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Abstract

Altered bone morphogenic protein (BMP) signaling, independent
of BMPR2mutations, can result in idiopathic pulmonary arterial
hypertension (IPAH). Glucose dysregulation can regulate multiple
processes in IPAH. However, the role of glucose in BMP antagonist
expression in IPAH has not been characterized. We hypothesized
that glucose uptake regulates BMP signaling through stimulation
of BMP antagonist expression in IPAH. Using human plasma,
lung tissue, and primary pulmonary arterial smooth muscle
cells (PASMCs), we examined the protein expression of BMP2,
BMP-regulated Smads, and Smurf-1 in patients with IPAH and
control subjects. Gremlin-1 levels were elevated in patients with
IPAH compared with control subjects, whereas expression of
BMP2 was not different. We demonstrate increased Smad
polyubiquitination in IPAH lung tissue andPASMCs thatwas further
enhanced with proteasomal inhibition. Examination of the Smad
ubiquitin-ligase, Smurf-1, showed increased protein expression in

IPAH lung tissue and localization in the smooth muscle of the
pulmonary artery. Glucose dose dependently increased Smurf-1
protein expression in control PASMCs, whereas Smurf-1 in IPAH
PASMCs was increased and sustained. Conversely, phospho-
Smad1/5/8 levels were reduced in IPAH compared with control
PASMCs at physiological glucose concentrations. Interestingly, high
glucose concentrations decreased phosphorylation of Smad1/5/8 in
control PASMCs. Blocking glucose uptake had opposing effects in
IPAH PASMCs, and inhibition of Smurf-1 activity resulted in partial
rescue of Smad1/5/8 activation and cell migration rates. Collectively,
these data suggest that BMP signaling can be regulated through
BMPR2mutation-independent mechanisms. Gremlin-1 (synonym:
induced-in-high-glucose-2 protein) and Smurf-1 may function to
inhibit BMP signaling as a consequence of the glucose dysregulation
described in IPAH.
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Pulmonary arterial hypertension (PAH)
is a devastating disease with multiple
origins (1, 2). It is defined by a mean
pulmonary artery pressure of .25 mm
Hg and increased pulmonary vascular
resistance, which often results in right
ventricular failure and premature death
(3–5). PAH, which has a poor prognosis,
currently affects .100 million people
worldwide, with a higher frequency of
occurrence in women than in men (3, 6–9).
Without treatment, the PAH survival rate
is ,3 years. Several categories of PAH have
been defined (10). A number of factors,
such as environmental stimuli, drug use,
and diseases such as connective tissue
disorders, can result in associated PAH
(10). The idiopathic form of PAH
(IPAH) is distinguished by an absence
of identifiable cause. In addition, multiple
gene mutations, including ACVRL1,
BMPR1B, CAV1, ENG, KCNK3, and
SMAD9, have been determined to cause
heritable PAH (HPAH). However, they
make up only z3% of HPAH cases (11).

The heterozygous loss-of-function
bone morphogenic protein type 2 receptor
(BMPR2) mutations are the predominant
genetic basis of HPAH (75%) (11). These
mutations attenuate the normal cellular
functions of bone morphogenic proteins
(BMPs) (BMP2, BMP4, and BMP9) in the
lung and result in PAH (12–16). To date, more
than 600 distinct BMPR2 mutations have
been identified in patients with PAH (11).

It is known that a significant proportion
(10–40%) of patients who develop IPAH
have the BMPR2 mutation without a
known family history (17). Only a small
percentage of family members with BMPR2
mutations (27% on average) develop
PAH (18). These statistics suggest that
other modes of BMP signal regulation,
independent of the BMPR2 mutations, may
influence and account for the development
of PAH.

Antagonists of growth factors are
regulatory mechanisms that control growth
factor signaling and function at multiple
stages. Several reports have described
known antagonists of BMPs such as
Gremlin-1 and Smurf-1 that regulate
upstream or downstream BMP signaling
events (19, 20). Upstream, the secreted
BMP antagonist, Gremlin-1, has been
shown to bind to and sequester BMPs,
not allowing them to interact with the
BMP receptors, thus terminating signaling
events (21). In addition, Gremlin-1 has
been documented to prevent BMP secretion
and activation (22). Downstream, BMP
signaling can be attenuated by several
regulatory factors, including inhibition of
Smad activation and translocation to the
nucleus through Smad ubiquitin ligases
known as Smurfs.

Past reports define significant roles
for Gremlin-1 and Smurf-1 in the regulation
of several processes, including cell
differentiation and proliferation (23–26).
The roles of these BMP antagonists in
diseases such as diabetes, liver fibrosis,
cancer, and right ventricular hypertrophy
and failure demonstrate their importance
in disease pathophysiology (27–30).
Currently, there is mounting evidence that
altered BMP signaling may result from
factors independent of BMPR2 mutations
in IPAH (31–34). Indeed, the modes of
BMP activation and signaling must have
multiples stages of regulation. The aberrant
up-regulation of these BMP signaling
antagonists has been suggested in IPAH,
but the molecular underpinnings that
govern the increase in these inhibitors are
not well understood.

The aim of this report was to determine
the role of excess glucose uptake on
BMP signaling. Using human samples,
we showed that glucose dose dependently
stimulated the Smad ubiquitin ligase,
Smurf-1, in control pulmonary arterial
smooth muscle cells (PASMCs), whereas
increased and sustained Smurf-1 protein

levels in IPAH PASMCs were reduced
by blocking glucose uptake. Phospho-
Smad1/5/8 (p-Smad 1/5/8) levels were
inversely proportional to the findings
in control and IPAH under the same
conditions. In addition, polyubiquitination
of Smad-1 was augmented in lung tissue
and IPAH PASMCs treated with a
proteasomal inhibitor. Inhibition of
Smurf-1 activity resulted in a partial
rescue of Smad 1/5/8 activation, together
with cellular migration rates in IPAH.
Collectively, this report suggests that
altered BMP signaling in IPAH can result
independent of BMPR2 mutation status.
We put forth the notion that Smurf-1
expression is stimulated by glucose, which
has been confirmed to be dysregulated in
the lungs of patients with IPAH (35–39),
and may trigger the degradation of
BMP-regulated Smads and reduction in
Smad activation. The role of glucose in
the regulation of Gremlin-1 expression
in IPAH is also discussed.

