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Abnormal bone morphogenetic protein (BMP) signaling has been
implicated in the pathogenesis of pulmonary hypertension. We
previously found that BMP4elevatedbasal intracellular Ca21 ([Ca21]i)
concentrations in distal pulmonary arterial smooth muscle cells
(PASMCs), attributable in large part to enhanced store-operated
Ca21 entry through store-operated Ca21 channels (SOCCs). More-
over, BMP4 up-regulated the expression of canonical transient recep-
torpotential (TRPC)proteins thought tocomposeSOCCs.Thepresent
study investigated the signaling pathways through which BMP4 reg-
ulates TRPC expression and basal [Ca21]i in distal PASMCs. Real-time
quantitative PCR was used for the measurement of mRNA, Western
blotting was used for the measurement of protein, and fluorescent
microscopic for [Ca21]i was used to determine the involvement of p38
and extracellular regulated kinase (ERK)–1/2 mitogen-activated pro-
tein kinase (MAPK) signaling in BMP4–induced TRPC expression and
the elevation of [Ca21]i in PASMCs. We found that the treatment of
BMP4 led to the activation of both p38MAPK and ERK1/2 in rat distal
PASMCs. The induction of TRPC1, TRPC4, and TRPC6 expression, and
the increases of [Ca21]i caused by BMP4 in distal PASMCs, were
inhibited by treatment with either SB203580 (10 mM), the selective
inhibitor for p38 activation, or the specific p38 small interfering RNA
(siRNA). Similarly, those responses induced by BMP4 were also abol-
ished by treatment with PD98059 (5 mM), the selective inhibitor of
ERK1/2, orby the knockdownofERK1/2using its specific siRNA.These
results indicate that BMP4 participates in the regulation of Ca21 sig-
naling in PASMCsbymodulatingTRPCchannel expression via activat-
ing p38 and ERK1/2MAPK pathways.
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Pulmonary arterial hypertension (PAH) is a lethal disease charac-
terized by elevated pressure and vascular wall remodeling in pulmo-
nary arteries (PAs). Althoughmany years of extensive investigation
have advanced our understanding of PAH, the mechanisms under-
lying its pathogenic changes remain elusive. Studies using animal
models of chronic hypoxic pulmonary hypertension (CHPH) have
revealed that the basal intracellular Ca21 ([Ca21]i) concentration in
pulmonary arterial smooth muscle cells (PASMCs) is elevated,
and this elevation functions as a key element in the pathogenesis
of PAH by facilitating not only vasoconstriction but also the
growth and migration of cells (1–3). However, the detailed mo-
lecular mechanisms underlying this elevated change of [Ca21]i in
PASMCs are largely unclear.

In vascular smooth muscle cells, the rise of [Ca21]i can occur
through a depletion of Ca21 stores, increased Ca21 influx from
an extracellular source via Ca21 channels, or reduced Ca21

efflux via Ca21-ATPases and the Na1/Ca21 exchanger on the
plasma membrane (3, 4). In PASMCs during CHPH, the increases
in basal [Ca21]i and the maintenance of cell contraction appear
attributable to the activation of Ca21 influx through pathways
other than voltage-dependent Ca21 channels (VDCCs), because
the removal of extracellular Ca21, but not of VDCC blockers,
decreased [Ca21]i in PASMCs during chronic hypoxia, and re-
laxed arteries in chronically hypoxic rats (5). Store-operated
calcium channels (SOCCs) are believed to be composed of
members of transient receptor potential canonical (TRPC) fam-
ily, which assemble as either homotetramer or heterotetramer
channels and mediate store-operated calcium entry (SOCE) (6).
We recently demonstrated the predominant expression of TRPC1,
TRPC4, and TRPC6, and the presence of SOCE in PASMCs (7).
Exposure to chronic hypoxia enhanced the expressions of TRPC1,
TRPC6, and SOCE in rat distal PASMCs (1, 2). Using a specific
small interfering (si)RNA individually targeted to TRPC1 and
TRPC6, we found they both contributed to the hypoxic enhance-
ment of SOCE and the maintenance of elevated basal [Ca21]i in
PASMCs (8). These studies provided fundamental information
indicating that the elevation of basal [Ca21]i in PASMCs during
chronic hypoxia are in large part caused by enhanced SOCE via
the up-regulation of TRPC proteins.

Bone morphogenetic protein (BMP) family members comprise
multifunctional cytokines that play crucial roles during embryonic
development, organogenesis, and adult tissue remodeling by reg-
ulating cell proliferation, growth, differentiation, and apoptosis (9).
BMP4, which is essential for lung development, was recently
found to be up-regulated by hypoxia in murine lung tissue, driving
the proliferation and migration of PASMCs, and thus promoting
pulmonary arterial remodeling during the development of CHPH
(10–12). The signaling of BMP4 involves binding to its Type I and
Type II serine/threonine kinase receptors and the subsequent
activation of Smad-dependent and Smad-independent pathways,
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resulting in the regulation of a plethora of genes related to cell
function (13). The Smad pathway is the canonical pathway thought
to mediate the antiproliferative or proapoptotic effects of various
BMP ligands. Accumulating evidence indicates that the prolifera-
tive effects of BMP4 on PASMCs are transmitted through Smad-
independent pathways, including extracellular signal–regulated
kinase–1/2 (ERK1/2) and p38 mitogen-activated protein kinase
(p38 MAPK) signaling (14–16).

