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Abstract

Reduced bone morphogenetic protein (BMP) receptor (BMPR) expression and BMP signaling have been implicated in
vascular cell proliferation and remodeling associated with pulmonary arterial hypertension (PAH). The low penetrance of
the BMPR Il disease gene in familial PAH suggests that additional genetic or environmental factors are involved in clinical
manifestation of PAH. Smurf1 ubiquitin ligase, together with inhibitory SMAD 6/7, forms a negative feedback loop for the
attenuation of BMP signals by downregulating BMPR and signaling molecules and, in addition, functions in the integration
of MAPK/Ras mitogenic pathways. The present study found that Smurf1 was significantly elevated in pulmonary arteries of
monocrotaline and hypoxia-induced PAH rats. In the pulmonary artery of hypoxia-exposed mice, elevation of Smurf1 and
SMAD7 was correlated with reduced expression of BMPR Il protein. Over-expression of Smurfi in cultured cells induced
ubiquitination and degradation of BMPR | and Il whereas ligase-inactive Smurf1 reduced ubiquitination and elevated their
protein levels, thus serving a dominant-negative function. Smurfi-induced receptor degradation was inhibited by both
proteasomal and lysosomal inhibitors. Thus, Smurfi reduces steady-state levels of BMPRs by ubiquitination and
subsequent degradation involving proteasomes and lysosomes. Therefore, these results show that Smurf1 induction could
be a key event for triggering downregulation of BMP signaling and causing vascular cell proliferation and remodeling in
PAH and that abrogating Smurf1 function could be a strategy for PAH therapeutics.
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Introduction to be involved in the pathogenesis of not only familial PAH

Pulmonary arterial hypertension (PAH) displays prolifer-
ation of endothelial and smooth muscle cells and remodel-
ing/obliteration of peripheral arteries, resulting in right
ventricular hypertrophy (RVH) and right heart failure.
Bone morphogenetic protein (BMP) receptor (BMPR) 1I (of
the transforming growth factor [TGF]-8 receptor family) is
reduced in the lungs of patients with severe PAH, most
notably in patients with heterozygous germline mutations
in the BMPR II gene.! Disruption of BMPR signaling, associ-
ated with a reduction in BMPR, is also identified in vascular
cells of pulmonary arteries in secondary PAH? and hypoxia
and monocrotaline (MCT)-induced PAH in animals.’~®
Thus, reduced BMPR-mediated signaling, which causes
removal of the BMP-apoptotic/cytostatic effect, is suggested
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but also of mutation-negative cases including secondary
PAH. Due to the low penetrance of BMPR II gene mutations
in familial PAH, the second-hit theory has been proposed,
suggesting an involvement of other genetic/environmental
factors in PAH.”® Regulatory mechanisms responsible for
downregulation of BMPR 1I and abnormal BMP signaling
could thus be critical for PAH pathogenesis.

Smurfl HECT-domain ubiquitin ligase was originally dis-
covered by yeast hybrid screening as an interacting protein
with SMAD1, a canonical signaling molecule downstream
of BMPR.? Smurfl induces ubiquitination and subsequent
proteasome-dependent degradation of BMP-regulated
R-SMADs as well as TBRs (TGF- receptor), thus inactivat-
ing BMP/TGF-8 signaling.”’~"! In a negative feedback loop
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for the TGF-B/BMP-signaling pathway, Smurfs induce
nuclear export of SMAD6/7 and, upon ligand activation,
translocate them to the plasma membrane, inducing binding
of Smurfs to TBRs and receptor degradation.w'13 Therefore,
we hypothesized that Smurfl, a negative regulator of BMP
signaling pathway, might be a factor contributing to down-
regulation of BMPR II and abnormal BMP signaling in
pulmonary vascular cells in PAH.

In the present study, we examined expression of Smurfl
in the lungs of animals with MCT and hypoxia-induced
PAH. In both cases, Smurfl was significantly elevated. In
addition, inhibitory SMAD?7 increased while BMPR II was
downregulated. Over-expression of Smurfl in cultured
cells induced degradation of BMPRs, and dominant-
negative Smurfl resulted in accumulation of receptors.
These results show that induction of Smurfl in pro-PAH
conditions can lead to downregulation of BMPR and BMP
signaling in PAH. Therefore, suppression of Smurfl func-
tion, by dominant-negative-Smurfl or siRNA, could be a
therapeutic strategy for recovering BMP-responsiveness
and treating PAH.