The study population and demographic
data are listed in Table 1. Not all analyses
(including BMPR2 mutation analysis)
were performed on all samples because of
the limitation of sample availability and
consent for genetic analysis. BMPR2
mutations were identified in two subjects
with a known family history of PAH (one
lung tissue sample and one PASMC). No
mutations were identified among six IPAH
samples (four lungs, two PASMCs), or
seven control samples. The number of
samples in each experimental analysis is
included in the text, tables, and/or figures.

Materials and Methods

Lung Tissue, PASMC Isolation, and
Culture Conditions
All explanted lungs were either collected
at the Cleveland Clinic through an
institutional review board–approved
protocol or provided by the Pulmonary
Hypertension Breakthrough Initiative.
Human lung tissue in this study was
obtained from nine donor lung explants
not suitable for lung transplant and
from nine patients with PAH (Table 1).
Human PASMCs were isolated from
elastic pulmonary arteries dissected from
both control and PAH lungs obtained at
explantation (Table 1) using a previously
described method (40). The PASMCs were
confirmed routinely through positivity

Clinical Relevance

Our data show an indirect role for
Smurf-1 down-regulation of bone
morphogenic protein signaling
through ubiquitination of the
downstream Smad effector proteins.
We show that Smurf-1 is regulated
by glucose and, on inhibition, results
in decreased cell migration in the
idiopathic pulmonary arterial
hypertension pulmonary arterial
smooth muscle cells similar to control
migration rates. Our findings suggest
that blocking Smurf-1 (and/or
Gremlin-1) levels may be a plausible
therapeutic strategy to inhibit the
effects of increased pulmonary arterial
smooth muscle cell proliferation in
idiopathic pulmonary arterial
hypertension.
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staining for a-smooth muscle cell actin
(Sigma-Aldrich, St. Louis, MO). PASMCs
were used between passages 5 and 9 and were
grown in low glucose (1 g/L) SMBM-2 media
(Lonza, Walkersville, MD) supplemented
with growth factors (Growth Factor Bullet
Kit; Lonza) unless otherwise specified for
experimental conditions as described (38).

Mutation Analysis of BMPR2
DNA was extracted from PASMC or
RNA later-preserved lung tissue using
the QIAGEN DNA Mini kit (QIAGEN,
Valencia, CA) according to themanufacturer’s
instructions. Sequence analysis of the
coding region and intron-exon boundaries
of BMPR2 were performed by polymerase
chain reaction (PCR) amplification and Sanger
sequencing, as described previously (41).
Data were analyzed using Mutation

Surveyor software (Softgenetics, State
College, PA). Screening for whole exon
deletions and duplications was performed
by multiplex ligation-dependent probe
amplification using reagents from MRC
Holland (Amsterdam, the Netherlands) and
custom-designed oligonucleotides, as
described previously (42).

Complementary DNA Synthesis and
Real-Time Quantitative PCR
Real-time quantitative PCR was used to
quantitatively measure the mRNA
expression of Gremlin1 and BMP2 in
lung tissues from healthy control subjects
(n = 9) and patients (n = 9) with IPAH.
Snap-frozen tissues were stored in RNA
later-ICE solution. Samples were then
homogenized using an OMNI THQ
digital tissue homogenizer machine
(OMNI International, Kennesaw, GA).
Total RNA was isolated using TRIzol
(Invitrogen, Grand Island, NY). RNA was
measured spectrophotometrically at 260
and 280 nm and was reverse transcribed
(1 mg) in a 20 ml reaction volume using
oligo(dT) and M-MLV reverse transcriptase
and the reaction buffer provided in the
Reverse Transcription Kit (all from
Promega, Madison, WI). Specific PCR
primers targeted for Gremlin, BMP2, and
glyceraldehyde phosphate dehydrogenase
are listed in Table 2. Real-time PCR was
performed with CFX96 Real-Time System
(Bio-Rad, Hercules, CA). Approximately
1 ml of complementary DNA was amplified
in each 20 ml of PCR reaction mix
containing 10 ml of SYBR Green Master
Mix (Applied Biosystems, Grand Island,
NY). The target gene CT values (DCT) and
the housekeeping gene were calculated for
each experimental sample. Differences in
the DCT values between the experimental

and control samples (DDCT) were
calculated and reported as fold change
2(2DDCT ) in expression of the gene of
interest between the two samples, as
described previously (43).

ELISA
A human BMP2 ELISA DuoSet (R&D
Systems, Minneapolis, MN) and a human
Gremlin-1 ELISA (Wuhan USCN Business
Co., Ltd) were used to measure BMP2
and Gremlin-1 levels from human PAH
(n = 29) and control (n = 12) plasma
(Table 1) according to the manufacturer’s
recommendations. After the primary and
secondary incubations, the plates were
washed, and 3,39,5,59-tetramethylbenzidine
substrate mix (1:1) was added for z10–20
minutes. The color reaction was stopped
with a stop solution provided in the kit,
and the optical density of each well was
measured using a SPECTRAmax M2e

photospectrometer (Molecular Devices,
Sunnyvale, CA) at 450 nm with a correction
set to 570 nm. Concentrations were
reported as nanograms per microliter for
both Gremlin-1 and BMP2.

Lung Tissue and PASMC Preparation
for Western Blots and
Immunoprecipitation

Western blotting. Lung tissue and PASMCs
were prepared as described previously
(38) with the addition of phosphatase
inhibitors (Sigma-Aldrich) and were
subjected to SDS-PAGE and Western
blot analysis. Nitrocellulose membranes
were probed with antisera for the
following:

1. Goat anti-BMP2 (1/200; Abcam,
Cambridge, MA), rabbit anti–p-SMAD
1/5/8 (1/1000; Cell Signaling, Danvers,

Table 1. Demographic Information for
Human Lung Explants, Primary PASMCs,
and Plasma

Sample Source n Age Gender

IPAH lung tissue (n) 9
Age, yr 38.3 (14-56)
Female 4 (44.4)
PAH category

Idiopathic PAH 8 (88.9)
Heritable PAH
(BMPR2 mutation)

1 (11.1)