We previously demonstrated that BMP4 up-regulated TRPC1,
TRPC4, and TRPC6 expression, leading to enhanced SOCE and el-
evated basal [Ca21]i in distal PASMCs (3). In this study, we further
examined whether these effects of BMP4 are regulated through p38
MAPK–mediated and/or ERK1/2-mediated pathways.

MATERIALS AND METHODS

Rat Distal PASMC Culture

All procedures during our animal experiments were approved by the
Animal Care and Use Committees at the Johns Hopkins University
School of Medicine and the First Affiliated Hospital of Guangzhou
Medical University. Adult male Wistar rats (300–500 g) were used
to isolate distal pulmonary arteries (PAs, .4 generations) and grow
PASMCs, as previously described (3, 6). Briefly, the endothelium-
denuded pulmonary artery (PA) tissue was digested. Cells were
plated onto 35-mm dishes or six-well plastic dishes, and cultured for
3 to 4 days in smooth muscle growth medium–2 (SmGM-2; Clonetics,
Walkersville, MD) containing 5% serum. The cellular purity of
PASMCs in all experiments was assessed to be greater than 95% accord-
ing to a-actin immunostaining and cell counting under fluorescent mi-
croscopy.

BMP4, MAPK Inhibitors, and siRNA Treatments

After 24 hours of quiescence in smooth muscle basic medium (SmBM;
Clonetics) containing 0.3% serum, PASMCs were treated with 50 ng/ml
recombinant human BMP4 (R&D Systems, Minneapolis, MN) or an
equivalent volume of its vehicle (4 mM HCl containing 0.1% BSA) for
up to 60 hours. In inhibitor studies, PASMCs were pretreated with p38
MAPK inhibitor SB203580 (10 µM; Cell Signaling Technology, Dan-
vers, MA), ERK1/2 inhibitor PD98059 (5 µM; Cell Signaling Technol-
ogy), or their dissolvent dimethyl sulfoxide (DMSO) for 30 minutes.
The treatment of PASMCs with siRNA was modified from a previous
procedure (17). Briefly, cells were transfected with 50 nM siRNA for
24 hours, using GeneSilencer (Genlantis, San Diego, CA) before treat-
ments with BMP4. ERK1/2 and p38 MAPK siRNA were designed
and synthesized by GenePharma, Ltd. (Shanghai, China). The siRNA

sequences are included in Table 1. Nontargeting siRNA (Dharmacon,
Lafayette, CO) was used for control purposes.

Measurement of Intracellular Ca21 Concentrations

The basal [Ca21]i concentration in PASMCs was measured using Fura-
2 dye and fluorescent microscopy, as we described elsewhere (6, 29).
Briefly, cells were loaded with 7.5 mM Fura-2 acetoxymethyl (AM)
(Invitrogen, Carlsbad, CA) for 60 minutes at 378C in an atmosphere
of 5% CO2–95% air. The loaded coverslips with PASMCs were
mounted in a closed polycarbonate chamber, clamped in a heated alu-
minum platform (PH-2; Warner Instruments, Hamden, CT) on the
stage of a Nikon TSE100 Ellipse inverted microscope (Nikon, Melville,
NY), and perfused at 0.5–1 ml/minute with Krebs Ringer bicarbonate
(KRB) solution, which contained 118 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 0.57 mM MgSO4, 1.18 mM KH2PO4, 25 mM NaHCO3, and 10
mM glucose. The KRB solution was equilibrated with 5% CO2 and
16% O2 concentrations at 388C in heated reservoirs, and led via stain-
less steel tubing and a manifold to an inline heat exchanger (SF-28;
Warner Instruments), which rewarmed the perfusate just before enter-
ing the cell chamber. Chamber temperature was maintained at 378C with
an inline heat exchanger and dual-channel heater controller (SF-28 and
TC-344B; Warner Instruments). After perfusing the chamber for 10
minutes to remove extracellular dye, we measured Fura-2 fluorescence
emitted at 510 nm after excitation at 340 and 380 nm at 12- to 30-
second intervals in 15 to 30 cells using a xenon arc lamp, interference
filters, and an electronic shutter, and focused on PASMCs visualized
with a 320 fluorescence objective (Super Fluor 20; Nikon, Torrance,
CA). An electronic shutter (Vincent Associates, Rochester, NY) was
used to minimize photobleaching. Data were collected online with
InCyte software (Intracellular Imaging, Cincinnati, OH).

