cultured in a 96-well plate overnight
and were pre-treated with the specific drug (Y-27632 or U0126)
12 h prior to the PDGF-BB or BMP-2 treatment for 24 h. A total
of 10 ul of the WST-8 solution from the cell counting kit was
added to each well and incubated for another 4 h. Cell viability
was analyzed by measuring the absorbance at a wavelength of
570 nm using a microplate reader. The optical density value was
considered proportional to the number of living cells.

Statistical analysis. Data are presented as the mean + standard
deviation, one-way analysis of variance followed by a post-hoc

Bonferroni's test was performed using SPSS software (version
16.0; SPSS, Inc., Chicago, IL, USA) to compare the differences
between groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

RhoA/Rho signaling pathway is involved in PAH through
regulating the phosphorylation and degradation of Smadl.
To study the alterations in the RhoA/Rho and BMP signaling
in PAH, the protein expression levels of ROCK1, MEK1 and
ERK, as well as total Smadl and p-Smadl in PASMCs from
the control and PAH rats were determined. The expression
levels of ROCK1 increased in PASMCs from the PAH group
compared with the control rats (Fig. 1A). The same effect
was observed for the phosphorylated forms of MEK1, ERK
and Smadl (Ser206), but not the total proteins (Fig. 1A). The
increased phosphorylation of Smadl at Ser206 and decreased
expression levels of Smadl were observed in PAH-PASMC
compared with the control PASMCs (Fig. 1B). By contrast,
the nuclear expression levels of p-Smadl (Ser463/465), which
stimulates transcription of target genes, decreased in PASMCs
from the rat models of PAH compared with the control rats
(Fig. 1B). These results indicate that the Rho signaling pathway
was activated in PAH compared with the control group, leading
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Figure 2. Rho signaling pathway affects Smadl in an in vitro model of pulmonary artery hypertension. PASMCs were treated with 10 ng/ml Rho activator
PDGF-BB, 10 M ROCKI inhibitor Y-27632 and 20 M MEKI inhibitor U0126. After 12 h, total and nuclear proteins were extracted. (A) ERK1/2 and
p-ERK1/2 protein expression levels affected by the activation and inhibition of the Rho signaling pathway in PASMCs were measured by western blotting.
(B) Total Smadl, p-Smad1 (Ser206) and nuclear Smadl (Ser463/465) protein levels affected by the activation and inhibition of the Rho signaling pathway in
PASMCs were measured by western blotting. Data are presented as the mean + standard deviation, n=3. “P<0.05. ERK1/2, Smad1, mouse-mitogen-activated
protein kinase; p, phosphorylated; mothers against decapentaplegic homolog 1; PDGF-BB, platelet derived growth factor-BB; PASMC, pulmonary artery

smooth muscle cell.

to the degradation and decreased translocation of Smadl into
the nucleus.

To further confirm the role of the RhoA/Rho signaling in the
regulation of Smadl, the PASMCs from control rats were treated
with PDGF-BB, with or without Y-27632 or U0126 (the inhibi-
tors of ROCK or MEK1/2, respectively) to activate or inhibit
the RhoA/Rho signaling, respectively. Phosphorylation of
ERK increased following treatment with PDGF-BB compared
with the untreated control, but not following co-treatment with
Y-27632 or U0126 (Fig. 2A). Furthermore, decreased expres-
sion levels of Smadl and p-Smadl (Ser206) were observed in
PASMC:s treated with PDGF-BB compared with the untreated
control, but not in cells treated with PDGF-BB + Y-27632
or U0126 (Fig. 2B). Decreased expression levels of nuclear
p-Smadl (Ser463/465) were also observed in PASMCs treated
with PDGF-BB compared with the untreated control cells, but
not in PASMCs treated with PDGF-BB + Y-27632 or U0126
(Fig. 2B).

Taken together, the above data indicated that activation of the
RhoA/Rho signaling may lead to the degradation of Smadl and
the decrease in the nuclear translocation of p-Smadl, suggesting
that the RhoA/Rho signaling may be involved in PAH through
regulating Smadl.