IPAH PASMCs (n) 4
Age, yr 39.0 (26-52)
Female 3 (75.0)
PAH category

Idiopathic PAH 3 (75.0)
Heritable PAH
(BMPR2 mutation)

1 (25.0)

PAH plasma (n) 26
Age, yr 48.5 (28-76)
Female 19 (73.0)
PAH category

Idiopathic PAH 12 (46.0)
Associated PAH 14 (54.0)

Control lung tissue (n) 9
Age, yr 42.8 (17-64)
Female 2 (22.2)

Control PASMCs (n) 4
Age, yr 47.3 (42-57)
Female 3 (75.0)

Control plasma (n) 12
Age, yr 31.3 (18-55)
Female 8 (67.0)

Definition of abbreviations: BMPR2, bone
morphogenic protein type 2 receptor; IPAH,
idiopathic pulmonary arterial hypertension; PAH,
pulmonary arterial hypertension; PASMCS,
pulmonary arterial smooth muscle cells.
Data are presented as mean (range: MIN–MAX)
or No. (%) as appropriate.

Table 2. List of Primers Used in RT-qPCR

Primer Name Sequence GenBank Accession Number

hGremlin-1 fwd GCAAATACCTGAAGCGAG AC 83854359
hGremlin-1 rev CGATGGATATGCAACGAC AC 83854359
hBMP-2 fwd AAACTCCTCCGTGGGGATAG NM_001200
hBMP-2 rev CCGAGCCAACACTGTGC NM_001200
hGAPDH fwd ACCACAGTCCATGCCATCAC X54989
hGAPDH rev TCCACCACCCTGTTGCTGTA X54989

Definition of abbreviations: BMP, bone morphogenic protein; fwd, forward primer; rev, reverse primer;
RT-qPCR, real-time quantitative polymerase chain reaction.
Shown are the names, sequences, and source sequence accession numbers used for RT-qPCR.
Names of primers for human genes are preceded by the letter h.
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MA), and rabbit anti-SMAD 1/5/8
(1/1000; Santa Cruz Biotechnology, Inc.,
Dallas, TX), followed by three washes
for 15 minutes with Tris-buffered saline
and Tween (TBST). After incubation
with respective secondary antibodies
conjugated with horseradish peroxidase,
blots were developed using enhanced
chemiluminescence (Amersham,
Pittsburgh, PA).

2. Rabbit anti-Smurf 1 (1/1000; Santa
Cruz) and b-Actin (1/10,000; Santa
Cruz) were blocked, washed, and
imaged using an Odyssey Infrared
Imaging System (Li-Cor Biosciences,
Lincoln, NE). All protein densities
were calculated and normalized to
b-actin or p-Smad, normalized to total
Smad ratios, and quantitated using
ImageJ (44) software.
Immunoprecipitation for lung tissue.

Snap-frozen IPAH (n = 3) and control
(n = 3) lung tissues stored in RNA later
were lysed in RIPA buffer containing a
protease inhibitor cocktail (Sigma-Aldrich)
and phosphatase inhibitors (Sigma-Aldrich),
followed by homogenization on ice using an
OMNI THQ digital tissue homogenizer
machine (OMNI International, Kennesaw,
GA). The homogenized tissue was subjected
to a 48C postnuclear centrifugation, and the
supernatants were collected and brought to
1 ml. For PASMCs, IPAH and control
cultures were grown to confluency and
treated with and without MG-132, a
proteasomal inhibitor, for 8 hours, followed
by trypsinization and collection for
immunoprecipitation (IP). To preclear lung
tissue and cell supernatants, a 60-ml mixed
slurry of unblocked protein A/G/L sepharose
(Santa Cruz) was added and they were
rotated at 48C for 4 hours. The sepharose
beads were removed from precleared
cell lysates and antisera against Smad-1
(1:200, XP RabMAb; Cell Signaling) was
added for overnight IP at 48C. Protein-
antibody complexes were purified from
lysates using blocked protein A sepharose,
followed by four washes using RIPA buffer,
two washes with 1.0% Triton-X 100 in
20 mM Tris pH 6.8, and three washes with a
final wash buffer containing 20 mM Tris-HCl
pH 6.8. Purified protein complexes were
eluded from the protein A beads by boiling in
4X Laemmli buffer (Bio-Rad) and subjected
to SDS-PAGE and Western blot analysis to
assess the ubiquitin modification of Smad-1
in IPAH and control samples using a rabbit
anti-ubiquitin antibody (Abcam). In all cases,

5.0% of the whole tissue lysate was set aside as
a Western blot input control and probed with
Smad-1 (Cell Signaling).

Hematoxylin and Eosin Staining
Tissue taken from explanted lungs was fixed
and embedded in paraffin, and 4-mm
sections were prepared. The sections were
stained with hematoxylin and eosin using
standard procedures for proper lung
orientation and morphological assessment.
Snapshots of histology were taken using
a Leica DM 5500B microscope equipped
with a 43 (numerical aperture 0.10) and
203 (numerical aperture 0.4) objective.
Images were generated using an attached
Leica DFC 425C camera and the high-
performance Leica LAS software.

Immunohistochemistry
Human control (n = 3) and IPAH (n = 3)
lung sections were deparaffinized with
three xylene washes (5 min each), two
100% ethanol washes (10 min each), and
two 95% ethanol washes (10 min each).
After two dH2O washes (5 min each), the
lung sections were subjected to steam and
0.2 M pH 6.0 citrate for 30 minutes, followed
by cooling at room temperature, washes in
dH20, and incubation in 0.3% hydrogen
peroxide in 80% methanol for 20 minutes.
Slides were then washed and incubated in
antibody diluent (Dako North America, Inc.,
Carpinteria, CA) plus a mouse anti-Smurf-1
primary antibody (1:50; Abnova, Inc.
Littleton, CO) for 1 hour. After washes,
the slides were exposed to HRP polymer
(Invitrogen) and DAB (Vector Laboratories,
Burlingame, CA) and counterstained with
hematoxylin II, dehydrated, cleared, and
permanently mounted for viewing using the
same microscope and capture software as for
the hematoxylin and eosin staining.

