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Mutations of bone morphogenetic protein receptor type II (BMPR-II)
have been associated with familial and idiopathic pulmonary arterial
hypertension (PAH). BMPR-II is a member of the transforming
growth factor-� receptor superfamily. It consists of extracellular,
transmembrane, and kinase domains, and a unique C-terminus with
mostly unknown function. However, a number of PAH-causing mu-
tations are predicted to truncate the C-terminus, suggesting that
this domain plays an important role in the homeostasis of pulmo-
nary vessels. In this study, we sought to elucidate the functional
role of this C-terminus by seeking its interacting partners. Using
yeast two-hybrid screening, we identified c-Src tyrosine kinase as a
binding partner of this C-terminus. In vitro co-immunoprecipitation
confirmed their interaction. Mutations truncating the C-terminus
disrupted their interaction, while missense mutation within kinase
domain reduced their interaction. In addition, BMPR-II and c-Src
tyrosine kinase colocalized within intracellular aggregates when
overexpressed in HEK293 cells. Moreover, mutations truncating the
C-terminus disrupted their colocalization, whereas missense muta-
tion within kinase domain had no effect on their colocalization.
Furthermore, BMP ligand stimulation decreased c-Src–activating
phosphorylation at Tyrosine 418 in pulmonary smooth muscle cells
in both time- and concentration-dependent manners. Mutations
that truncated the C-terminus abolished this response. Taken to-
gether, these results suggest a model in which proliferative effect
of c-Src by vasoactive molecules is balanced by opposing effect of
BMP signaling in basal state, and the loss of this balance due to
BMPR2 mutations leads to increased c-Src activity and subsequently
cell growth.
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Bone morphogenetic protein receptor type II (BMPR-II) is a
member of the transforming growth factor-� (TGF-�) receptor
superfamily. Members of the TGF-� receptor superfamily in-
clude type I and type II receptor proteins, and play a complex
and multifunctional role in the regulation of cell proliferation,
differentiation, and apoptosis during embryogenesis and
throughout adult life (1). Homozygous BMPR-II knockout mice
die very early in development during gastrulation (2), while
mice that express a mutant BMPR-II, lacking half of the ligand-
binding domain, undergo normal gastrulation, but die at midges-
tation with cardiovascular and skeletal defects (3).
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The receptor ligands, bone morphogenetic proteins (BMPs),
constitute a family of � 20 growth factors. They initiate signaling
pathway by binding to the heterotetramers of type I (BMPR-IA,
BMPR-IB) and type II (BMPR-II) receptors, which are trans-
membrane serine/threonine protein kinases. The binding of li-
gands to the receptor complexes leads to phosphorylation of
the receptor kinases and subsequently phosphorylation of signal
transduction molecules, including Smads (1, 5, and 8) and MAPK
kinases (ERK, JNK, and p38 MAPK). The activated signal transduc-
tion molecules then translocate to the nucleus and regulate the
transcription of target genes (1).

The BMPR2 gene encoding this receptor protein consists of
13 exons and is located on the chromosome 2q33 (4–7). The
exons 1–3 encode an extracellular domain, exon 4 the transmem-
brane domain, exons 5–11 a serine/threonine kinase domain,
and exons 12 and 13 a large intracellular C-terminal domain.
However, the function of C-terminal domain is largely unknown.
It comprises almost half of the BMPR-II protein and is a unique
feature within the TGF-� receptor superfamily (6). This region
shares low sequence conservation with the Drosophila homolog
wit (8), suggesting that it may have evolved as a unique function
to the protein. Both a long form of BMPR-II that contains the
large C-terminal domain, and a short form that has only 30
amino acids after the kinase domain, are expressed. Both forms
of BMPR-II can activate BMP type I receptors to phosphorylate
Smad proteins (4–7). However, mutants with truncated C-terminal
domain showed decreased activity as compared with the long form
of the receptor (9).

Both our group and the International PPH Consortium have
previously shown that heterozygous mutations of the BMPR2
gene are associated with familial and idiopathic pulmonary arte-
rial hypertension (PAH) (previously known as primary pulmo-
nary hypertension [PPH], MIM 178600) (10–12). To date,
BMPR2 gene mutations have been identified in � 40% of famil-
ial PAH and � 15% of idiopathic PAH (13). PAH is character-
ized by progressive narrowing and obstruction of small pulmo-
nary arteries, leading to sustained elevation of pulmonary
arterial pressure, progressive right heart hypertrophy, and even-
tually heart failure. It is typically associated with abnormal prolif-
eration of endothelial and smooth muscle cells within the small
pulmonary arteries (14). Most of the PAH mutations within the
C-terminal domain of BMPR-II are nonsense and frameshift
mutations, and are predicted to truncate this domain, suggesting
that this domain may play an important role in the homeostasis
of pulmonary arterial wall. However, the signaling mechanism
involving the C-terminal domain is still largely unknown.