Materials and methods
Materials

MCT (Trans World Chemicals, MD, USA) was dissolved
in 1 N HCI and adjusted to pH 7.3 at the final concentration
of 20mg/mL. MCT solution was freshly prepared
immediately before injection. Protease inhibitor cocktail
and chloroquine were obtained from Sigma (St Louis, MO,
USA). Lactacystin and MG132 were obtained from
BostonBiochem (Cambridge, MA, USA). Antibodies used
were anti-Smurfl (H-60, Santa Cruz, CA, USA; Abnova,
Taiwan) for Western blotting, anti-Smurfl (Zymed
Laboratories, CA, USA) for immunohistochemistry,
anti-BMPR II (H-300, Santa Cruz, CA, USA), anti-SMAD7
(H-79, Santa Cruz), anti-B-actin (Santa Cruz), anti-HA
(Cell Signaling, MA, USA), anti-Flag (Sigma, M],
USA), anti-His (Cell Signaling) and horse radish peroxidase
(HRP)-conjugated = goat-anti-rabbit and mouse IgGs
(Chemicon International, CA, USA). Histo-stain IHC
Detection kit (Invitrogen, CA, USA) was used for immuno-
hisochemical analyses of paraffin sections. Prestained Rec
Protein Ladder (Fisher Scientific, PA, USA) and Western
Lighting Chemiluminescence Reagent Plus (Perkin Elmer,
CT, USA) were used for Western blotting. NiNTA gel
(Qiagen, CA, USA) was used for isolation of His-tag
proteins.

PAH model animals

All protocols were approved by the Institutional Animal
Care and Use Committee at New York Medical College
and conformed to the guiding principles for the use and
care of laboratory animals of the American Physiological
Society and the National Institutes of Health. Male
Sprague-Dawley rats and CD-1 mice were obtained from
Charles River Laboratories (Wilmington, DE, USA). After
being acclimatized in the animal facility for 5d, rats

(150-175 g) were given a single subcutaneous injection of
MCT (60 mg/kg). For hypoxia exposure, rats were subjected
to hypobaric hypoxia (Kpa50). Exposure of mice to hypoxia
was performed as described previously.'* Briefly, a combi-
nation of nitrogen (N,) and oxygen (O,) was injected into
the chamber to achieve 10 + 0.1% O, concentration. The
oxygen concentration was controlled by the Oxycycler
hydraulic system (Model A44 x 0, BioSpherix, Redfield,
NY, USA) and ANA-Win2 Software (Version 2.4.17,
Watlow Anafaze, Watsonville, CA, USA). Generally,
significant PAH and RVH developed after hypoxic
exposure for two and three weeks, respectively (data not
shown).

Pulmonary arterial pressure and RVH measurement

Animals were anesthetized with an intraperitoneal injection
of pentobarbital (60 mg/kg). The trachea was cannulated
with PE240 tubing, through which the animal was venti-
lated with room air. The chest was opened, and right ventri-
cular systolic pressure was recorded on Grass polygraph
(model 7E) through PE50 tubing inserted into the right ven-
tricle (RV). The right ventricular systolic pressure (RVSP)
was used as pulmonary arterial pressure (PAP). After
pressure measurements, lungs were perfused with saline
to remove blood. Lungs and hearts were removed and
placed in 10% buffered formaldehyde or snap-frozen.

For assessment of RVH, hearts were removed from for-
maldehyde, and atria were trimmed off. The free wall of
the RV was separated from the left ventricle and the
septum (LV). They were weighed separately, and the ratio
of RV/LV was calculated.