Glucose Administration/Inhibition and
Smurf-1 Inhibition
Dividing control and IPAH PASMCs at
75–80% confluency were synchronized
using serum-free media for 8 hours and
subjected to overnight incubation (16 h)
with glucose concentrations from 4.5 mM
(81.1 mg/dl) to 30 mM (540 mg/dl) or
glucose inhibition by 2- deoxyglucose (2.5, 5.0,
or 10 mM; Sigma-Aldrich) or fasentin
(70 mM; Sigma-Aldrich), a glucose transporter
1 (GLUT1) inhibitor, at 378C, 5.0% CO2, and
90.0% humidity. The following day, the
PASMCs were collected and prepared for
SDS-PAGE and Western blot analysis. In

parallel experiments, control and IPAH
PASMCs were cultured with and without a
BMP signal enhancer (A01 [range, 0–50
mM]); Smurf-1 inhibitor (EMD Millipore
Corp., Billerica, MA)] for 24 hours and also
collected for Western blot analysis.

Cell Migration Assay
PASMCs were plated at a density of 50,000
cells in specially designed Radius Migration
Assay plates (Cell Biolabs, Inc., San Diego,
CA) and set up for migration experiments
according to the manufacture’s protocol.
Briefly, the PASMCs were plated and
allowed to adhere overnight with and
without A01 (50 mM) or 2-deoxyglucose
(2-DG) (5 mM; Sigma-Aldrich) before the
radial gel discs were removed. On removal
of the radial discs, cell migration assays
were initialized with the addition of the
appropriate inhibitor, and cell images
were taken using an Olympus CKX41
microscope containing a 103 (0.25 PHP)
objective with an attached SC30 camera at
0, 5, and 10-hour time points. The gap
closure percentage was determined by
calculating the area of the gap using ImageJ
(44) software at each time point and
condition, followed by normalization to the
0 hour time points for each condition.

Statistical Analysis
The statistics reported are represented as
mean6 SD and are based on independent
triplicate experiments. Single comparisons
were performed on independent triplicate
experiments using a Student t test.
A comparison between groups was
determined on the basis of an analysis of
variance test determined from the
independent triplicate experiments, whereas
Tukey’s post hoc test was performed for
individual comparisons. A P value < 0.05
was considered significant.

Results

Elevated Plasma Gremlin-1 in IPAH
Compared with Control
Using human lung tissue and plasma
samples from patients with IPAH and
control subjects, Gremlin-1 levels were
analyzed. Transcript analysis from human
lung tissue suggests that Gremlin-1 mRNA
levels are increased in subjects with PAH
relative to control individuals (Gremlin-1
fold change [DDCT], 3.36 0.6; IPAH to
control, P, 0.01) (Figure 1A).
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Corresponding to mRNA expression,
Gremlin-1 protein levels were increased
almost two-fold in the plasma of patients
with IPAH compared with that of
control subjects (plasma Gremlin-1
[ng/ml, mean6 SD]: IPAH, 0.236 0.09;
control, 0.136 0.04; P, 0.01) (Figure 1B).
Collectively, these data indicate that
Gremlin-1 expression is up-regulated in
the lung and plasma of human patients
with PAH, which is consistent with
previous reports (33).

BMP2 Expression Levels in
Pulmonary Hypertension and Control
Lungs Are Not Significantly Different
The effects of increased BMP antagonists
on the production of BMP ligands have
been described; however, the role that these
antagonists have on BMP expression in
IPAH with no BMPR2 mutation is not well
established. With this in mind, we assessed
the levels of BMP2 from human plasma
using ELISA and determined that the levels
were not altered in patients with IPAH
compared with control plasma samples
(plasma BMP2 [ng/ml, mean6 SD]: IPAH,
0.726 0.10; control, 0.726 0.17; P = 0.98)
(Figure 2A). Similarly, mRNA transcript
and Western blot analysis of BMP2 from
IPAH human lung tissue was no different

from that of control individuals (BMP2
fold change [DDCT], 1.16 0.5; IPAH to
control, P = 0.5 (Figure 2B); BMP2 protein
expression (density, mean6 SD): IPAH,
3.86 2.3; control, 2.56 1.2; P = 0.65]
(Figure 2C), respectively). These data
suggest that BMP ligand levels are
unchanged in IPAH, irrespective of
increased Gremlin-1 levels in the absence
of a BMPR mutation.

A Spontaneous Molecular Weight
Shift of Smad-1 in IPAH Lung Tissue
Is Indicative of Polyubiquitination
Even though BMP ligand levels are
unchanged, downstream effectors of
BMP signaling may be altered. To
determine whether p-Smad 1/5/8 and
total Smad levels were altered, we
performed Immunoblot analysis of these
proteins from IPAH (n = 3) and control
lung tissue (n = 3). The p-Smad 1/5/8
was reduced in IPAH lung tissue
compared with control samples, as shown
in Figure 3A (top panel). Interestingly,
several higher-molecular-weight
immunoreactive bands were observed
(denoted by brackets) in IPAH samples

that were not present in the control
samples. In addition, these high-
molecular-weight bands were seen in
the immunoblots for total Smad1
(Figure 3A, bottom panel). These data
suggest that p-Smad and total Smad
levels are reduced in IPAH compared
with control samples, which is most
likely because of the spontaneous
molecular weight shift in IPAH lung
tissue samples that is not present in
control samples.

Previously published reports have
shown that Smad proteins can be
ubiquitinated and targeted subsequently
for degradation (45, 46). To determine
whether the total Smad levels had
undergone polyubiquitination in IPAH,
we performed IP for Smad1 from control
and IPAH lung tissue and immunoblotted
for ubiquitin. The immunopurified Smad1
from IPAH lung tissue was positive for
ubiquitin modification (Figure 3B), which
was not observed in control tissues under
the same conditions. Collectively, these
results suggest that BMP signal-regulated
Smads are modified with polyubiquitin in
IPAH tissue.
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The Ubiquitin Ligase, Smurf-1, Is
Elevated in IPAH Pulmonary Vascular
Smooth Muscle
Smad proteins have been shown to be
substrates for the Smad ubiquitin ligase,
Smurf-1 (47, 48), whose expression
has been observed in the lung (49).
To determine whether the Smurf-1
expression is consistent with the increased
polyubiquitination of Smad-1 in IPAH, we
analyzed Smurf-1 from IPAH (n = 3) and
control (n = 3) lung tissues, as well as
IPAH (n = 4) and control (n = 4) PASMCs.
Smurf-1 levels were significantly elevated
in IPAH lung tissue compared with
control tissue (Smurf [density]: IPAH,
1.326 0.43; control, 0.556 0.20; P, 0.05)
(Figures 4A and 4B). In line with this,
we took human IPAH (n = 3) and control
(n = 3) lung tissue sections and, using
immunohistochemistry (IHC), stained
them for Smurf-1 (Figure 4C). The staining
of Smurf-1 was localized predominantly
to the smooth muscle region in the
pulmonary arteries of patients with IPAH
and was not stained as visibly in the
control subjects. Therefore, we analyzed
primary isolated smooth muscle cells from
the pulmonary arteries of control subjects
(n = 4) and patients with IPAH (n = 4).
As shown in Figure 4D, Smurf-1 levels were
significantly elevated compared with the
levels in control PASMCs (Smurf-1 density:
IPAH, 0.426 0.07; control, 0.076 0.04;