In this study, we sought to elucidate the function of this
C-terminal domain by identifying molecules it interacts with.
Using a yeast two-hybrid screening system, we identified c-Src
tyrosine kinase as an interacting partner of the C-terminal do-
main of the BMPR-II. The gene encoding c-Src tyrosine kinase
is located on chromosome 20q12–13. It is a nonreceptor tyrosine
kinase and the cellular homolog to the potent transforming
v-Src viral oncogene (for review see Ref. 15). It functions at the
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hub of a large array of signal transduction cascades that influence
cellular proliferation, differentiation, motility, and survival. Ab-
errant activation of c-Src tyrosine kinase has been documented
in over 50% of tumors derived from the colon, liver, lung, breast,
and pancreas (16). We demonstrated that BMPR-II and c-Src
tyrosine kinase co-immunoprecipitated in vitro, and furthermore,
that PAH-causing mutations (which truncated the C-terminal do-
main of BMPR-II) disrupted this interaction. In addition, we
showed that BMPR-II and c-Src tyrosine kinase colocalized to-
gether within intracellular aggregates, when both were overex-
pressed in HEK293 cells. Moreover, truncation of the C-terminal
domain of BMPR-II disrupted this colocalization between
BMPR-II and c-Src tyrosine kinase. In contrast, missense muta-
tion within the kinase domain of BMPR-II had minimal effect
on their colocalization. One of the tyrosine phosphorylation sites
of c-Src is located at amino acid Tyrosine 418 (Tyr418) in the
catalytic SH2 domain. Phosphorylation of Tyr418 upregulates
the c-Src activity (17). We showed that stimulation by ligands
BMP-2, -4, and -7 decreased c-Src phosphorylation at the Tyr418
in human pulmonary arterial smooth muscle cells. Furthermore,
mutations that truncated BMPR-II C-terminal domain abolished
the decrease of c-Src phosphorylation in response to BMP-2.
These findings identify a novel function of the C-terminal domain
of BMPR-II and raise the possibility that dysregulation of c-Src
tyrosine kinase may involve in the pathogenesis of PAH.

MATERIALS AND METHODS

Yeast Two-Hybrid Screens

The BD Matchmaker Yeast Two-hybrid System 3 (Clontech, Mountain
View, CA) was used for the yeast two-hybrid screening with the C-terminal
domain of BMPR-II as a bait. The BstXI-BamHI fragment of human
BMPR-II cDNA (nucleotides 1725–3114, GenBank NM_001204), con-
sisting of partial exon 10 and exons 11–13, and encoding the C-terminal
domain of BMPR-II (amino acids 575–1038), was cloned in frame into
the BstXI and BamHI sites of pGBK-T7 vector (Clontech) to generate a
bait fusion construct of Gal4 DNA-binding domain and BMPR-II. The
fusion construct pGSK-T7-BMPR-II was confirmed with direct DNA
sequencing bidirectionally using the Big Dye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA) and an auto-
mated capillary sequencer (ABI 3100). The plasmid was transformed
into Saccharomyces cerevisiae strain AH109 (Clontech) by lithium ace-
tate method and grown on tryptophan-deficient selective media. Colo-
nies able to grow on tryptophan-deficient media were selected and
mated with a human heart cDNA library, which expressed fusions
with the GAL4-Activation domain pretransformed in yeast strain Y187
(Clontech). If the fusion proteins interact, the reporter genes would be
activated, permitting growth on selective medium lacking adenine and
histidine (nutritional markers) and activation of the lacZ gene (enzymatic
reporter gene). The cDNA clones from positive colonies were isolated,

TABLE 1. PRIMERS USED IN SEQUENCING, CLONING, AND MUTAGENESIS

Primer Name Sequence

Matchmaker 5�AD Sequencing CTATTCGATGATGAAGATACCCCACCAAACC
Matchmaker 3�AD Sequencing GTGAACTTGCGGGGTTTTTCAGTATCTACGATT
Matchmaker 5�DBD Sequencing TCATCGGAAGAGAGTAG
Matchmaker 3�DBD Sequencing GTCACTTTAAAATTTGTAT
BMPR2 wild-type (1–18) ATGACTTCCTCGCTGCAG
BMPR2 wild-type (3114–3096) CAGACAGTTCATTCCTATA
BMPR2 (K230fsX21) forward GTCCAGTTGCTGTAAATTGTTTTCCTTTGC
BMPR2 (K230fsX21) reverse GCAAAGGAAAACAATTTACAGCAACTGGAC
BMPR2 (R491W) forward CAGGATGCAGAGGCTTGGCTTACTGCACAG
BMPR2 (R491W) reverse CTGTGCAGTAAGCCAAGCCTCTGCATCCTG
BMPR2 (N861fsX10) forward GACACCCGGCTGAATATAATTCCAGTCCTG
BMPR2 (N861fsX10) reverse CAGGACTGGAATTATATTCAGCCGGGTGTC

transformed into XL-1 Blue bacterial competent cells (Stratagene, La
Jolla, CA), and identified by direct sequencing.