Immunohistochemical staining

Left lungs and pulmonary arteries preserved in 10% buf-
fered formaldehyde were embedded in paraffin. Paraffin
sections were de-paraffinated and quenched for endogenous
peroxidase activity. After blocking with non-immune
serum, paraffin sections were incubated with primary anti-
bodies at the optimal concentrations, followed by incubation
with biotinylated second antibody (Invitrogen). After
incubation with HRP-streptavidin, visualization was
performed with DAB-chromogen. Counterstaining was
performed using hematoxylin. The quantification of positive
signals was performed using AdobePhotoShop. Briefly, five
evenly stained areas of the same size were selected for each
image. Signal intensities were expressed in pixel numbers
using a color range that represents positive staining and
averaged. These analyses were performed by a blinded
person for the experimental conditions. The two-tailed
Student’s t-test was performed between the control and
hypoxia groups for each protein.

Western blotting

Whole lung tissues or cultured cells were homogenized
using Tris-buffered saline, pH 7.4, containing 1% NP40
and protease inhibitors. After brief centrifugation, protein
concentrations in supernatants were measured by the
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Bio-Rad Bradford protein assay reagent with bovine serum
albumin as a reference protein. Supernatant proteins (100 ug
of lung tissues or 60 ug of cultured cells) were separated
by polyacrylamide gel electrophoresis and analyzed by
Western  blotting  using primary antibodies and
HRP-conjugated second antibodies. HRP activity was visu-
alized from chemiluminescence emission and autoradiog-
raphy. Specific protein bands were confirmed from the
estimated molecular weights using a prestained protein
ladder. Densitometry was performed with Chemilmage
5500 (Alpha Innotech, CA, USA).

Plasmid DNA construction

HA-BMPRs, Flag-Smurfl and HECT-H2 expression vectors
were kindly provided by K Miyazono (University of Tokyo),
JL Wrana (University of Toronto) and CM Pickart (Johns
Hopkins University). His-BMPR expression vector was con-
structed by the ligation of BamHI/Xhol fragment into
pcDNA4/HisMax. Smurfl-CA, a ligase-inactive Smurfl,
was generated by Cys to Ala mutation at Cys743 using
mutated primers in a PCR-based site mutation method.
Mutations were confirmed by DNA sequencing.

Cell culture and plasmid transfection

HEK293T cells (ATCC, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium media including
10% fetal bovine serum, penicillin, streptomycin and
amphotericin B at 37°C and 5% CO,. Plasmid transfection
was performed according to the manufacturer’s instructions
using Superfect (Qiagen). For transfection in 35mm
culture dishes, the total DNA transfected did not exceed
2.5 ug. The DNA concentration of each expression vector
was the same for all dishes. Normally, cells were harvested
the next day after transfection. Proteasome and lysosome
inhibitors were added for the last four hours before
harvesting.

Ubiquitination assay

HEK293T cells in 100 mm culture dishes were transfected
with His-BMPR (4 ug DNA) and HA-ubiquitin (2 ug
DNA) expression vectors and harvested the next day.
Where indicated, Smurfl or Smurfl-CA vectors (4 ug
DNA each) were included for the total 10 ug DNA concen-
tration. The DNA concentrations of His-BMPR and
HA-ubiquitin vectors were consistent for all dishes. When
used, transfected cells were treated with proteasome or lyso-
some inhibitor for the last 30min before harvesting.
His-tagged BMPR protein was isolated using NiNTA gel
(Qiagen) according to the manufacturer’s instructions and
subjected to Western blotting. Ubiquitinated BMPR was
identified using anti-HA antibody.

Statistical analysis

Statistical analyses of hemodynamic and Western blotting
data were performed by the two-tailed Student’s t-test.
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Results

Smurf1 is elevated in pulmonary arteries with
MCT and hypoxia-induced PAH

Animals were treated by MCT injection or hypoxia
exposure. Significant PAH and RVH were observed after
two weeks following MCT injection (Table 1). In contrast,
exposure to hypoxia resulted in progressive PAH and
RVH after one week, followed by further increases after
two weeks (Table 1). Smurfl expression, as analyzed by
Western blotting, significantly increased in lungs after
both treatments (Figure 1). In hypoxia-induced PAH,
increased Smurfl expression was seen early and continued
progressively (Figure 1, right panel). Thus, Smurfl
expression appears to precede PAH development
(Table 1). In MCT-induced PAH, increases of Smurfl after
two weeks paralleled that of RVSP and RV/LV (Figure 1,
left panel and Table 1). Immunohistochemical analyses of
Smurfl protein expression in lung tissues of rats following
MCT treatment showed that Smurfl increased early, even
after two days, in pulmonary vascular cells (Figure 2).