P, 0.001 [Figure 4E]). Conversely, the
phosphorylation of Smad 1/5/8 was
decreased in IPAH PASMCs compared
with those of control subjects, irrespective
of the BMPR2 mutation (p-Smad/total
Smad ratio: IPAH, 0.096 0.07; control,
0.806 0.36; P, 0.001 [Figures 4D and
4F]). These data indicate that Smurf-1
expression is elevated in IPAH lungs
(especially in the pulmonary arterial smooth
muscle) and that the phosphorylation of
BMP receptor–regulated Smads is inversely
proportional to the Smurf-1 levels.

Smad-1 Is Polyubiquitinated at a
Higher Rate in IPAH PASMCs
Compared with Those of Control
Subjects
We wanted to determine whether the
inverse proportionality of Smurf-1 to
Smad levels was associated with Smad
polyubiquitination and proteasomal
degradation. Therefore, we performed an
IP of Smad-1 from both control and IPAH
PASMCs in the presence and absence of
MG-132 (a proteasomal inhibitor). After
IP of Smad-1, an immunoblot for ubiquitin
was performed. As shown in Figure 4G,
polyubiquitination of Smad-1 was increased
in IPAH compared with control PASMCs
in both the presence and the absence of
MG-132. After proteasomal inhibition,
the polyubiquitination of Smad-1 was
augmented in both control and IPAH

PASMCs. However, the levels were
increased at a higher rate in the IPAH-
isolated cultures. This finding is consistent
with the findings of our IP experiments
from the lung tissue (Figure 3). Altogether,
these results suggest that Smad activation
may be reduced because of increased
proteasomal degradation, most likely
driven by the increased Smurf-1 expression
in IPAH.

Glucose Levels Regulate Smurf-1
Expression and p-Smad 1/5/8 Levels
in PASMCs
It is well established that patients with
IPAH exhibit more uptake of glucose and
have abnormalities in glucose metabolism
(35–37, 50). The effects of excessive or
chronic glucose exposure could drastically
change the cellular dynamics, resulting in
altered cell proliferation, extracellular
matrix remodeling, and apoptosis, all
of which are regulated through BMP
signaling. To determine the effects of
glucose on these BMP antagonists, IPAH
and control PASMCs were stimulated
with a dose range of D-glucose from
physiological (4.5 mM) to nonphysiological
levels (30 mM). As shown in Figure 5A,
glucose titration resulted in a dose-
dependent increase of Smurf-1 in control
PASMCs. Surprisingly, Smurf-1 levels in
IPAH PASMCs were higher than in control
PASMCs at basal levels (4.5 mM) and
were sustained even with higher glucose
addition (Figures 5A and 5B). These
findings were accompanied by the
dose-dependent reduction in p-Smad
1/5/8 and total Smad in control samples
that were consistently lower and opposite
to the increased/sustained Smurf-1 levels in
IPAH PASMCs (Figures 5A and 5B).

To determine the effects of blocking
glucose uptake on Smurf-1 expression
and Smad 1/5/8 activation, we treated
cells with 2-DG or fasentin for 16 hours.
Both 2-DG and fasentin resulted in a
reduction in Smurf-1 protein expression
and increased p-Smad 1/5/8 levels in
IPAH (Figures 5C and 5D and Figures 5E
and 5F, respectively), which is opposite
to our findings in Figures 5A and 5B.
Collectively, these data suggest that
glucose regulates Smurf-1 expression,
which influences Smad activation in
IPAH through proteasomal degradation.
These findings validate the findings of
previous reports indicating metabolic
abnormalities in IPAH (37, 39) and
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suggest an active and regulatory role for
glucose on BMP signaling.

Inhibition of Smurf-1 Activity Results
in Decreased Cell Migration in IPAH
A recently published report demonstrated
that attenuation of Smurf-1–mediated Smad
degradation resulted in enhanced BMP
signaling (51). To determine the effect of
blocking Smurf-1 activity on IPAH PASMC
migration rates, we treated cells with and
without A01, a Smurf-1 inhibitor (51),
and monitored the effects on activation of
Smad-1/5/8 and cell migration in IPAH
(Figure 6). As shown in Figures 6A and
6B, the addition of A01 resulted dose
dependently in an increase in Smad-1/5/8
phosphorylation in IPAH PASMCs, with
little effect on control PASMCs. In line with

this, the administration of A01 (50 mM)
to the IPAH PASMCs reduced migration
and gap closure at rates similar to those
determined for control PASMCs at 50- and
10-hour time points (Figures 6C and 6D).
Collectively, these data suggest that
inhibition of Smurf-1 by A01 augments
Smad stability and activation and restores
IPAH PASMC migration rates to control
levels.

Discussion

In this report, we show that Smurf-1
(and Gremlin-1) may contribute to the
pathogenesis of IPAH in a distinct manner,
independent of BMPR2 mutation status in
the disease (Figure 7). More importantly,

our data demonstrate that abnormal
glucose uptake and dysregulation, which
have been described in IPAH, actively
contribute to the stimulation of regulatory
factors, including Smurf-1 and Gremlin-1,
which might be responsible for the
pathogenesis and/or the perpetuation of
the disease.