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from rat distal PASMCs, using an RNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. DNA from each RNA sample was removed by TURBO
DNA-free DNase I (Applied Biosystems, Grand Island, NY). Reverse
transcription was performed using StrataScript first-strand synthesis
system (Bio-Rad Laboratories, Carlsbad, CA). Synthesized comple-
mentary DNA was amplified by a standard PCR protocol, using
the iQ SYBR Green Supermix (Bio-Rad Laboratories). The primer
sequences for TRPC1, TRPC4, TRPC6, ERK1/2, p38, and cyclophilin
B were designed using the online program Primer3 (www-genome.
wi.mit.edu/cgi-bin/primer/primer3_www.cgi), and are listed in Table
1. Cyclophilin B was used as an internal control for DNA loading
during PCR. The PCR cycling conditions involved 30 seconds
at 958C for two cycles, followed by 45 cycles of 15 seconds at 948C,
20 seconds at 57.58C, and 2 seconds at 728C. The specificity of

TABLE 1. REAL-TIME QUANTITATIVE PCR PRIMERS AND siRNA SEQUENCES

Gene Accession Number Oligo DNA Sequence Product Size (bp) Location in Sequence

TRPC1 primers NM_053558 Left: 59-AGCCTCTTGACAAACGAGGA-39 146 797–942

Right: 59-ACCTGACATCTGTCCGAACC-39

TRPC4 primers NM_080396 Left: 59-GACACGGAGTTCCAGAGAGC-39 142 777–918

Right: 59-GTTGGGCTGAGCAACAAACT-39

TRPC6 primers NM_053559 Left: 59-TACTGGTGTGCTCCTTGCAG-39 141 1267–1407

Right: 59-GAGCTTGGTGCCTTCAAATC-39

ERK1 primers NM_017347 Left: 59-CTG GCTTTCTGACCGAGTATGTGG-39 498 598–1095

Right: 59-CAGCTCCTTCAGCCGCTCC-39

ERK2 primers NM_053842 Left: 59-TGAGCACCAGACCTACTGTCAGAG-39 265 172–436

Right: 59- GGTTGGAAGGCTTGAGGTCAC-39

Cyclophilin

B primers

NM_022536 Left: 59-GGACGAGTGACCTTTGGACT-39 118 170–287

Right: 59-TGACACGATGGAACTTGCTG-39

ERK1 siRNA NM_017347 Sense: 59-GCUACACCAAAUCCAUUGATT-39 689–707

Antisense: 59-UCAAUGGAUUUGGUGUAGCTT-39

ERK2 siRNA NM_053842 Sense: 59-CCAGGAUACAGAUCUUAAATT-39 1231–1249

Antisense: 59-UUUAAGAUCUGUAUCCUGGTT-39

p38 siRNA NM_031020 Sense: 59- GACCUCCUUAUAGACGAAUTT-39 1294–1312

Antisense:59-AUUCGUCUAUAAGGAGGUCTT-39

Definition of abbreviations: bp, base pairs; ERK, extracellular signal–regulated kinase; TRPC, transient receptor potential.
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amplification was confirmed by running the melting curve after each
PCR run. The cycle of threshold for samples and the real-time PCR
efficiency of each gene were generated by iCycler software (Bio-Rad
Laboratories). The copy numbers of target gene mRNAs were calcu-
lated using the method of Pfaffl (18).

Western Blot Analysis

Cells were lysed with TPER lysis buffer (Pierce, Rockford, IL) supple-
mented with proteinase inhibitors (Sigma Chemical Co., St. Louis,
MO). Cell lysate proteins were separated by 10% SDS-PAGE and then
transferred to polyvinylidene fluoride membrane (pore size of 0.45 mM;
Bio-Rad Laboratories). The proteins on membranes were blotted with
TRPC1 (Sigma Chemical Co.), TRPC4 (Santa Cruz Biotechnology,
Santa Cruz, CA), TRPC6 (Alomone Laboratories, Jerusalem, Israel),
and phospho-ERK1/2 or phospho–p38 MAPK (Cell Signaling Technol-
ogy, Inc.) antibodies. Membranes were also blotted with ERK1/2 (Cell
Signaling Technology, Inc.), p38 MAPK (Cell Signaling Technology,
Inc.), or a-actin (Sigma Chemical Co.) antibodies to serve as controls
for equal protein loading. The bound antibodies were probed with
peroxidase-labeled anti-rabbit or anti-mouse IgG (KPL, Inc., Gaithers-
burg, MD), and the signals were developed by enhanced chemilumines-
cence reagents (GE Healthcare, Piscataway, NJ).

Materials and Drugs

Unless otherwise specified, all reagents were obtained from Sigma-Aldrich
(St. Louis, MO). The recombinant human BMP4 stock solutions at 50
mg/ml were produced in 4 mMHCl containing 0.1% BSA. Stock solutions
of SB203580 (10 mM) and PD98059 (5 mM) were produced in DMSO.
Fura-2 AM was prepared on the day of the experiment as a 2.5-mM stock
solution in DMSO containing 20% pluronic F-127 (Invitrogen).