RhoA/Rho activation inhibits BMP-2-induced nuclear
translocation of Smadl. To determine the dynamic interactions
between the RhoA/Rho and BMP-2 signaling, immunofluo-
rescent staining of p-Smadl was performed in PAH-PASMCs
under various drug treatments. Treatment with BMP-2 signifi-
cantly increased the levels of nuclear p-Smadl (Ser463/465),
which was observed from 30 to 120 min after treatment with
BMP-2 compared with the untreated PAH-PASMCs, the
maximum increase was at 60 min and markedly decreased
at 150 min following treatment with BMP-2 for 210 min
(Fig. 3A and B). Furthermore, an increase in the expression of
p-Smad1 (Ser463/465) and p-Smadl (Ser206), but not the total
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Figure 3. Activation of the Rho signaling pathway inhibits BMP-2-induced Smad1 expression in PAH. PAH-PASMCs were cultured and treated with 10 ng/ml
Rho activator PDGF-BB, 2 ng/ml Smad|1 activitor BMP-2, 10 M ROCK inhibitor Y-27632 and 20 xM MEKI inhibitor U0126. Immunofluorescence staining
results were measured at 0-210 min of the experiment. Or 12 h following treatment with final BMP-2, total and nuclear proteins were extracted, respec-
tively. (A) Representative confocal immunofluorescent staining micrographs of distribution of p-Smadl (Ser463/465) 60 min after exposure to activator
and inhibitor in PASMCs. The results were analyzed quantitatively. "P<0.05; Scale bar, 200 zm. (B) Changes of the percentage of cells positive for p-Smad
(Ser463/465) nuclear accumulation after activator and inhibitor exposure in PAH-PASMCs. “P<0.05. the BMP-2 group vs. the untreated group; “P<0.05 the
BMP-2+PDGF-BB group vs. the BMP-2 group; “P<0.05 the BMP-2+PDGF-BB+Y27632 or the BMP-2+PDGF-BB+U0126 group vs. the BMP-2+PDGF-BB
group. (C) Total Smadl, total p-Smadl (Ser206) and nuclear p-Smadl (Ser463/465) protein levels following activation of the Rho and BMP-2 signaling
pathways in PASMCs from rat models of PAH were measured by western blotting. “P<0.05. Data are presented as the mean + standard deviation, n=3. PAH,
pulmonary artery hypertension; PASMC, pulmonary artery smooth muscle cell; BMP-2, bone morphogenetic protein 2; PDGF-BB, platelet derived growth
factor-BB; Smadl, mothers against decapentaplegic homolog 1; p, phosphorylated.
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Smadl protein was observed in the cytoplasm and nucleus of the
PAH-PASMCs treated with BMP-2, compared with untreated
PAH-PASMCs (Fig. 3C). Pretreatment with PDGF-BB (12 h
before adding BMP-2) decreased the magnitude of nuclear
expression of p-Smadl (Ser463/465) induced by BMP-2
(Fig. 3A and B), as well as decreased the expression of p-Smad1
(Ser206) and total Smad1 protein,compared with PAH-PASMCs
treated with BMP-2 (Fig. 3C). Furthermore, pretreatment with
Y-27632 or U0126 (12 h before treatment with PDGF-BB)
rescued the BMP-2 induced nuclear translocation of p-Smadl
(Ser463/465) that was inhibited by PDGF-BB (Fig. 3A-C). In
addition, Y-27632 and U0126 rescued the PDGF-BB-decreased
expression of p-Smadl (Ser206) and total Smadl (Fig. 3C).

RhoA/Rho activation rescues BMP-2-inhibited proliferation of
PAH-PASMCs. Compared with the untreated PAH-PASMCs,
treatment with BMP-2 significantly decreased the viability of
PAH-PASMCs (Fig. 4). Pretreatment with PDGF-BB (12 h
after adding BMP-2) for 12 h rescued the decreased viability of
PAH-PASMC:s (Fig. 4). Furthermore, pretreatment (12 h before
adding PDGF-BB) with ROCK and ERK1/2 inhibitors, Y-27632
and U0126, counteracted the effect of PDGF-BB; the viability of
PAH-PASMC:s decreased to the comparable level to the group
of cells treated with BMP-2 only (Fig. 4).

Discussion

The results of the present study indicated that activation of
the Rho signaling pathway decreased Smadl and nuclear
translocation of p-Smadl in PAH-PASMCs. PDGF-BB, an
activator of the Rho signaling pathway, interfered with the
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Figure 4. Activation of the Rho signaling pathway promotes proliferation of
PAH-PASMC:s inhibited by BMP-2. PAH-PASMCs were cultured and treated
with 10 ng/ml Rho activator PDGF-BB, 2 ng/ml Smad] activitor BMP-2, 10 uM
ROCKTI inhibitor Y-27632 and 20 yM MEKI1 inhibitor U0126. 24 h following
treatment with final BMP-2, the proliferation of PAH-PASMCs affected by the
activation of the Rho kinase and BMP-2 signaling pathways was measured by
a WST-8 assay. "P<0.05. Data are presented as the mean + standard deviation,
n=3. PASMC, pulmonary artery smooth muscle cell; PAH, pulmonary artery
hypertension; PAH-PASMCs, PASMCs from rat models of PAH; BMP-2, bone
morphogenetic protein 2; PDGF-BB, platelet derived growth factor-BB.

BMP-2-stimulated nuclear translocation of p-Smadl via
a Rho/ROCK/MEK/ERK-dependent mechanism (Fig. 5).
PDGF-BB stimulated PASMC proliferation inhibited by BMP-2.

The present study demonstrated that PDGF-BB induced
degradation of Smadl through phosphorylation of Smadl at
Ser206, which reduced the nuclear translocation of this protein

PDGF-BB

CESlats Smad complex

_.E_.