Increase in Smurf1 expression is correlated
to reduced BMPR Il expression

The expression of Smurfl, BMPR II and SMAD? proteins
was analyzed immunohistochemically in pulmonary
arteries of mice exposed to hypoxia for 30 d, and their posi-
tive signals were quantified. Compared with the controls,
increased expressions of Smurfl and SMAD7 were observed
(Figure 3A versus B and E versus F), while BMPR II was
downregulated (Figure 3C versus D).

Smurfi induces BMPR ubiquitination and degradation
which are blocked by dominant-negative Smurf1

The relationship between Smurfl-induction and BMPR
degradation was examined in vitro. HA-tagged BMPRs
were expressed in HEK293T cells with or without Smurfl
or HEC-H2. HECT-H2, a HECT-domain ubiquitin ligase,

Table 1 Hemodynamics

MCT

Control Two days One week Two weeks

(n=5) (n =5) (n =6) (n =6)
RVSP (mmHg) 19 +0.8 20+ 0.6 20+0.95 3042.0*
RV/LV 0.22 +0.01 0.23+0.01 0.23 +0.01 0.30 + 0.01*

Hypoxia

Control Two days One week Two weeks

(n =5) (n=5) (n =5) (n=6)
RVSP (mmHg) 23 +1.2 26 +1.3 32 +1.1* 43 4 2.2%**
RV/LV 0.20 + 0.006 0.24 + 0.01 0.36 + 0.03* 0.41 4 0.02***

RV, right ventricle; LV, left ventricle

RVSP (right ventricular systolic pressure) and RV/LV (assessment of right
ventricular hypertrophy) were measured as described in the Materials and
methods section

*P < 0.05 versus control

**P < 0.05 versus one week
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Smurf1 expression

Figure 1 Smurf1 expression is upregulated in lung tissues of MCT and hypoxia-induced PAH rats. Lung tissues were isolated two days, one week and two weeks
after MCT injection (60 mg/kg) or hypoxia exposure. Lower panels: Typical Western blotting of lung tissues using anti-Smurf1 and B-actin antibodies. Upper
panels: Averaged densitometric quantification of specific bands (MCT n =5, hypoxia n = 6). Smurfl expression is standardized against p-actin band and
shown in units of relative intensity to the control. *P = 0.03 versus control, **P < 0.03 versus control, “**P < 0.01 versus control, ****P < 0.02 versus control.
Error bars: SE. MCT, monocrotaline

Figure 2 Smurf1 is rapidly upregulated in pulmonary arteries of MCT-induced PAH rats. Lung tissues were fixed two days, one week and two weeks after MCT
injection (60 mg/kg). Immunohistochemical analyses of lung tissues for Smurf1 expression using anti-Smurf1 antibody: (a) no treatment, (b) two days after MCT
injection, (c) control rabbit IgG, (d) no treatment, (e) one week and (f) two weeks after MCT treatment. (a)-(c) and (d)-(f) were from different sets of experiments.
The data shown are a typical set from three animals for each time point. Magnification: 40 x. Counterstaining: hematoxylin. MCT, monocrotaline; PAH, pulmonary
arterial hypertension
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Figure 3 Smurf1 and SMAD? proteins are elevated while BMPR Il is downregulated in the pulmonary artery of hypoxic mice. Mice were exposed to 10% oxygen
for 30 d. Immunohistochemical analyses of pulmonary arteries of hypoxic mice for Smurf1 (A and B), BMPR Il (C and D) and SMAD7 (E and F) proteins using
specific antibodies. A, C and E: control. B, D and F: hypoxia. Species-matched normal serum of each antibody showed no positive staining (not shown).
(a) Immunohistochemical microscopy images; (b) quantification of positive staining expressed as a relative intensity. Error bars: SE. “P < 0.05. The data
shown are a typical set from two mice for each condition. Magnification: 40 x. Counterstaining: hematoxylin