DNA Constructs and Site-Directed Mutagenesis

The pcDNA3–c-Src tyrosine kinase expression plasmid encoding the
HA-tagged c-Src tyrosine kinase was provided by Dr. Robert Lefkowitz
(Duke University). Untagged BMPR2 cDNA cloned in pBSSK vector
was provided by Dr. Jan Rosenbaum (Procter and Gamble Pharmaceu-
ticals, Mason, OH). The 6xHIS-tagged pcDNA4-BMPR2 plasmid was
made by PCR cloning the full-length BMPR2 cDNA (using pBSSK-
BMPR2 as a template) and ligated into the pcDNA4 vector using
TOPO TA cloning kit (Invitrogen, Carlsbad, CA). All of BMPR2 mu-
tant constructs were made using the wild-type pcDNA4-BMPR2 as a
template and the QuikChange Site-Directed Mutagenesis Kit (Stra-
tagene) following the manufacturer’s instructions. The primers used for
construct cloning and mutageneses are listed in Table 1. All constructs
were verified by direct sequencing as described above. The BMPR-II
(K230fsX21) mutant construct carried a deletion/insertion mutation
(nucleotides 690–691 delAGinsT) (12) and was predicted to truncate
the kinase and the C-terminal domain. The R491W mutation has been
identified in several families with PAH (12). This mutation was resulted
from missense mutation at nucleotide 1471 C�T and was predicted to
alter an evolutionally highly conserved arginine residue in the kinase
domain. The N861fsX10 mutation (a deletion at nucleotide 2579 delT)
would cause a frameshift and truncate part of BMPR-II C-terminal
domain (11, 12).

Cell Culture and Transfection

HEK-293 cells were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA). The cells were maintained in Minimum
Essential Medium supplemented with 2 mM L-glutamine and Earle’s
BSS adjusted to contain 1.5 g/liter sodium bicarbonate, 0.1 mM nones-
sential amino acids, 1.0 mM sodium pyruvate, 10% heat-inactivated
horse serum, and 1% penicillin/streptomycin at 37 �C in a humidified
5% CO2 atmosphere. The human pulmonary arterial smooth muscle
cells (hPASMC) from normal subjects were purchased from Cambrex.
The cells were cultured in smooth muscle growth medium (SMGM)
(Cambrex, East Rutherford, NJ) at 37 �C in a humidified 5% CO2

atmosphere and used at the fourth to sixth passage. Transient transfec-
tion of HEK-293 cells and hPASMC was performed by using SuperFect
(Qiagen, Valencia, CA) and Lipofectamine (Invitrogen), respectively,
according to the manufacturer’s instructions.

Scanning Laser Confocal Microscopy

Transiently transfected HEK-293 cells in collagen-coated 35-mm glass
bottom dishes were washed with Dulbecco’s PBS, fixed with 10% para-
formaldehyde for 30 min at room temperature, permeabilized with
absolute methanol for 10 min at �20 �C, and blocked with 1% BSA/
5% FBS for 3 h at room temperature. For visualization of HA–c-Src
tyrosine kinase and HIS–BMPR-II, cells were stained with 1:200 dilu-
tion of rhodamine-conjugated monoclonal anti-HA antiserum and
1:2,000 dilution of FITC-conjugate anti-HIS antiserum for 1 h at 37 �C
and washed with PBS before examination. Confocal microscopy was
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performed on a Zeiss LSM510 laser scanning microscope (Zeiss,
Thornwood, NY) using a Zeiss 63 � 1.4 numerical aperture water
immersion lens with dual line switching excitation (488 nm for FITC,
568 nm for rhodamine) and emission (515–540 nm for FITC, 590–610
rhodamine) filter sets.

Co-Immunoprecipitation and Immunoblotting

Immunoprecipitation experiments were performed by using transiently
transfected HEK-293 cells in 100-mm dishes. Cells were lysed in
500 �l lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol,
1% Triton X-100, and 1 mM EDTA) and the lysates were incubated
overnight at 4 �C with 2 �l monoclonal antibody against HIS epitope
(Roche, Indianapolis, IN) and 50 �L 20% protein G-Sepharose beads
(Sigma, St. Louis, MO). After washing the beads 5 times in IP washing
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 100 �M ZnCl2, 2 mM
EDTA, 1% Nonidet P-40 and 10% glycerol), they were suspended and
boiled in Laemmli sample buffer. Samples were resolved by SDS-PAGE
and probed with monoclonal antibody against HA epitope (Roche)
using UnBlot In-Gel Chemiluminescent Detection Kit for Mouse
(Pierce Biotechnology, Rockford, IL).

c-Src Phosphorylation Assay

The phosphorylation of c-Src at Tyr418 was determined using FACE
c-Src chemiluminescent assay (Active Motif, Carlsbad, CA), according
to the manufacturer’s instructions. The amount of c-Src phosphoryla-
tion was normalized by the number of cells using crystal violet cell
staining with absorbance at 595 nm using TECAN ULTRA plate reader
(Tecan Inc., San Jose, CA). The ligands BMP-2, -4, and -7 were obtained
from R&D Systems, Inc. (Minneapolis, MN).