Currently, there is mounting evidence
that BMP signaling can be regulated
in IPAH through BMPR2 mutation-
independent mechanisms. Abnormalities
in BMP receptor binding or activation
of downstream BMP effector molecules
may contribute to IPAH disease
pathogenesis. Gremlin-1 has been shown
to antagonize BMP signaling directly
through intracellular and/or extracellular
mechanisms, including reducing
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BMP/BMP receptor interactions (52, 53).
Furthermore, regulation of BMP signaling
through indirect mechanisms such as
Smurf-1 ubiquitination of receptor-
regulated Smads has been shown (24).

Many biological functions involving
Smurf-1 and Gremlin-1 inhibition of
BMP signaling, including cell growth,
differentiation, adhesion, and migration,
have been analyzed (23, 24, 34, 45, 46,
51–54). These BMP antagonists have been
shown to promote the proliferation of
cancer cells similar to the proproliferative
state demonstrated in PAH (55). On the
basis of these described functions, the
proposed concept whereby aberrant
expression or dysfunction of Smurf-1
and/or Gremlin-1 results in disease has
gained interest. Our data demonstrate that
Gremlin-1 levels are elevated in PAH
plasma compared with that of control
subjects (Figure 1), consistent with the
findings of previous reports (33). Similarly,
Smurf-1 protein levels are increased in
IPAH PASMCs and are localized to the

pulmonary arterial smooth muscle in IPAH
lung tissue (Figure 4C). A reduction in
the activation of Smad 1/5/8 in IPAH
PASMCs was also demonstrated in three
different patients with IPAH and one
patient with HPAH (Figures 4D and 4F).
Surprisingly, we were able to demonstrate a
molecular weight shift in Smad proteins by
Western blot and IP in IPAH lung tissue,
which was not found in control lung tissue
(Figure 3). We believe this finding to be
indicative of polyubiquitination of Smad
proteins by Smurf-1 in the IPAH lung
tissue (Figure 3). In line with this finding,
Smad ubiquitination and proteasomal
degradation was higher in IPAH PASMCs,
compared with control PASMCs, after
inhibition with MG-132 (Figure 4G). This
result validates our initial findings in the
lung tissue (Figure 3) and is consistent
with the findings of previous reports
demonstrating Smad polyubiquitination by
Smurf proteins (24, 51). Collectively, these
data show that Smurf-1 regulates BMP
signaling through ubiquitination and

subsequent degradation of Smad proteins
in IPAH lung tissue and PASMCs, which is
consistent with the reduction in Smad
activation (Figures 3 and 4).

BMP signaling antagonists have been
described previously in IPAH (31–34),
but the mechanisms that govern the
increase in these inhibitors have not been
determined. Because PAH is a rapidly
progressive cardiopulmonary disease, the
small pulmonary arteries of patients with
PAH are affected and the alterations
originating from the pulmonary arterial
dysfunction, including the aberrant
vascular proliferation and remodeling,
advance the disease (2–5). The role of
metabolic dysfunction, in particular
dysregulated glucose metabolism, on these
phenotypes has been studied in IPAH
(38, 50, 56, 57). In this study, a specific
role for glucose on Smurf-1 expression is
shown in IPAH PASMCs (Figure 5). Our
data also demonstrate that glucose dose
dependently stimulated the increase in
Smurf-1 protein expression in control
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PASMCs, whereas Smurf-1 protein levels in
IPAH PASMCs were consistently increased
over the concentration range (Figures 5A
and 5B). Partially blocking glucose uptake
with 2-DG or fasentin in IPAH PASMCs
resulted in decreased Smurf-1 (Figures
5C–5F). Under the same conditions,
p-Smad1/5/8 levels were significantly
reduced in IPAH compared with control
PASMCs at physiological glucose
concentrations, whereas dose-dependent
glucose addition to control PASMCs
resulted in decreased phosphorylation of
Smad1/5/8 (Figures 5A and 5B). On
inhibition of Smurf-1 activity in IPAH,
phosphorylation of Smad 1/5/8 was
partially rescued, together with cellular
migration rates (Figure 6). We cannot rule
out the possibility that other mechanisms

driven by glucose uptake/metabolism may
be involved in the process of decreased
Smad activation and cell proliferation.
Nevertheless, we believe that glucose
dysregulation affects the IPAH PASMC
proliferation rates by altering Smurf-1
expression, which regulates Smad
degradation. Our data validate previously
published findings on the role of Smurf-1 in
IPAH (34) and also define a mechanistic
and active role for glucose on Smurf-1
and its role in receptor Smad activation
in IPAH.

Previous reports have shown that
Gremlin-1 expression can also be stimulated
by increasing glucose levels (Gremlin-1
was once termed increased-in-high-glucose-
protein-2) (58). This is consistent with
the effect of glucose on Smurf-1 (Figure 5)

and other ubiquitin ligases (59), as well
as with the role of hyperglycemia on
Gremlin-1 in podocyte injury (60) and
cell proliferation in mesangial cells (61).
It is possible that Smurf-1 is regulated by
glucose uptake/metabolism by mechanisms
similar to those of Gremlin-1, in which
transforming growth factor b-1 (TGFb-1)
signaling pathways are amplified (60, 62).
Indeed, dysregulated TGFb-1 signaling
has been documented in pulmonary
hypertension (63, 64), has opposing effects
on BMP signaling (65, 66), and can
up-regulate the expression of Smurf
proteins (67, 68). More research is required
to determine the links among glucose
dysregulation, TGFb-1 signaling, and
Smurf-1 expression in IPAH.

We could not determine Gremlin-1
protein expression from PASMCs, even
though we found increased Gremlin-1
mRNA expression in the lung tissue and
plasma of patients with IPAH (Figure 1),
analogous to previous reports (31, 33).
In addition, antibodies used to detect
Gremlin-1 in the lung tissue by IHC
were nonspecific in their staining and did
not provide any measurable differences
between IPAH and control PASMCs
(data not shown). This could be because
Gremlin-1 is expressed/induced more
highly in other cell types such as
endothelial or fibroblasts (which was not
detectable by IHC) and may be involved
more directly in BMP signaling down-
regulation in these cell types.