was used as control.’®> As shown in Figure 4a, Smurfl, but
not HECT-H2, induced downregulation of all types of
BMPR 1. Therefore, Smurfl targets BMPRs. Smurfl
expression induced downregulation of both BMPR I and
II, while Smurfl-CA, a ligase-inactivated Smurfl, did
not and instead elevated their expression levels, showing
a dominant-negative effect (Figure 4b). Although Flag-
Smurfl and Flag-Smurf1-CA expression vectors were trans-
fected at the same concentration, Flag-Smurfl protein level
was much lower than that of Flag-Smurf1-CA, most likely
due to autodigestion, as described previously.'""
Smurfl-induced downregulation of both BMPR I and II

was inhibited by both proteasome and lysosome inhibitors
(Lactacystin and MG132 for the former and chloroquine
for the latter) (Figure 4c). Flag-Smurfl protein appears to
be stabilized by chloroquine, but not by proteasome inhibi-
tors (Figure 4c). Smurfl induced ubiquitination of BMPR
(Figure 4d, lane 1 versus 2). The level of ubiquitination
was elevated by MG132 (Figure 4d, lane 2 versus 3), but
not chloroquine. Smurfl induced ubiquitination of BMPR,
whereas Smurfl-CA reduced it below the control level,
being consistent with its dominant-negative function
(Figure 4e). Therefore, Smurfl-mediated ubiquitination of
BMPR is associated with its downregulation. It is interesting
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Figure 4 Smurf1 induces ubiquitination and degradation of BMPR. (a) HEK293T cells were transiently transfected with each HA-BMPR | expression vector at the
same DNA concentration (1.25 ug). Where indicated, Flag-Smurfl or HECT-H2 was expressed by transfection of a respective expression vector (1.25 ugDNA
each). Protein levels of HA-BMPR Is were analyzed by Western blotting using anti-HA antibody. (b) HA-BMPR IB and Il were expressed without or with expression
of Flag-Smurf1 or Smurf1-CA. Their protein levels were identified by Western blotting using anti-HA and Flag antibodies. Anti-Flag antibody detects a nonspecific
band (marked by *) that migrates slightly slower than the Flag-Smurf1 band. Although the same concentrations of vectors were transfected, the expression of
Smurf1l protein was lower than that of Smurf1-CA, most likely due to auto-digestion. (c) HA-BMPR IB and Il were expressed without (lane 1) or with
Flag-Smurf1 (lanes 2-6). HEK293T cells expressing HA-BMPR and Flag-Smurf1 were treated with inhibitors for the proteasome (Lactacystin and MG132) and
the lysosome (chloroquine), where indicated, for the last four hours before harvesting. Protein levels of BMPRs and Smurf1 were estimated by Western blotting
using anti-HA and anti-Flag antibodies, respectively. Smurf1 protein appears to be stabilized by chloroquine. (d) His-BMPR IB and HA-ubiquitin were expressed
without or with Flag-Smurf. 20 umol/L MG132 (lane 3) or 50 umol/L chloroquine (lane 4) was added for the last 30 min before harvesting. His-tagged protein was
isolated by NiNTA gel (Qiagen, CA, USA) and subjected to Western blotting. The Western blotting of lysate proteins confirmed expression levels of Flag-Smurf1.
(e) His-BMPR IB and HA-ubiquitin were expressed without or with Flag-Smurf1 or Smurf1-CA. Transfected cells were treated with 20 umol/L MG132 for the last
30 min before harvesting to stabilize ubiquitinated proteins. His-tagged protein was isolated by NiNTA gel (Qiagen) and subjected to Western blotting