RESULTS

Isolation of c-Src Tyrosine Kinase as an Interacting
Protein of the C-Terminal Domain of BMPR-II in Yeast
Two-Hybrid System

To identify proteins that interact with the C-terminal domain
of human BMPR-II, we screened a human heart cDNA library
using a GAL4 yeast two-hybrid system. We chose to use a human
heart cDNA library, as there was no commercially available lung
cDNA library and we had observed that BMPR-II was highly
expressed in the heart (data not shown). The C-terminal domain
of BMPR-II was expressed as a fusion protein with the GAL4–
DNA-binding domain (DBD) of the yeast transcription factor

Figure 1. Isolation of
protein interacting with
C-terminal domain of
BMPR-II. (A) Growth of
yeast transformants on
YPD and high-stringency
selection plates. One col-
ony of each of the indi-
cated yeast transformants
was resuspended in 0.5 ml
of water and streaked with
three repeats onto rich
yeast peptone dextrose
(YPD) medium (left panel )
or high-stringency selec-
tion plates containing
X-�-Gal (right panel ).
Yeast cells were trans-

formed with the following plasmids: (1 ) the C-terminal domain of BMPR-II (pGBKT7-DBD-BMPR-II [575–1038]) and the isolated positive library
clone (pGADT7-library clone-AD) from the yeast two-hybrid screening; (2 ) C-terminal domain of BMPR-II and pGADT7 empty vector; and (3 )
pGBKT7-DBD empty vector and the isolated library clone. (B ) Schematic representation of the library clone isolated from the yeast two-hybrid
screening. The isolated library clone was identified by direct sequencing and consisted of partial sequence of the full-length c-Src tyrosine kinase.
The numbers of the amino acid residues were indicated. The isolated library clone consisted of the Src Homology (SH) domains 2 and 3, and the
catalytic tyrosine kinase.

GAL4. The GAL4 DBD was located in the 5� end to maintain
a free C-terminal domain of BMPR-II in the expressed fusion
protein.

From � 1 � 106 clones screened, we obtained a positive
cDNA clone based on growth on selective media and activation
of the lacZ reporter gene. The library-derived plasmid was puri-
fied and retransformed together with the bait plasmid to verify
the phenotype and confirm the interaction of the two proteins.
The interaction between the C-terminal domain of BMPR-II
and the library clone was specific because the growth of colonies
on high-stringency selective plates, which lacked adenine and histi-
dine (nutritional markers) and contained X-�-Gal (enzymatic re-
porter gene), was apparent only in the presence of both DBD/
BMPR-II-C-terminal domain and the library clone (Figure 1A,
right panel). Yeast transformed with DBD/BMPR-II-C-terminal
domain and activation domain (AD) alone, or yeast transformed
with the library clone with DBD only, were not able to grow
on the high-stringency selective plates (Figure 1A, right panel).
Transformation per se did not affect the growth of the yeast host
because all three types of transformants were capable of growing
on rich, nonselective yeast peptone dextrose (YPD) medium
(Figure 1A, left panel), as well as on plates selecting for the
presence of bait or library clone (data not shown). DNA sequenc-
ing of this positive library clone showed that it encoded the
c-Src tyrosine kinase (amino acids 92–530), but lacked parts of
the N-terminal and C-terminal domains. It contained most of
the SH3 motif, the SH2 motif, and most of the kinase domain
(Figure 1B).

Co-Immunoprecipitation of BMPR-II with c-Src
Tyrosine Kinase

In vitro co-immunoprecipitation was performed to confirm the
interaction between BMPR-II and c-Src tyrosine kinase. Wild-type
and various mutant BMPR-IIs were tagged in the N-terminal with
6xHIS epitope (Figure 2A) and c-Src tyrosine kinase was tagged
in the N-terminal with HA epitope. The expression constructs
encoding these proteins were transfected into HEK293 cells.
The lysates of the transfected cells were immunoprecipitated
with anti-HIS antibody, and the presence of c-Src tyrosine kinase
was detected with anti-HA antibody. When the c-Src tyrosine
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Figure 2. Co-immunoprecipitation of BMPR-II with c-Src tyrosine kinase. (A ) Schematic representation of expression constructs of wild-type,
truncation, and point mutants of BMPR-II. The number of amino acids of BMPR-II and its various domains were indicated: ECD (extracellular
domain), TD (transmembrane domain), Kinase, and C-terminal domain. All of the expression constructs were N-terminal tagged with 6xHIS. (B )
Co-immunoprecipitation of BMPR-II with c-Src tyrosine kinase. The HEK293 cells were transfected with the plasmid encoding HA-tagged c-Src
tyrosine kinase and without (lane 1) or with the plasmid encoding 6xHIS-tagged wild-type BMPR-II (lane 2) or with various mutant BMPR-IIs (lanes
3–5). The cell lysates were immunoprecipitated with anti-HIS antibody and immunoblotted with anti-HA antibody to detect for the presence of
c-Src tyrosine kinase.

kinase was overexpressed alone and immunoprecipitated with
anti-HIS antibody, no c-Src tyrosine kinase was detected with
anti-HA antibody in the immunoblot (Figure 2B, lane 1, negative
control). However, when BMPR-II was expressed together with
the c-Src tyrosine kinase, both proteins were immunoprecipi-
tated together with an anti-HIS antibody and the c-Src tyrosine
kinase was detected with anti-HA antibody (Figure 2B, lane 2).
This finding was in agreement with the results from the yeast
two-hybrid experiment and demonstrated the specific interaction
between BMPR-II and c-Src tyrosine kinase when overexpressed
in mammalian cells.