We put forth the notion that BMP
signaling in IPAH may result from direct
and indirect BMPR2 mutation-independent
mechanisms, both of which are influenced
by glucose dysregulation (Figure 7).
Directly, Gremlin-1 has been shown to
bind with high affinity to BMPs (upstream),
suppress their secretion (22), and block
their actions in pulmonary circulation
(12, 14, 69). In addition, Gremlin-1 can
influence lung tissue angiogenesis through
directly antagonizing BMP (69) and
has been shown to contribute to the
development of PAH through hypoxia
stimulation (31, 70). Gremlin-1, through
glucose stimulation, may play a direct
role in the pathogenesis or progression of
IPAH. Indirectly, Smurf-1 has been shown
to abrogate BMP signaling (downstream)
through receptor- regulated Smad
ubiquitination and proteasomal targeting
(48), which is similar to our findings.
Smurf-1 has also been shown to ubiquitin
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modify and target the BMPR2 for degradation
in the lysosome in rats with monocrotaline-
and hypoxia-induced PAH (34). Smurf-1
may ubiquitin modify and target Smads for
degradation, leading to BMPR2 instability
and turnover in the lysosome. On the other
hand, Smurf-1 may ubiquitinate the
BMPR2 receptor, leading to its degradation
and, in turn, trigger Smad protein

ubiquitination and targeting for
proteasomal degradation. Future work
is required to determine the exact
chronological steps involved in the
mechanism(s) for BMPR2 instability
and Smad degradation in IPAH.
Nevertheless, the increase in Smurf-1
expression by the augmentation of glucose
uptake/metabolism in IPAH results in a

more active enzyme that influences the cell
proliferation rate in PASMCs.

Conclusions
Our data show an indirect role for Smurf-1
down-regulation of BMP signaling
through ubiquitination of the downstream
Smad effector proteins. We show that
Smurf-1 is regulated by glucose (Figure 5)
and, on inhibition, results in decreased
cell migration in the IPAH PASMCs,
similar to control migration rates
(Figure 6). Our findings suggest that
blocking Smurf-1 (and/or Gremlin-1)
levels may be a plausible therapeutic
strategy to inhibit the effects of increased
PASMC proliferation in IPAH. These
data, together with the previously published
reports, provide evidence for BMPR2
mutation-independent mechanisms
whereby glucose specifically influences
Smurf-1 (and Gremlin-1) expression,
resulting in altered BMP signaling in IPAH.
Future work will focus on the intrinsic
details of glucose stimulation in Smurf-1
and Gremlin-1 in IPAH and on potential
therapeutic strategies to combat these BMP
antagonists. n
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(Smads 1/5/8), which results in ubiquitin modification, and target these downstream BMP effector
molecules for degradation. Consequently, these BMP antagonists may drive the increased PASMC
proliferation that is characteristic in IPAH.
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Bokemeyer C, Fiedler W, Lüneburg N. Intrinsic BMP antagonist
Gremlin-1 as a novel circulating marker in pulmonary arterial
hypertension. Lung 2015;193:567–570.

34. Murakami K, Mathew R, Huang J, Farahani R, Peng H, Olson SC,
Etlinger JD. Smurf1 ubiquitin ligase causes downregulation of BMP
receptors and is induced in monocrotaline and hypoxia models of
pulmonary arterial hypertension. Exp Biol Med (Maywood) 2010;235:
805–813.

35. Marsboom G, Wietholt C, Haney CR, Toth PT, Ryan JJ, Morrow E,
Thenappan T, Bache-Wiig P, Piao L, Paul J, et al. Lung
¹⁸F-fluorodeoxyglucose positron emission tomography for
diagnosis and monitoring of pulmonary arterial hypertension.
Am J Respir Crit Care Med 2012;185:670–679.

36. Piao L, Fang YH, Cadete VJ, Wietholt C, Urboniene D, Toth PT,
Marsboom G, Zhang HJ, Haber I, Rehman J, et al. The inhibition of
pyruvate dehydrogenase kinase improves impaired cardiac function
and electrical remodeling in two models of right ventricular
hypertrophy: resuscitating the hibernating right ventricle. J Mol Med
(Berl) 2010;88:47–60.

37. Paulin R, Michelakis ED. The metabolic theory of pulmonary arterial
hypertension. Circ Res 2014;115:148–164.

38. Barnes JW, Tian L, Heresi GA, Farver CF, Asosingh K, Comhair SA,
Aulak KS, Dweik RA. O-linked b-N-acetylglucosamine transferase
directs cell proliferation in idiopathic pulmonary arterial hypertension.
Circulation 2015;131:1260–1268.

39. Barnes J, Dweik RA. Is pulmonary hypertension a metabolic disease?
Am J Respir Crit Care Med 2014;190:973–975.

40. Comhair SA, Xu W, Mavrakis L, Aldred MA, Asosingh K, Erzurum SC.
Human primary lung endothelial cells in culture. Am J Respir Cell Mol
Biol 2012;46:723–730.

41. Asosingh K, Aldred MA, Vasanji A, Drazba J, Sharp J, Farver C,
Comhair SA, Xu W, Licina L, Huang L, et al. Circulating angiogenic
precursors in idiopathic pulmonary arterial hypertension. Am J Pathol
2008;172:615–627.

42. Aldred MA, Vijayakrishnan J, James V, Soubrier F, Gomez-Sanchez
MA, Martensson G, Galie N, Manes A, Corris P, Simonneau G, et al.
BMPR2 gene rearrangements account for a significant proportion of
mutations in familial and idiopathic pulmonary arterial hypertension.
Hum Mutat 2006;27:212–213.

43. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the
comparative CT method. Nat Protoc 2008;3:1101–1108.

44. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ:
25 years of image analysis. Nat Methods 2012;9:671–675.

45. Zhang L, Zhou F, van Dinther M, Ten Dijke P. Determining TGF-b receptor
levels in the cell membrane. Methods Mol Biol 2016;1344:35–47.

46. Zhao K, Shi YB. An anti-cancer Smurf. Cell Biosci 2012;2:10.
47. Cao Y, Zhang L. A Smurf1 tale: function and regulation of an ubiquitin

ligase in multiple cellular networks. Cell Mol Life Sci 2013;70:
2305–2317.

48. Zhu H, Kavsak P, Abdollah S, Wrana JL, Thomsen GH. A SMAD
ubiquitin ligase targets the BMP pathway and affects embryonic
pattern formation. Nature 1999;400:687–693.