that the proteasome inhibitor (MG132) elevated BMPR  subsequent abnormal BMP signaling, in both familial and
ubiquitination, but the lysosomal inhibitor (chloroquine) secondary PAH, cause removal of the BMP-cytostatic
did not, although both inhibited degradation. Thus, effect, contributing to vascular remodeling and PAH."® In
Smurfl-catalyzed ubiquitination of BMPR may be required  support of this, BMPR II over-expression in BMIPR II +/—
for some steps of endocytic transport to lysosomes, but  mice attenuates hypoxic PAH.*? Since Smurfs are primarily
not for degradation by lysosomal hydrolases and ubiquiti-  responsible for the degradation of BMPRs and their down-
nation and deubiquitination are involved in cargo transport  stream signaling molecules, the elevated expression of
between the membranes. In addition, proteasomal degra-  Smurfl in pulmonary arteries may have a significant role
dation may be involved as a regulatory step in lysosomal in the pathogenesis of PAH. We propose that Smurfl is
degradation'®'” or in an independent pathway for BMPR  induced by pro-PAH factors, such as hypoxia and
degradation, that is, ER-associated degradation.’® pro-inflammatory cytokines, leading to downregulation of
BMPR and SMAD1/5 (Figure 5).

In the hypoxia-induced PAH model, Smurfl increase was
seen early and progressively and appeared to precede PAH
progression. A significant increase in Smurf1 expression was
The present study showed a significant increase of Smurfl  correlated with PAH appearance in MCT-induced PAH,
HECT-domain ubiquitin ligase in pulmonary arteries  although Smurfl induction appeared to occur early as
in two animal models of PAH. The discovery of BMPR II  seen by histochemical analyses (Figure 2). PAH develops
gene mutations underlying familial PAH""*' has led  slower in MCT-treated rats, whereas PAP is significantly
to the hypothesis that downregulation of BMPR and  elevated after exposure to hypoxia for one week, followed

Discussion
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Figure 5 A role of Smurf1 for vascular remodeling in PAH: Smurf1, induced
by pro-PAH factors such as hypoxia and proinflammatory cytokines, pro-
motes downregulation of BMPRs and BMP signaling and integration of
MAPK-mitogenic signals, leading to vascular cell proliferation and remodeling

Mitogenic signal f

by a progressive increase. The kinetics of Smurfl and PAH
expression are consistent with a causative role of Smurfl in
PAH development.

Smurfs and inhibitory SMADs (I-SMADs) cooperatively
induce degradation of TBRs and inhibit TGF-S signaling in
the negative-regulatory network of TGF-B signaling.”~™ In
this system, I-SMADs are induced by TGF- family proteins
and other factors, while Smurfs have been regarded as
constitutive factors that cooperate with I-SMADs. Recently,
Smurfl was shown to be induced by TNF and to mediate
TNF-induced bone loss.**** Our study is consistent with a
regulatory role of Smurfl expression in a variety of physio-
logical and pathological conditions. Transcription of the
Smurfl gene is not dependent on nuclear factor-kappa B>
and the regulatory mechanism for the Smurfl gene
remains unknown. Since Smurfl expression was induced
by hypoxic exposure in the present study, HIF transcription
factors could be involved in transcriptional control of the
Smurfl gene.

Downregulation of BMPR has been suggested to be
responsible for abnormal BMP signaling and subsequent
vascular remodeling in familial and secondary PAH."® In
our model (Figure 5), Smurfl is induced by a variety of
factors including MCT/inflammation and hypoxia. As
shown in Figure 4, Smurfl-CA, a dominant-negative
Smurfl, elevates BMPR. Therefore, these results show a
potential for therapeutic application of tools that abrogate
Smurfl function such as dominant-negative Smurfl and
siRNA for the Smurfl gene.

We showed that BMPR basal degradation was mediated
by both proteasomes and lysosomes, as shown previously
for Smurf2-induced TSR  degradation.>  Smurf2/
Smad7-mediated TBR basal turnover is suggested to occur
via a raft-caveolar internalization pa’chway.25 Smurfl,
along with SMAD7, was shown to mediate TBR transport

to the plasma membrane.'® Smurfl and Smurf1-CA, respect-
ively, induced BMPR internalization from and accumulation
in the plasma membrane (K Murakami, JD Etlinger, unpub-
lished observation). The present study showed that BMPR
was ubiquitinated directly by Smurfl. Therefore,
Smurfl-mediated ubiquitination of BMPRs appears to serve
as a signal for endocytic trafficking of BMPRs, as ubiquitina-
tion is a major signal for endocytosis of membrane proteins.*®