To further determine whether PAH mutations of BMPR2
affect its interaction with c-Src tyrosine kinase, each of the mu-
tant BMPR2 expression constructs was cotransfected with c-Src
tyrosine kinase expression construct into HEK293 cells. The
frameshift mutations (K230fsX21) of BMPR-II (12), which trun-
cated the majority of kinase and the C-terminal domain, abol-
ished its interaction with c-Src tyrosine kinase (Figure 2B, lane 3).
In contrast, missense mutation in the kinase domain (R491W)
(12) only slightly reduced the interaction between BMPR-II
and c-Src tyrosine kinase (Figure 2B, lane 4). Similar to the
K230fsX21, partial truncation of C-terminal domain (N861fsX10)
(11, 12) also abolished its interaction with c-Src tyrosine kinase
(Figure 2B, lane 5). These findings suggested that the C-terminal
domain of BMPR-II was critical for its interaction with c-Src
tyrosine kinase.

Colocalization of Full-Length BMPR-II and c-Src Tyrosine
Kinase in HEK293 Cells

To investigate whether BMPR-II and c-Src tyrosine kinase colo-
calized in vivo, HEK293 cells were transiently transfected with
plasmids expressing wild-type HIS-tagged BMPR-II and HA-
tagged c-Src tyrosine kinase. We chose the HEK293 cells for
this study because of their well-defined cellular morphology and
the mRNA expression for all BMP receptors (BMPR-IA,
BMPR-IB, and BMPR-II) and c-Src tyrosine kinase in these cells
(data not shown). In addition, we found that BMPR-II protein
was highly expressed in human kidney epithelial cells (data not
shown). The proteins BMPR-II and c-Src tyrosine kinase were
localized by indirect immunofluorescence using HIS- and HA-
epitope specific antibodies, respectively. The BMPR-II and c-Src
tyrosine kinase proteins, when expressed alone, were diffusely
distributed throughout the cytoplasm (Figures 3B and 3C). How-
ever, when they were expressed together, BMPR-II and c-Src
tyrosine kinase colocalized together within intracellular vesicle-
like aggregates (Figures 3D–3F).

Effects of PAH-Causing Mutations within C-Terminal Domain
of BMPR-II on its Interaction with c-Src Tyrosine Kinase

A number of BMPR2 mutations from patients with PAH are
predicted to truncate the C-terminal domain of the protein. To
determine whether these mutations affect the colocalization with
c-Src tyrosine kinase, HEK293 cells were cotransfected with each
of the mutant BMPR2s and the c-Src tyrosine kinase expression
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Figure 3. Recruitment and co-localization of c-Src ty-
rosine kinase with BMPR-II. (A ) Confocal images of
negative control (without primary antibody). (B )
6xHIS-BMPR-II expressed alone. HEK293 cells were
transfected with wild-type BMPR-II, permeablilized,
and stained with antibody against 6xHIS and FITC-
conjugate anti-HIS antibody to visualize BMPR-II
(green). (C ) HA–c-Src tyrosine kinase expressed alone.
Cells were detected by using antibody against HA and
rhodamine-conjugated monoclonal anti-HA antibody
to visualize c-Src tyrosine kinase (red ). (D–F ) Confocal
images of (D ) 6xHIS-BMPR-II and (E ) HA-c-Src tyrosine
kinase in the same HEK293 cell overexpressing both
BMPR-II and c-Src tyrosine kinase. (F ) 6xHIS-BMPR-II
colocalized with HA-c-Src tyrosine kinase in intracellular
vesicle-like aggregates (indicated by arrows) in the
merged image. Data were representative of three inde-
pendent experiments.

plasmids. When the BMPR-II mutant K230fsX21 and wild-type
c-Src tyrosine kinase were overexpressed in HEK293 cells, both
proteins were diffusely distributed throughout the cytoplasm
(Figures 4A–4C). This mutation disrupted the colocalization of
BMPR-II and c-Src tyrosine kinase in aggregates compared with
the wild-type BMPR-II (Figures 3D–3F). In contrast, missense
mutation within the BMPR-II kinase domain (R491W) had
no effects on the colocalization with the c-Src tyrosine kinase
(Figures 4D–4F). Similar to the K230fsX21 mutation, the
frameshift mutation N861fsX10, which caused truncation of
the amino acids 872–1038 of C-terminal domain, also abolished

Figure 4. Effects of PAH mutations on the colocaliza-
tion of BMPR-II and c-Src tyrosine kinase in HEK293
cells. (A–C) HEK293 cells were transiently transfected
with HA–c-Src tyrosine kinase and truncation mutant
BMPR-II (K230fsX21), permeablilized, and stained with
antibody against 6xHIS and FITC-conjugate anti-HIS
antibody to visualize BMPR-II (K230fsX21) (green) and
with antibody against HA and rhodamine-conjugated
monoclonal anti-HA antibody to visualize c-Src tyrosine
kinase (red). Merged image depicted lack of colocaliza-
tion of BMPR-II (K230fsX21) with c-Src tyrosine kinase.
(D–F ) HEK293 cells expressing BMPR-II (R491W) point
mutant and c-Src tyrosine kinase. Colocalization of
BMPR-II point mutant and c-Src tyrosine kinase was
found in the merged image (aggregates indicated by
arrows). (G–I) Similar to the K230fsX21 BMPR-II mu-
tant, lack of colocalization between BMPR-II and c-Src
tyrosine kinase was also found with N861fsX10 BMPR-II
mutant. Data were representative of three independent
experiments.

the aggregation with the c-Src tyrosine kinase (Figures 4G–4I).
These findings were consistent with the results from the co-
immunoprecipitation and suggested that the C-terminal domain
of BMPR-II, particularly the region between amino acids 872
and 1038, was essential for its interaction with c-Src tyrosine
kinase.