Statistical Analysis

Data in bar graphs are expressed as means6 SEMs, and n indicates the
number of experiments performed, which is the same as the number of

animals providing PASMCs. When Fura-2 fluorescence was measured
for assessing [Ca21]i, the number of cells in each experiment ranged
from 25 to 40, as indicated in figure legends. Statistics were analyzed
using ANOVA and the Student t test. If significant F ratios were ob-
tained with ANOVA, a pairwise comparison of means was performed
using t tests. Differences in comparisons at P , 0.05 were considered
significant.

RESULTS

Treatment of BMP4 Induced the Activation of p38

and ERK1/2 in Rat Distal PASMCs

BMP4 treatment led to p38 and ERK1/2 phosphorylation in
human PASMCs (14). To verify whether similar responses
also happened in rat cells, we treated rat distal PASMCs with
50 ng/ml BMP4 for various amount of time from 15 minutes
(0.25 hour) up to 60 hours, and observed the activation of p38
and ERK1/2 MAPKs by Western blotting. As shown in Fig-
ures 1A and 1B, p38 was activated by BMP4 early, as of 0.25
hour. The activation was sustained for up to 60 hours. In
contrast, the activation of ERK1/2 by BMP4 began at 0.25
hour, followed by reduced concentrations from 0.5 to 4 hours,
returning to baseline when observed at the 8-hour and 60-hour
time points (Figures 1C and 1D). These results indicate that
BMP4 challenge does cause p38 and ERK1/2 activation in rat
distal PASMCs.

Pretreatment with p38 and ERK1/2 Inhibitors

Prevented Their Activation by BMP4

To examine whether p38 and ERK1/2 signaling were involved
in BMP4–induced TRPC expression in rat distal PASMCs, we
first examined the efficacy and specificity of their inhibitors on
the BMP4-induced activation of p38 and ERK1/2. Cells were
pretreated with the p38 inhibitor SB203580 or the ERK1/2

Figure 1. Bone morphogenetic

protein (BMP)–4 increased p38

mitogen-activated protein kinase

(MAPK) and extracellular signal–
regulated kinase–1/2 (ERK1/2)

phosphorylation in rat distal

pulmonary arterial smooth mus-
cle cells (PASMCs). Cells were

treated with BMP4 (50 ng/ml) for

various times, from 0.25 hour up

to 60 hours. (A and C) Representa-
tive Western blots indicate changes

in the amount of phospho-p38

(P-p38; A) and phospho-ERK1/2

(P-ERK1/2; B) proteins in cell ly-
sates. Cells treated with vehicle

served as control samples (Cont).

Total p38 (T-p38) and ERK1/2

(T-ERK1/2) proteins were also
blotted to verify equal protein

loading among the samples.

(B and D) The intensity of P-p38
and P-ERK1/2 bands was standard-

ized according to that of their total

proteins in each sample. Values are

presented as percentages of Cont.
Bars represent means6 SEMs (n¼
5 in each group). *P, 0.05, versus

respective Cont.
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inhibitor PD98059, followed by treatment with BMP4 (50 ng/ml)
for 15 minutes. As shown in Figure 2, the inhibition of p38 by
SB203580 (10 mM) completely reversed p38 activation by BMP4
(Figures 2A and 2B), but did not affect BMP4-induced ERK
activation (Figures 2C and 2D). In contrast, the inhibition of
ERK1/2 by PD98059 (5 mM) abolished the ERK1/2 activation
induced by BMP4 (Figures 2C and 2D), without affecting p38
activation (Figures 2A and 2B). These results indicate that pre-
treatment with SB203580 and PD98059 is able to prevent spe-
cifically BMP4-induced activation on their target proteins p38
and ERK1/2, without detectable off-target effects.

Inhibition of p38 and ERK1/2 Prevented BMP4-Induced

Increases of TRPC1, TRPC4, and TRPC6 Expression

in Rat Distal PASMCs

Previously we found that BMP4 increased TRPC1, TRPC4,
and TRPC6 expression in rat distal PASMCs (19). To exam-
ine whether these effects were mediated through the activa-
tion of p38 and ERK1/2, we pretreated cells with SB203580
(10 mM) or PD98059 (5 mM) for 30 minutes, followed by
treatment with BMP4 (50 ng/ml) for 60 hours. As shown in
Figure 3, BMP4 caused significant increases of TRPC1,
TRPC4, and TRPC6 in both mRNA (Figures 3A–3C) and
protein (Figures 3D–3G) concentrations, which was consistent
with our previous results. However, in the presence of either
SB203580 or PD98059, these increases were essentially dimin-
ished (Figure 3), suggesting that both p38 and ERK1/2 signal-
ing are involved in the BMP4-induced up-regulation of TRPC
expression in PASMCs.

Knockdown of p38 and ERK1/2 by siRNA Inhibited

BMP4-Induced Increases of TRPC1, TRPC4, and TRPC6

Expression in Rat Distal PASMCs

To avoid the influence of any unknown, unspecific effects of p38
and ERK1/2 inhibitors on TRPC expression, we further used the
siRNA approach to test the effects of p38 and ERK1/2 knock-
down on BMP4-induced increases of TRPC expression in rat dis-
tal PASMCs. Cells were pretreated with nontargeting control
(NT), p38, or ERK1/2 siRNA (50 nM) for 24 hours, followed
by exposure to 50 ng/ml BMP4 for 60 hours. As shown in Figure
4A, treatment with p38 siRNA decreased p38 mRNA by more
than 85%, compared with nontargeted control siRNA, without
altering the mRNA expression of ERK1/2. Similar to p38 inhi-
bition by SB203580, the knockdown of p38 by p38 siRNA
caused significant decreases of TRPC1, TRPC4, and TRPC6
mRNA (Figure 4B) protein expression (Figures 4C and 4D) in
the presence of BMP4.