49. Marı́n I. Animal HECT ubiquitin ligases: evolution and functional
implications. BMC Evol Biol 2010;10:56.

50. Xu W, Koeck T, Lara AR, Neumann D, DiFilippo FP, Koo M, Janocha
AJ, Masri FA, Arroliga AC, Jennings C, et al. Alterations of cellular
bioenergetics in pulmonary artery endothelial cells. Proc Natl Acad
Sci USA 2007;104:1342–1347.

51. Cao Y, Wang C, Zhang X, Xing G, Lu K, Gu Y, He F, Zhang L. Selective
small molecule compounds increase BMP-2 responsiveness by
inhibiting Smurf1-mediated Smad1/5 degradation. Sci Rep 2014;4:
4965.

52. Ali IH, Brazil DP. Bone morphogenetic proteins and their antagonists:
current and emerging clinical uses. Br J Pharmacol 2014;171:
3620–3632.

53. Brazil DP, Church RH, Surae S, Godson C, Martin F. BMP signalling:
agony and antagony in the family. Trends Cell Biol 2015;25:
249–264.

54. Karagiannis GS, Musrap N, Saraon P, Treacy A, Schaeffer DF, Kirsch
R, Riddell RH, Diamandis EP. Bone morphogenetic protein
antagonist gremlin-1 regulates colon cancer progression.
Biol Chem 2015;396:163–183.

55. Sneddon JB, Zhen HH, Montgomery K, van de Rijn M, Tward AD,
West R, Gladstone H, Chang HY, Morganroth GS, Oro AE, et al.
Bone morphogenetic protein antagonist gremlin 1 is widely

ORIGINAL RESEARCH

574 American Journal of Respiratory Cell and Molecular Biology Volume 55 Number 4 | October 2016



expressed by cancer-associated stromal cells and can promote
tumor cell proliferation. Proc Natl Acad Sci USA 2006;103:
14842–14847.

56. Ryan JJ, Archer SL. The right ventricle in pulmonary arterial
hypertension: disorders of metabolism, angiogenesis and adrenergic
signaling in right ventricular failure. Circ Res 2014;115:176–188.

57. Piao L, Fang YH, Parikh K, Ryan JJ, Toth PT, Archer SL. Cardiac
glutaminolysis: a maladaptive cancer metabolism pathway in the
right ventricle in pulmonary hypertension. J Mol Med (Berl) 2013;91:
1185–1197.

58. McMahon R, Murphy M, Clarkson M, Taal M, Mackenzie HS, Godson
C, Martin F, Brady HR. IHG-2, a mesangial cell gene induced by high
glucose, is human gremlin. Regulation by extracellular glucose
concentration, cyclic mechanical strain, and transforming growth
factor-b1. J Biol Chem 2000;275:9901–9904.

59. Lee JO, Lee SK, Kim N, Kim JH, You GY, Moon JW, Jie S, Kim SJ,
Lee YW, Kang HJ, et al. E3 ubiquitin ligase, WWP1, interacts with
AMPKa2 and down-regulates its expression in skeletal muscle
C2C12 cells. J Biol Chem 2013;288:4673–4680.

60. Li G, Li Y, Liu S, Shi Y, Chi Y, Liu G, Shan T. Gremlin aggravates
hyperglycemia-induced podocyte injury by a TGFb/Smad dependent
signaling pathway. J Cell Biochem 2013;114:2101–2113.

61. Huang H, Huang H, Li Y, Liu M, Shi Y, Chi Y, Zhang T. Gremlin induces
cell proliferation and extra cellular matrix accumulation in mouse
mesangial cells exposed to high glucose via the ERK1/2 pathway.
BMC Nephrol 2013;14:33.

62. Zhang H, Cui YC, Li K, Yang BQ, Liu XP, Zhang D, Li H, Wu AL, Tang Y.
Glutamine protects cardiomyocytes from hypoxia/reoxygenation
injury under high glucose conditions through inhibition of the
transforming growth factor-b1-Smad3 pathway. Arch Biochem
Biophys 2016;596:43–50.

63. Yuan W, Liu W, Cai H, Sun X, Yang D, Xu F, Jin C. SB-431542,
a specific inhibitor of the TGF-b type I receptor inhibits hypoxia-
induced proliferation of pulmonary artery adventitial fibroblasts.
Pharmazie 2016;71:94–100.

64. Wang XB, Wang W, Zhu XC, Ye WJ, Cai H, Wu PL, Huang XY,
Wang LX. The potential of asiaticoside for TGF-b1/Smad signaling
inhibition in prevention and progression of hypoxia-induced
pulmonary hypertension. Life Sci 2015;137:56–64.

65. Zhao L, Yee M, O’Reilly MA. Transdifferentiation of alveolar epithelial
type II to type I cells is controlled by opposing TGF-b and BMP
signaling. Am J Physiol Lung Cell Mol Physiol 2013;305:
L409–L418.

66. Stumm CL, Halcsik E, Landgraf RG, Camara NO, Sogayar MC,
Jancar S. Lung remodeling in a mouse model of asthma involves
a balance between TGF-b1 and BMP-7. PLoS One 2014;9:
e95959.

67. Yu L, Liu X, Cui K, Di Y, Xin L, Sun X, Zhang W, Yang X, Wei M, Yao Z,
et al. SND1 acts downstream of TGFb1 and upstream of Smurf1
to promote breast cancer metastasis. Cancer Res 2015;75:
1275–1286.

68. Fu X, Song B, Tian GW, Li JL. The effects of the water-extraction
of Astragali Radix and Lycopi herba on the pathway of
TGF-Smads-UPP in a rat model of diabetic nephropathy.
Pharmacogn Mag 2014;10:491–496.

69. Stabile H, Mitola S, Moroni E, Belleri M, Nicoli S, Coltrini D, Peri F, Pessi
A, Orsatti L, Talamo F, et al. Bone morphogenic protein antagonist
Drm/gremlin is a novel proangiogenic factor. Blood 2007;109:
1834–1840.

70. Maciel TT, Melo RS, Schor N, Campos AH. Gremlin promotes vascular
smooth muscle cell proliferation and migration. J Mol Cell Cardiol
2008;44:370–379.

ORIGINAL RESEARCH

Barnes, Kucera, Tian, et al.: Disrupted BMP Signaling in IPAH 575


	link2external
	link2external
	link2external