BMP-2, -4, and -7 Stimulation Decrease c-Src Phosphorylation

One of the tyrosine phosphorylation sites of c-Src is located at
amino acid Tyr418 in the catalytic SH2 domain. Phosphorylation
of Tyr418 upregulates the c-Src activity. As shown in Figure 5,
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Figure 5. BMP-2, -4, and -7 stimulations inhibit c-Src phosphorylation
(Tyr418). The human pulmonary smooth muscle cells were stimulated
with 200 ng/ml of BMP-2, BMP-4, BMP-7 or without ligand as control
for the indicated time periods. After ligand stimulation, cells were imme-
diately fixed with 4% formaldehyde in PBS and assayed for the phos-
phorylation of c-Src (Tyr418). Results were normalized with the number
of cells as described in MATERIALS AND METHODS. Data represented the
mean 	 SEM from two independent experiments with duplicates.

after incubation with 200 ng/ml of either BMP-2, -4, or -7,
hPASMC experienced a rapid decrease in c-Src phosphorylation
at Tyr418 as compared with control. At as little as 10 min after
stimulation, c-Src (Tyr418) phosphorylation was decreased by
� 50% in response to BMP-2 and BMP-4, and by � 20% in
response to BMP-7. This decrease lasted for several hours and
gradually returned to the endogenous c-Src phosphorylation
level. Interestingly, the decrease in response to BMP-7 was
slower than BMP-2 and BMP-4. At 8 h after stimulation, BMP-7
decreased c-Src phosphorylation by � 30%, which was similar to
the response to BMP-2 and BMP-4. Moreover, the c-Src phosphor-

Figure 6. BMP-2 exposure results in concentration-dependent decrease
of c-Src phosphorylation (Tyr418). The human pulmonary smooth mus-
cle cells were plated and treated with various concentrations of BMP-2.
Cells were then fixed and assayed for the phosphorylation of c-Src
(Tyr418). Results were normalized with the number of cells. Data repre-
sented the mean 	 SEM from two independent experiments with
duplicates.

ylation response to BMP-2 was concentration-dependent. At
10 min after stimulation, the c-Src phosphorylation level started
to decrease when exposed to 10 ng/ml of BMP-2, and continued
to decrease with increasing concentration of BMP-2 (Figure 6).

Effects of PAH-Causing Mutations of BMPR-II on c-Src
(Tyr418) Phosphorylation

To determine the functional role of the interaction between
BMPR-II mutations and c-Src on c-Src phosphorylation,
hPASMC were overexpressed with wild-type or mutant BMPR-
II, treated with 200 ng/ml of BMP-2, and assayed for c-Src phos-
phorylation. As shown in Figure 7, with the stimulation of
BMP-2, overexpression of wild-type BMPR-II further decreased
c-Src phosphorylation compared with the vector control. In con-
trast, overexpression of BMPR-II mutant K230fsX21 (truncated
the majority of kinase and the C-terminal domain) or mutant
N861fsX10 (truncated part of C-terminal domain) abolished the
c-Src (Tyr418) phosphorylation. Similar to the wild-type BMPR-
II, missense mutation in the kinase domain (R491W) reduced
on c-Src phosphorylation (Tyr418) by � 50%. These results
suggested that the C-terminal domain of BMPR-II is essential
for the inhibition of c-Src phosphorylation at Tyr418.

DISCUSSION

In this study, we have identified c-Src tyrosine kinase as an
interacting partner of C-terminal domain of BMPR-II in a yeast
two-hybrid screening. This interaction was observed in vivo in
yeast and confirmed by in vitro co-immunoprecipitation. In addi-
tion, BMPR-II and c-Src tyrosine kinase were found to colocalize
in cytoplasmic aggregates when both proteins were overex-
pressed in HEK293 cells. Morever, PAH-causing mutations
within the C-terminal domain disrupted its interaction with
c-Src tyrosine kinase and abolished the colocalization of these
proteins in cytoplasmic aggregates. Furthermore, BMP ligand

Figure 7. Effects of BMPR-II mutations on c-Src phosphorylation
(Tyr418). The human pulmonary arterial smooth muscle cells were trans-
fected with BMPR-II wild-type or mutant (K230fsX21, N861fsX10, or
R491W) expression constructs or empty vector (as control). Forty-eight
hours after transfection, cells were treated with or without BMP-2 for
10 min. The cells were then fixed and assayed for c-Src phosphorylation
(Tyr418). Results were normalized with the number of cells. Data repre-
sented the mean 	 SEM from two independent experiments with
duplicates.
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stimulation decreased c-Src–activating phosphorylation at Tyr418,
and mutations of BMPR-II C-terminal domain abolished this re-
sponse in hPASMC. These findings provide a novel function of
the C-terminal domain of BMPR-II, which is a unique among
the members of TGF-� receptor superfamily.