Similarly, treatment with siRNA targeted to ERK1/2 de-
creased ERK1/2 mRNA in PASMCs by more than 80%, com-
pared with NT siRNA–treated cells, without changing the
mRNA expression of p38 (Figure 5A). The knockdown of ERK1/2
by ERK1/2 siRNA significantly attenuated BMP4-induced increases
of TRPC1, TRPC4, and TRPC6 mRNA (Figure 5B) and protein
(Figures 5C and 5D) expression in rat distal PASMCs.

Inhibition of p38 and ERK1/2 Activation and Expression

Prevented BMP4-Induced Increases of Basal [Ca21]i

TRPC member proteins are believed to be components of
SOCCs, which can lead to enhanced SOCE, resulting in increases

Figure 2. SB203580 (SB) and

PD98059 (PD) inhibited BMP4-

induced p38 and ERK1/2 phos-
phorylation in rat distal PASMCs.

Cells were pretreated with

DMSO, p38 inhibitor SB203580

(10 mM), or ERK1/2 inhibitor
PD98059 (5mM) for 30minutes,

and were then incubated with

BMP4 (50 ng/ml) or its vehicle
(Vehi) for 15 minutes. (A and C)

Representative Western blots

indicate the changes in the

amount of phospho-p38 (P-
p38; A) and phospho-ERK1/2

(P-ERK1/2; C) proteins in cell

lysates. Total p38 (T-p38) and

ERK1/2 (T-ERK1/2) proteins
were also blotted to verify equal

protein loading among the

samples. (B and D) The intensity

of the P-p38 and P-ERK1/2
bands was standardized accord-

ing to that of their total proteins

in each sample. Values are
presented as percentages of

DMSO 1 Vehi. Bars represent

means 6 SEMs (n ¼ 3 in each

group). *P , 0.05, compared
with respective vehicle con-

trol. **P , 0.05, compared

with DMSO 1 BMP4.
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of basal [Ca21]i upon activation or an increase in number of
SOCCs. Previous studies demonstrated that increases in TRPC
expression were responsible for the increases of basal [Ca21

]i in PASMCs (8). Therefore, we further observed the func-
tional influence of the inhibition of p38 and ERK1/2 activation
by their inhibitors and the knockdown of their expression on
basal [Ca21]i in BMP4 (50 ng/ml)–treated PASMCs. As shown
in Figure 6, pretreatment with either the p38 inhibitor
(SB203580) or the ERK1/2 inhibitor (PD98059) prevented
the increases in [Ca21]i caused by BMP4 (Figure 6A). The
knockdown of p38 and ERK1/2 produced similar results in
terms of their inhibitors (Figure 6B).

DISCUSSION

As was schematically illustrated in Figure 7, the present study pro-
vided evidence indicating that the induction of TRPC1, TRPC4,
and TRPC6 expression and the elevation of basal [Ca21]i by
BMP4 depends on the activation of p38 and ERK1/2 in distal
PASMCs. According to the evidence gathered here, (1) BMP4
induced the phosphorylation of both p38 and ERK1/2 in rat distal
PASMCs; (2) the inhibitors of either p38 or ERK1/2 activation
prevented these TRPC and [Ca21]i responses to BMP4; and (3)
the knockdown of either p38 or ERK1/2 expression also pre-
vented the TRPC and [Ca21]i responses to BMP4.

Although both proximal and distal PAs undergo profound
remodeling during the development of CHPH, their structural
changes and the underlying cellular and molecular mechanisms
appear to be different (20). The distal PAs are considered to be

more important than the proximal PAs in the pathogenesis of
CHPH, because the distal small peripheral pulmonary arteries
are more susceptible to structural changes during chronic expo-
sure to hypoxia (21–24), and they constitute the primary site of
hypoxic pulmonary vasoconstriction (HPV) in the pulmonary
vasculature (25). During many years of effort to elucidate the
mechanisms of differential remodeling properties and differen-
tial HPV responses of proximal and distal PAs, many discrep-
ancies between proximal and distal PASMCs have been
explored, such as their proliferative responses to various growth
factors (e.g., platelet-derived growth factor, angiotensin II, and
transforming growth factor–b1) and hypoxia (26), the hypoxia-
induced changes in [Ca21]i (27), the distribution of inositol
1,4,5-trisphosphate and ryanodine receptors in sarcoplasmic re-
ticulum Ca21 stores (28), and the expression level and function
of voltage-gated potassium channels and SOCCs (17, 29). In
particular, although both Smad and MAPK pathways were
found to be activated to a similar extent in response to BMP4
in proximal and peripheral human PASMCs, the two types of
cells seem to differ in their mechanism for the integration of
these signals. As a result, proximal and peripheral human
PASMCs exhibited opposing proliferative responses to BMP4:
whereas the proliferation of proximal human PASMCs was
inhibited, the proliferation of peripheral human PASMCs was
promoted (14). Consistent with this finding, the CHPH-
associated vascular wall thickening in small pulmonary vessels
was greatly inhibited in mice with a partial deficiency of BMP4
(12). The mechanisms underlying these discrepant responses to
BMP4 between proximal and distal PASMCs are not entirely