Recent studies suggest an essential role of Smurfl for
integrating TGF-B8/BMP signals with mitogenic and stress
signaling pathways.”” The SMAD proteins consist of two
conserved domains, MH1 and MH2, connected by a linker
domain. The canonical BMP signal is mediated through
phosphorylation of the C-terminal domain (CID) of
SMAD1/5/8 and subsequent nuclear localization. The acti-
vation of the MAPK/Ras mitogenic pathway counterba-
lances CTD phosphorylation by phosphorylation of the
SMADI linker region.”*** This interplay has been shown
to be a critical step in integrating a variety of signals
during embryogenesis, development and cell fate determi-
nation.*=** The linker phosphorylation recruits Smurfl on
SMAD1, inducing SMAD1 ubiquitination/degradation
and inhibiting nuclear localization/BMP signaling.””
CTD-phosphorylated SMAD is excluded from the nuclei,
only when Smurfl is co-expressed.”” Therefore, Smurfl
recruitment to linker phosphorylated SMADs integrates
suppression of BMP signals. Our results support a pivotal
role for Smurfl in PAH development whereby elevated
Smurfl downregulates BMP signaling molecules and sup-
presses BMP-dependent gene transcription, thus facilitating
the MAPK/Ras mitogenic pathway and leading to vascular
cell proliferation and remodeling (Figure 5).

Vascular lesions manifesting extensive remodeling are
limited to small pulmonary arteries in PAH. Phenotypic
diversity has been shown between pulmonary artery
smooth muscle cells isolated from proximal and peripheral
human pulmonary arteries, involving differential activation
of SMAD-dependent and MAPK signaling pathways.®*
This difference was attributed to different developmental
origins of these cells, the proximal (main) pulmonary
artery from neural crest and peripheral arteries by vasculo-
genesis within the developing lung mesenchyme ¢
Neural differentiation is induced by antagonizing the BMP
signal by over-expression of Smurf1,” whereas the mesenchy-
mal origin is dependent on BMP signaling. While Smurfl
protein was elevated in both main and peripheral pulmonary
arteries in the present study, its elevation can thus be expected
to have differential consequences on BMP signaling.

In our study, expression of both Smurfl and SMAD7 was
increased while BMPR I was downregulated. SMAD6 and 7
are inhibitory SMADs that are induced by TGF-g in a feed-
back mechanism inhibiting TGF-g-mediated transcriptional
activation®’ =% and facilitating downregulation of TSR
signaling.'®~** SMAD 6 and 7 were originally discovered
as the genes that were specifically induced in endothelial
cells by steady laminar shear stress and suggested to func-
tion as integrators of humoral and mechanical stimuli in
these cells.*” Therefore, expression of SMAD7 may be coop-
eratively regulated with Smurfl to facilitate suppression of
BMP signaling and vascular proliferation in the lung.
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The  studies  implicating ~SMURF  1/2  in
inflammation-associated bone loss may provide insight
into PAH. For example, TNF induces degradation of
SMAD1, inhibition of SMAD-mediated transcription as
well as increase in Smurfl/2 ubiquitin ligase expression in
osteoblasts. This inhibitory effect of BMP signaling by
TNF is blocked by Smurfl-deletion,”® and bone loss in
TNF-overexpressing transgenic mice (TNF-Tg) is rescued
in TNF-Tg/Smurfl —/— mice,* thus showing that Smurfl
induction mediates these TNF actions. Inflammation plays
a significant role in the pathogenesis of PAH*' and
MCT-induced PAH.*> PAH is not an uncommon compli-
cation with inflammatory diseases. In primary cultures of
bovine pulmonary endothelial cells, Smurfl protein is
induced by TNF-alpha (Murakami K and Olson SC, unpub-
lished data). Thus, induction of Smurfl could be a key event
in promoting PAH by proinflammatory cytokines (Figure 5).

In conclusion, our observations suggest that Smurf1, elev-
ated in experimental models of PAH, could play a primary
role for reducing BMP signaling and integrating mitogenic
signals, leading to vascular remodeling in PAH. Since
Smurfl plays multiple functions, including downregulation
of BMPRs and integration of BMP and MAPK signaling,
suppression of Smurfl function, as shown here using
dominant-negative Smurfl, may have therapeutic potential
in preventing PAH progression in both familial and second-
ary PAH.
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