Similar to other TGF-� type II receptors, BMPR-II trans-
duces signals by forming heteromeric complexes with its type I
receptors (BMPR-IA and BMPR-IB). Binding of BMP ligand
to the receptor complexes initiates a signal transduction cascade,
leading to the phosphorylation of signaling proteins, such as Smads
(1, 5, and 8) and MAPK kinases (ERK, JNK, and p38 MAPK) (1).
However, unlike other TGF-� receptors, BMPR-II has a large
C-terminal domain that encompasses more than one-half of the
protein and is unique in the genome. The single large exon 12
of BMPR2 gene encodes most of this C-terminal domain and
is absent in an alternatively spliced isoform (4–7). Comparative
analysis of BMPR-II showed that the C-terminal domain is the
least conserved region of the protein among various vertebrate
and invertebrate homologs, suggesting that this region may have
conferred new and evolutionarily advantageous function to the
protein (unpublished data from our laboratory).

Although the C-terminal domain is not required for signaling
through Smads and p38MAPK pathways (7, 9, 18) a number of
nonsense mutations from patients with PAH are predicted to
truncate the C-terminal domain, strongly suggesting that it has
crucial biochemical function and may participate in other signal-
ing pathways that regulate cellular proliferation (10–12). Analy-
ses of the PAH mutations revealed a functional heterogeneity of the
BMPR-II mutants. Mutations within the extracellular and kinase
domains abolished the BMP signaling and altered BMPR-II subcel-
lular localization, whereas truncation of C-terminal domain re-
tained the ability to transducer BMP signals via Smads (9, 19).
This functional heterogeneity suggested that the effects of
BMPR-II mutations are mediated by different molecular mecha-
nisms. A recent study has shown that the C-terminal domain
interacted with LIM kinase 1 (LIMK1) and altered the dynamics
of the actin cytoskeleton (20). Another study has demonstrated
that this C-terminal domain interacted with Tctex-1, a light chain
of the motor complex dynein (21). Using two-dimensional gel
electrophoresis and mass spectrometry, it was shown that the
C-terminal domain may also serve as a docking site for several
different proteins in mouse myoblast C2C12 cells, including
MAPKKK8, Rab geranylgeranyl transferase � subunit, and
Forkhead box L1 (22). These findings suggest that the
C-terminal domain of BMPR-II may have multiple functional
roles in cellular functions.

Using the yeast two-hybrid system, we identified the c-Src
tyrosine kinase as a novel interacting partner of the C-terminal
domain of BMPR-II. This finding provides a new dimension to
the complexity of BMP signaling. The c-Src tyrosine kinase is
the cellular counterpart of the viral oncogene v-Src and is impli-
cated in a range of human cancers (16). It mediates diverse
biological effects, including cell growth, migration, and apopto-
sis. Overexpression or overactivation of c-Src tyrosine kinase
promotes the development of cancer and is found in a large
percentage of colon and breast tumors. In addition to cell prolif-
eration, c-Src tyrosine kinase regulates cell adhesion, invasion,
and motility, which may contribute to tumor progression and
metastasis (15).

The c-Src tyrosine kinase is composed of an amino-terminal
myristylation sequence, SH3 and SH2 protein interaction do-
mains, and a tyrosine kinase domain. Its activity is regulated by
several mechanisms, including phosphorylation, intramolecular
protein–protein interactions involving its SH2 and SH3 domains,
and degradation by ubiquitin-proteasome pathway. Phosphory-
lation at Tyr418 residue upregulates the enzyme activity (17).

In contrast, phosphorylation at the carboxy-proximal tyrosine-
527 residue leads to the binding of this region to the SH2 domain
and results in a “closed” or inactive conformation (23). Intramo-
lecular interaction between the SH3 and the kinase domains can
also inactivate the protein (23, 24). Conversely, displacement
of the SH3- and SH2-mediated intramolecular interactions by
higher affinity binding partners may cause conformational acti-
vation of c-Src tyrosine kinase. A number of c-Src tyrosine
kinase–interacting partners have been identified that could dis-
rupt the intramolecular interactions and result in the open and
active configuration of the protein. These include the platelet-
derived growth factor receptor (PDGFR), protein phosphatase-�,
focal adhesion kinase (FAK), and FAK binding partner, p130CAS

(25, 26). It is not yet clear whether the binding of BMPR-II
via its C-terminal domain to c-Src tyrosine kinase will cause
conformational change.

However, results from this study demonstrated that PAH-
causing mutations within the C-terminal domain of BMPR-II
disrupted its interaction with c-Src tyrosine kinase. In addition,
these mutations abolished the decrease in c-Src phosphorylation
(Tyr418) in response to BMP ligand stimulation. These findings
indicated a potential role of this interaction in the pathogenesis
of PAH. Indeed, accumulating evidence has suggested a crucial
role of c-Src tyrosine kinase in vascular homeostasis. c-Src tyro-
sine kinase is abundant in vascular smooth muscle cells (27).
However, activation of c-Src tyrosine kinase can lead to either
vasorelaxation or vasoconstriction, depending on the types of
cell and signaling pathways of activation. In bovine pulmonary
artery endothelial cells, angiotensin-II stimulates c-Src tyrosine
kinase, which in turn activates the MAPK pathway, resulting in
an increase in protein expression and activity of endothelial
nitric oxide synthase (eNOS) (28). This stimulation of eNOS by
angiotensin-II leads to an increased production of the potent
vasodilator nitric oxide (NO), resulting in vasorelaxation.
Conversely, activation of c-Src tyrosine kinase by serotonin
(5-hydroxytryptamine) leads to inhibition of voltage-dependent
and Ca2
-activated K
 channel (MaxiK, BK), and consequently
to vasoconstriction (29). In contrast, pharmacologic inhibition
of c-Src tyrosine kinase decreases phosphorylation of MaxiK,
leading to vasorelaxation.