Figure 3. SB203580 and
PD98059 inhibited BMP4-

induced transient receptor po-

tential (TRPC)–1, TRPC4, and
TRPC6 expression in rat distal

PASMCs. Cells were pretreated

with DMSO, p38 inhibitor

SB203580 (10 mM), or ERK1/
2 inhibitor PD98059 (5 mM)

for 30 minutes, and were then

incubated with BMP4 (50

ng/ml) or an equal amount
of BMP4 vehicle (Vehi) for

60 hours. (A–C) Real-time PCR

demonstrated that the induc-

tion of TRPC1 (A), TRPC4 (B),
and TRPC6 (C) mRNA in re-

sponse to BMP4 was inhibited

by SB203580 and PD98059.
The data are presented as per-

centages of DMSO 1 Vehi. (D)

Representative Western blots

show the effects of SB203580
and PD98059 on the protein ex-

pression of TRPC1, TRPC4, and

TRPC6 induced by BMP4. (E–G)

Intensity of the TRPC1 (E),
TRPC4 (F), and TRPC6 (G) bands

was standardized by a-actin in

each sample. Bar values indicate
means 6 SEMs (n ¼ 3 in each

group). *P , 0.05, compared

with the respective DMSO 1
Vehi. **P , 0.05, compared
with the respective DMSO 1
BMP4.
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clear, but these discrepancies may involve the differential
utilization of downstream signaling by these cells, reflecting the
context-specific nature of transforming growth factor (TGF)–
b/BMP responses (14, 30). Therefore, instead of proximal cells,
we chose distal PASMCs to start with in this study, with the long-
term ultimate goal of elucidating the mechanisms behind the role
of BMP4 in CHPH.

Three Type I (ALK2, BMPRIa, and BMPRIb) and three
Type II (BMPRII, ActRIIa, and ActRIIb) serine–threonine

kinase receptors are known to be involved in the signaling
transduction of BMP4 (31). According to generally accepted
knowledge, the binding of BMP4 to one of the constitutively
active Type II receptors triggers the recruitment and phosphor-
ylation of a Type I receptor. The Type I receptor subsequently
causes downstream Smad-dependent and Smad-independent
signaling transduction (13). In the case of Smad-dependent sig-
naling, the activated receptor–regulated Smad proteins such as
Smad1, Smad5, or Smad8 form complexes with their common

Figure 4. Effects of p38 small interfering RNA

(siRNA) on BMP4-induced TRPC1, TRPC4, and

TRPC6 expression in rat distal PASMCs. Cells

were pretreated with p38 siRNA (50 nM) or an
equal amount of nontargeting control siRNA (NT

siRNA) for 24 hours, and were then incubated

with BMP4 (50 ng/ml) for 60 hours. (A) p38

and ERK1/2 mRNA relative to cyclophilin B
(CpB) was determined by real-time quantitative

PCR. (B) TRPC1, TRPC4, and TRPC6 mRNA rela-

tive to CpB was determined by real-time quanti-
tative PCR. (C) Representative Western blots of

TRPC1, TRPC4, TRPC6, and a-actin protein. (D)

Bar graph shows protein expression levels for

TRPC1, TRPC4, and TRPC6 relative to a-actin.
Data are presented as percentages of the respec-

tive NT siRNA. Bar values indicate means6 SEMs

(n ¼ 3 in each group). *P , 0.05, versus respec-

tive NT siRNA–treated cells.

Figure 5. Effects of ERK1/2 siRNA on BMP4-

induced TRPC1, TRPC4, and TRPC6 ex-

pression in rat distal PASMCs. Cells were
pretreated with ERK1/2 siRNA (50 nM) or an

equal amount of nontargeting control siRNA

(NT siRNA) for 24 hours, and were then incu-

bated with BMP4 (50 ng/ml) for 60 hours. (A)
ERK1/2 and p38 mRNA relative to cyclophilin

B (CpB) was determined by real-time quantita-

tive PCR. (B) TRPC1, TRPC4, and TRPC6

mRNA relative to CpB was determined by re-
al-time quantitative PCR. (C) Representative