F— @t

Co-Smads

Figure 5. Crosstalk between the Rho kinase and BMP-2 signaling pathways. Crosstalk between the Rho kinase and BMP-2 signaling pathways occur via the
phosphorylation of the Smadl linker region, which leads to the degradation or phosphorylation of its C-terminal, resulting in its translocation into the nucleus.
Linker region phosphorylation following the activation of the RHO kinase signaling pathway leads to Smad1 ubiquitination and degradation. The C-terminus
phosphorylation of Smadl induced by BMP-2 leads to nuclear the translocation of this protein. PDGF-BB, platelet derived growth factor-BB; Smad1, mothers
against decapentaplegic homolog 1; BMP-2, bone morphogenetic protein 2; p, phosphorylated; ub, ubiquitination; RhoA, transforming protein RhoA; GTP,
guanosine triphosphate; GDP, guanosine diphosphate; Co-Smads, common mediator mothers against decapentaplegic homologs; MEK, mitogen-activated
protein kinase kinase; ERK, mitogen-activated protein kinase; MH, mad homology domain.
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induced by BMP-2-mediated phosphorylation at Ser463/465.
These results suggest a novel molecular mechanism by which
the Rho kinase signaling may intercept the BMP signaling and
stimulate the proliferation of PAH-PASMCs. This implies that
p-Smadl may be a novel marker or a treatment target in PAH
therapy.

Previous studies indicated that the Rho kinase and BMP
signaling pathways serve important counter-regulatory roles
in pulmonary vascular hypertension (3-7,26-28). As an
important molecule, activated Rho kinase pathway partici-
pates in the pathogenesis of hypoxia-, monocrotaline- and
high pulmonary blood flow-induced PAH; treatment with
ROCK inhibitors reduces pulmonary artery pressure and
attenuates pulmonary arterial lesions in animal models of
PAH (18,19,26). In clinical trials, activated Rho kinase was
also detected in patients with PAH, and Rho kinase inhibitor
fasudil could decrease pulmonary artery pressure and
pulmonary artery resistance (27,28). By contrast, the BMP
signaling pathway exhibits meaningful effects on PAH. For
example, Luo et al (29) demonstrated that APN suppressed
the proliferation of PAH-PASMCs by regulating the
AMPK/BMP/Smad pathway. Furthermore, Zhang et al (30)
indicated that BMP-2 participates in the regulation of Ca(*")
signaling in PAH-PASMC:s, reducing cell proliferation and
migration (29,30). Mutations in BMPR?2 or reduced expres-
sion levels of BMPR2 and Smadl were observed in patients
with PAH and animal models of this disease (3-7).

Activation of Rho kinase and disruption of BMP signaling
both have been demonstrated to promote the proliferation of
PASMC:s (31,32). In the present study, PDGF-BB stimulated
proliferation of PASMCs by interfering with nuclear accumu-
lation of Smadl, suggesting that the Rho kinase signaling and
BMP signaling converge on Smadl.

Protein expression levels were determined by western
blotting to elucidate the mechanism of PDGF-BB-mediated
inhibition of nuclear accumulation of Smadl. PDGF-BB
inhibited BMP-2-induced nuclear accumulation of Smadl
through certain mechanisms, inducing degradation.
Furthermore, PDGF-BB stimulated the Rho signaling
pathway and increased Smadl phosphorylation at Ser206,
leading to the degradation of Smadl and the interruption of
nuclear translocation. Rho kinase has been demonstrated to
mediate the mitogenic effect of PDGF-BB on PASMCs in
PAH (33). MAPK was demonstrated to prevent nuclear trans-
location of Smads by phosphorylating the linker region (14).
In the present study, ROCK inhibitor or MEK1/2 inhibitor
reversed the PDGF-BB-mediated suppression of nuclear
translocation of Smadl. It may therefore be hypothesized
that PDGF-BB phosphorylates the linker region of p-Smadl
via the Rho kinase/MEK/ERK pathway, leading to its
degradation and decreased nuclear translocation. Increased
expression levels of p-Smadl (Ser206) were observed in
the PAH-PAMSCs treated with BMP-2 compared with
the untreated PAH-PAMSCs; however, treatment with
PDGF-BB decreased the expression levels of p-Smadl
(Ser206) compared with untreated cells. PDGF-BB treat-
ment increased p-Smadl (Ser206), leads to its degradation.
However, BMP-2 affected p-Smadl (Ser463/465), but not
p-Smadl (Ser206). The reason for the increase of p-Smadl
(Ser206) may be that BMP-2 is short-acting and decreases

its effect. The results of the present study indicate that Rho
kinase phosphorylates p-Smadl at the linker region and
BMP-2 phosphorylate Smadl at the C-terminal; these two
signaling pathways crosstalk at p-Smadl and exert counter
regulatory effects on the cell fate. Future studies are required
to further confirm this hypothesis, including those to detect
the phosphorylation of truncations, which contain different
lengths and locations of Smadl.

Rho-kinase appears to be a point of convergence of various
signal transduction pathways involved in the mechanism of both
primary and secondary PAH (31,34). The results of the present
study suggested that suppressed nuclear translocation of Smadl
is one of the mechanisms used by the activated Rho kinase to
stimulate the proliferation of PASMCs in PAH. In conclusion,
PDGF-BB-activated Rho kinase suppressed BMP-2-induced
nuclear translocation p-Smadl via MEKI1/ERK1/2 in rat
PASMCs.
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