On the other hand, activation of c-Src tyrosine kinase by
serotonin 2B receptor (5-HT2B-R) induces phosphorylation of
PDGFR and ERK1/2 MAPKs, and activates cell cycle regulators
such as cyclins D and E, leading to cell proliferation (30). The
inhibiting effects of BMP signaling on c-Src phosphorylation
may oppose the growth signals of such mediators as 5-HT and
PDGF, by downregulation of the cell cycle regulators and there-
fore subsequently prevent cell proliferation. Similar to BMPR-2,
the activin-like kinase 1 (ALK-1) and endoglin (ENG) are mem-
bers of the TGF-� superfamily. Mutations in the ALK-1 and
endoglin have been implicated in Hereditary Hemorrhagic Tel-
angiectasia (HHT)-associated pulmonary hypertension (31–34).
Interestingly, it has recently been shown that TGF-�1 activated
epidermal growth factor receptor (EGFR) and c-Src, and both
contribute to Akt oncogene phosphorylation and cell survival
in hepatocytes (35). Other studies had indicated that the sensitiv-
ity to TGF-�1–induced apoptosis is regulated by crosstalk be-
tween the Akt and Smad pathways through a mechanism that
involves a direct interaction between Akt and Smad3 (36, 37).
Future studies will be needed to determine whether BMP signal-
ing is also regulated by crosstalk between the Smad and c-Src
in pulmonary arterial smooth muscle cells and how defects in
these two pathways may cause PAH.

Of note, the 5-HT2B receptor has also been implicated in
the pathologic effects of norfenfluramine—a metabolite of the
anorectic agent fenfluramine that has been associated with PAH
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Figure 8. Schematic representation of c-Src tyrosine kinase
as a potential hub for signaling pathways involved in PAH.
The interaction between BMPR-II and c-Src tyrosine kinase
may inhibit c-Src tyrosine kinase activity in the presence
of BMP ligand by reducing its phosphorylation at tyrosine-
418 residue. The inhibition of c-Src activity by BMP signal-
ing may inhibit downstream cell cycle regulators such as
cyclins D and E and subsequently prevent smooth muscle
cell proliferation. Moreover, BMP ligand stimulation may
also inhibit cell proliferation through the Smad pathway.
In contrast, activation of c-Src tyrosine kinase by 5-HT2B
receptor causes the induction of cell cycle regulators
(cyclins D and E) via ERK/MAPK pathway and subsequently
triggers cell proliferation. In addition, activation of c-Src
tyrosine kinase by serotonin inhibits voltage-dependent
and Ca2
-activated K
 channel (MaxiK, BK), leading to
vasoconstriction. Protein–protein interaction between c-Src
tyrosine kinase and voltage-gated K
 channel (Kv1.5) sup-
presses outward potassium current and ultimately causes
vasoconstriction. In contrast, activation of c-Src tyrosine
kinase by angiotensin-II (Ang-II) receptor leads to increased
eNOS gene expression and activities via MAPK pathway
and subsequently causes vasorelaxation. The “
” and “�”
signs indicated possible activation and inhibition, respec-
tively, while “?” indicated potential cross-talk of the smad
and c-Src signaling pathway.

(38, 39). The anorectic agents fenfluramine and dexfenfluramine,
which have been associated with PAH, also inhibit K
 current,
principally via the voltage-gated K
 channel (Kv1.5) (40). Inter-
estingly, c-Src tyrosine kinase has a direct protein–protein inter-
action with Kv1.5 in human myocardium that suppresses outward
potassium current (41). This is the same direction of effect that
is seen in smooth muscle cells of patients with PAH, which are
observed to have downregulated the Kv1.5 channel (42). This
leads to a decrease in the outward K
 current, causing mem-
brane depolarization and subsequent calcium entry through
L-type calcium channels, ultimately leading to vasoconstriction
and cell proliferation. Thus, the c-Src tyrosine kinase may not
only provide a central hub for the various susceptibility factors
of PAH including the BMPR-II, serotonin, and Kv1.5, but also
a potential therapeutic target for this disease (Figure 8).

In summary, our results provide a novel signaling function of
BMPR-II and demonstrate a discrete function of its C-terminal
domain. Given the crucial role of c-Src tyrosine kinase in cell
proliferation and vascular remodeling, future studies will be
needed to determine how the disruption of the interaction be-
tween BMPR-II and c-Src tyrosine kinase may contribute to
PAH. Better understanding of the role of c-Src tyrosine kinase
in BMP signaling and their interplay with the other susceptibility
factors of PAH will help elucidate the pathogenesis of PAH and
may lead to potential therapeutic treatment for this disease.
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