Western blots of TRPC1, TRPC4, TRPC6, and

a-actin protein. (D) Bar graph shows protein ex-

pression levels for TRPC1, TRPC4, and TRPC6
relative to a-actin. Data are presented as percen-

tages of the respective NT siRNA. Bar values in-

dicate means 6 SEMs (n ¼ 3 for each group).
*P , 0.05, versus respective NT siRNA–treated

cells.
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partner Smad4 and translocate into the nucleus. In the nucleus,
the Smad complex incorporates different DNA-binding cofac-
tors that confer target gene selectivity and influence the recruit-
ment of either transcriptional coactivators or corepressors,
regulating target gene expression (32). Aside from the activa-
tion of canonical Smad signaling, increasing evidence indicates
that the MAPKs, mainly ERK1/2 and p38 MAPK, were also
activated by BMP4 in various cell types, including human
PASMCs (12, 14, 33–35). The functional outcomes of MAPK
activation by BMP4 have been linked mostly to proliferative
responses, and to the regulation of various gene expressions
related to cell growth and differentiation (12, 14, 36–38). Simi-
larly, we found that BMP4 caused the activation of p38 and
ERK1/2 in rat distal PASMCs, although the time-course activa-
tion patterns of p38 and ERK1/2 were different from each other,
and were also somewhat different from what was documented
for human peripheral PASMCs (14, 39). In the case of p38, its
activation by BMP4 was obvious early on, from 15 minutes in rat
PASMCs, whereas a delayed response was seen later, at 1 hour, in
human cells. In both cell types, the maximum activation of ERK1/2
occurred at 0.25 hour, followed by reduced concentrations for up to
4 hours among rat PASMCs and for up to 2 hours among human
cells. We do not know the mechanism responsible for these differ-
ences. Nevertheless, one aspect in common among cells of both
species involves the activation of p38 by BMP4 as a sustained re-
sponse, whereas the activation of ERK1/2 was transient. The mo-
lecular mechanism that leads to the differential activation patterns
of p38 and ERK1/2 by BMP4 is of interest in future explorations.

Interestingly, the BMP-induced Smad-independent MAPK sig-
naling appears to crosstalk with Smad signaling at multiple
levels. For instance, in addition to activating p38, the mitogen-
activated protein kinase kinase kinase 7 (TAK1) pathway
has also been shown to activate ERK and Smad1/5/8 in carti-
lage (40). Smad signaling was thought to be inhibitory to
MAPK activation. According to the evidence for this notion,
in COS7 (African Green Monkey SV40-transf’d kidney fibro-
blast cell line) cells, phosphorylated MAPK, in cooperation
with WNT/glycogen synthase kinase 3 and the Smad-specific
E3 ubiquitin protein ligase–1, marks activated Smad1 for
ubiquitination and proteasomal degradation (41). The over-
expression of Smad1 in human embryonic kidney 293 cells
reduced the phosphorylation level of TAK1, whereas the
overexpression of TAK1 inhibited Smad1-mediated reporter

activity. Nevertheless, the functional crosstalk among ERK,
p38 MAPK, and Smad warrants future investigation.

BMPRII proved to be mandatory for BMP4-induced Smad
signaling, at least in human PASMCs. The transfection of the
BMPRIImutant carrying amutation of its kinasemotif disrupted
Smad1 nuclear translocation without affecting p38 and ERK1/2
activation, resulting in a gain of proliferative response to BMP4
(14). Evidence from COS-1 Cell Line from African green mon-
key kidney suggests that the Type I receptor may be responsible
for TGF-b–induced p38 activation (42). The individual roles of
other BMP4 receptors in mediating differential downstream
signaling and cellular function remain less well understood,
and await more attention. The mechanisms linking these recep-
tors to p38 and ERK1/2 MAPK activation are also largely un-
known. The X chromosome–linked inhibitor of apoptosis protein
was found to bridge the activated BMP Type I receptor to regu-
late TAK1-interacting protein 1 (TAB1)–TAK1 activity posi-
tively (43). TAK1 and mitogen-activated protein kinase kinase
3/6 (MKK3/6) may be responsible for BMP ligand–induced p38,
and Ras family small GTPase proteins may be responsible for
BMP ligand–induced ERK1/2 activation according to evidence
from a number of studies (13, 43–45).

BMP4 is believed to play an important role in the pathogen-
esis of PAH. Yang and colleagues initially reported that BMP4
promotes the proliferation of peripheral human PASMCs (14).
A subsequent milestone study by Frank and colleagues further
demonstrated that BMP4 promoted PASMC proliferation and
migration, resulting in the enhanced vascular remodeling of
murine lungs and the development of CHPH (12). We recently
found that the CH-induced up-regulation of TRPC1 and
TRPC6 mediates the elevation of basal [Ca21]i through en-
hanced SOCE (46). Moreover, the knockdown of either TRPC1
or TRPC6 led to normalized basal [Ca21]i and the attenuated
proliferation and migration of rat distal PASMCs under condi-
tions of chronic hypoxia (8). Similar to chronic hypoxia, treat-
ment with BMP4 alone caused the up-regulation of TRPC1,
TRPC4, and TRPC6, along with increases of basal [Ca21]i in rat
distal PASMCs (19). During the past two decades, since the first
TRP was identified in Drosophila, much attention has been de-
voted to characterizing the functions of various TRP members
(47). However, our understanding of TRPC regulation is limited.
ERK activation has been known to up-regulate TRPC1 and
TRPC6 expression (48–50). So far, no direct evidence indicates

Figure 6. Inhibition of p38 and ERK1/2 activation and
expression prevented BMP4-induced increases of basal

intracellular Ca21 ([Ca21]i) in rat distal PASMCs. Cells

were pretreated with DMSO, p38 inhibitor SB203580

(10 mM), or ERK1/2 inhibitor PD98059 (5 mM) for
30 minutes, or with p38, ERK1/2, or nontargeting control

(NT) siRNA (50 nM) for 24 hours, and cells were then

incubated with BMP4 (50 ng/ml) or an equal amount
of BMP4 vehicle (Vehi) for 60 hours. (A) Changes in basal

[Ca21]i in cells treated with DMSO 1 Vehi (n ¼ 4 from

112 cells), DMSO1 BMP4 (n¼ 4 in 135 cells), SB2035801
BMP4 (n ¼ 3 from 115 cells), or PD98059 1 BMP4 (n ¼ 3
from 116 cells) were measured by Fura-2–based fluorescent

microcopy. Bar values indicate means 6 SEMs. *P , 0.05,

versus Vehi control cells. **P , 0.05, versus Vehi 1 BMP4–

treated cells. (B) Changes in basal [Ca21]i in cells treated with
NT siRNA 1 Vehi (n ¼ 6 from 177 cells), NT siRNA 1 BMP4

(n ¼ 3 from 103 cells), p38 siRNA 1 BMP4 (n ¼ 3 from

89 cells), and ERK1/2 siRNA1 BMP4 (n ¼ 3 from 97 cells).
Bar values indicate means 6 SEMs. *P , 0.01, versus NT

siRNA1 Vehi–treated cells. ** P, 0.05, versus NT siRNA1
BMP4–treated cells.
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how p38 activation leads to the up-regulation of TRPC expres-
sion. This study further determined that the involvement of p38
and ERK1/2 activation in BMP4 induced TRPC expression and
increases of basal [Ca21]i in PASMCs. We first selected and
used the well-recognized chemical inhibitors SB203580 for p38
MAPK and PD98059 for ERK1/2, to block individual pathways.
Treatment with SB203580 or PD98059 resulted in a specific dim-
inution of either p38MAPK or ERK1/2 activation, respectively,
without cross-activation, confirming their efficiency and specificity.
Moreover, we used the siRNA approach to knock down p38 and
ERK1/2 expression individually, and then assessed their effects on
BMP4-induced TRPC and basal [Ca21]i responses. Previous stud-
ies with serial doses of BMP4 and various treatment times (24–60
hours) demonstrated that BMP4 up-regulated TRPC1, TRPC4,
and TRPC6 expression, with the maximum induction of TRPC
expression observed at 50 ng/ml for 60 hours. This induction of
TRPC expression was associated with an elevation of basal [Ca21]i
in rat distal PASMCs (19). In the present study, this treatment
condition for maximal responses to BMP4 was also used for all
TRPC and basal [Ca21]i measurements. As a result, we found
that both ERK1/2 and p38 are required for BMP4-induced
TRPC1, TRPC4, and TRPC6 expression and basal [Ca21]i induction
to BMP4 in distal PASMCs. The inhibition or knockdown of either
ERK1/2 or p38 substantially abolished these responses.

The substrate spectrum of activated MAPKs is extremely
wide, consisting not only of their downstream kinases, but also
of various transcription factors, membrane proteins, and cyto-
skeleton proteins (51). Given that members of the MAPK fam-
ily often share overlapping specificities for their substrates, it is
reasonable to assume that p38 and ERK may share both com-
mon and distinguished mechanisms in their regulation of TRPC
(51). The fact that both are required for BMP4-induced TRPC
expression suggests essential downstream crosstalk between them
in the signaling to effect TRPC regulation.

In conclusion, this study providesmechanistic insights into the
function of BMP4 in regulating Ca21 homeostasis in distal
PASMCs, indicating that a signaling cascade of BMP4–p38/ERK–
TRPC–basal [Ca21]i is involved. This cascade could be basically
defined in terms of BMP4 binding with its specific receptors, thus
inducing the activation of ERK1/2, subsequently resulting in the
up-regulation of TRPC (i.e., TRPC1, TRPC4, and TRPC6) expres-
sion. This up-regulated TRPC expression could cause increased

numbers of SOCCs, contributing to enhanced basal [Ca21]i through
triggered SOCEs, eventually leading to the contraction, prolifera-
tion, and migration of PASMCs, which relates to the pathogenesis
of CHPH. Given that basal [Ca21]i is crucial for both the constric-
tion and proliferation of vascular smooth muscle cells, this signaling
likely contributes to decipher the pathogenetic role of BMP4 in
promoting pulmonary vascular remodeling and the develop-
ment of pulmonary hypertension. A future study is warranted,
directed toward examining whether this signaling discovered in
cells in vitro can be translated into cells in vivo.

Author disclosures are available with the text of this article at www.atsjournals.org.
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