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Mutations in transforming growth factor- 3 (TGF-f) receptor
superfamily members underlie conditions characterized by vas-
cular dysplasia. Mutations in endoglin and activin-like kinase
receptor 1 (ALK1) cause hereditary hemorrhagic telangiectasia,
whereas bone morphogenetic protein type II receptor (BMPR-
II) mutations underlie familial pulmonary arterial hyperten-
sion. To understand the functional roles of these receptors, we
examined their relative contributions to BMP signaling in
human pulmonary artery endothelial cells (HPAECs). BMP9
potently and selectively induced Smad1/5 phosphorylation and
Id gene expression in HPAECs. Contrary to expectations, BMP9
also stimulated Smad?2 activation. Furthermore, BMP9 induced
the expression of interleukin 8 and E-selectin. Using small inter-
fering RNA, we demonstrate that the type I receptor, ALK1, is
essential for these responses. However, small interfering RNA
and inhibitor studies showed no involvement of ALK5 or endog-
lin. We further demonstrate that, of the candidate type Il recep-
tors, BMPR-II predominantly mediated IL-8 and E-selectin
induction and mitogenic inhibition by BMP9. Conversely,
activin receptor type II (ActR-II) contributed more to BMP9-
mediated Smad2 activation. Only abolition of both type Il recep-
tors significantly reduced the Smadl/5 and Id responses. Both
ALK1 and BMPR-II contributed to growth inhibition of
HPAECSs, whereas ActR-II was not involved. Taken together,
our findings demonstrate the critical role of type II receptors in
balancing BMP9 signaling via ALK1 and emphasize the essential
role for BMPR-II in a subset of BMP9 responses (interleukin 8,
E-selectin, and proliferation). This differential signaling may
contribute to the contrasting pathologies of hereditary hemor-
rhagic telangiectasia and pulmonary arterial hypertension.

Pulmonary arterial hypertension (PAH)® and hereditary
hemorrhagic telangectasia (HHT) are diseases characterized by
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dysregulated smooth muscle and endothelial cell proliferation
in the pulmonary circulation. In PAH, progressive musculariza-
tion of arterial vessels decreases the luminal area and elasticity
of these vessels (1). Mutations in the gene (BMPR2) encoding
the bone morphogenetic type II receptor (BMPR-II), a member
of the transforming growth factor (TGF) receptor superfamily,
underlie most familial PAH cases and a quarter of idiopathic
PAH cases (2—4). HHT involves a progressive loss of capillaries
and the emergence of directly linked dilated arterioles and
venules, termed arteriovenous malformations (5). Although
this mainly occurs in nasal and dermal blood vessels, pulmo-
nary arteriovenous malformations occur in more than 20% of
HHT patients (5, 6). The two main forms of HHT arise due to
mutations in two other TGF receptor superfamily members,
endoglin (HHT1) and ALK1 (HHT2) (7, 8). Although the
pathologies of PAH and HHT differ, mutations in ALK1 are
associated with severe PAH in some HHT?2 families, suggesting
overlapping characteristics (9-11). HHT1 is not associated
with PAH, but pulmonary arteriovenous malformations are
more prevalent than in HHT?2 patients (5).

TGEB superfamily receptors form heteromeric receptor
complexes of type I and type II receptors in combinations that
dictate the ligand selectivity of the complex (12). There are 7
known type I receptors (ALK1-7) and 5 type II receptors
(ActR-II, ActR-I1IB, BMPR-II, TGFBR-II, and AMHR-II). Acti-
vated BMP receptors mediate signaling via C-terminal phos-
phorylation of the receptor Smad (R-Smad) proteins, Smadl,
Smad5, and Smad8 (12—-15). In contrast, TGF3 receptors typi-
cally phosphorylate and activate Smad2 and Smad3. Upon
phosphorylation, both the BMP and TGFB R-Smads associate
with the co-Smad, Smad4, and the R-Smad-Smad4 complex
translocates and associates with other specific transcription
factors to modulate the expression of specific genes (16 -19).

ALK]1, in complex with ALK5 and TGFBR-II in endothelial
cells, is reported to mediate TGFf3 receptor signaling via the
Smad1/5/8 pathway rather than the Smad2/3 pathway (20, 21).
More recently, BMP9 and BMP10 have been identified as ALK1
ligands, stimulating the Smad1/5/8 pathway and transcription

morphogenetic protein type Il receptor; TGF, transforming growth factor;
ALK1, activin-like kinase receptor 1; HPAEC, human pulmonary artery
endothelial cell; caALK, constitutively active ALK; siRNA, small interfering
RNA; HPASMC, human pulmonary artery smooth muscle cell; FBS, fetal
bovine serum; gPCR, quantitative PCR; TGFB3,, transforming growth factor
B.; IL, interleukin.
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of the Id genes (22-24). BMP9/10 signaling may underlie the
potent induction of genes such as /L8 by a constitutively active
ALK1 receptor, but not by TGFB,, in endothelial cells (25).
These new insights into ALK1 function in the endothelium
have led to a more BMP-centered hypothesis of vascular dys-
function in HHT (26). Moreover, the potential role of BMPR-II
in BMP9/ALK]1 signaling implies that BMPR-II mutations in
PAH may also alter endothelial cell responses to BMP9 (22, 23).
Given that BMP9 is reported to act as a circulating vascular
quiescence factor, mutations in ALK1 and BMPR-II may result
in vascular instability, a feature of both PAH and HHT (24).
We hypothesized that the ligand selectivities of ALK1 and
BMPR-II may explain the differences and overlapping conse-
quences of particular mutations. Therefore, we explored the
functional responses of HPAECs to a range of BMPs and
TGEP;, and established the receptors involved. We show that
BMP9 is the major ALK1 ligand mediating Smad phosphoryla-
tion and transcriptional induction in HPAECs. Contrary to pre-
vious reports, we observed the novel response that BMP9 stim-
ulated the phosphorylation of Smad1/5 and Smad2 via the same
type L receptor, ALK1, in HPAECs. These Smad responses were
independent of ALK5 or endoglin, but were abolished by co-
transfection of siRNAs for ActR-II and BMPR-IIL In addition,
cotransfection of siRNAs for ActR-II and BMPR-II was
required to abrogate the BMP9-induced Id1 and 1d2 transcrip-
tion and Smad1/5 phosphorylation. BMPR-II preferentially
mediates BMP9-mediated IL-8 and E-selectin induction and
HPAEC growth inhibition. Conversely, ActR-II mediates a
greater proportion of the Smad2 response to BMP9. Taken
together, our data imply that ALK1 mutations in HHT2 will
impact upon a wider spectrum of BMP9 responses than
BMPR-II mutations in HPAECs. These data support a role for
dysfunctional BMP9 signaling in both HHT and PAH, and
highlight the relative impact and functional consequences of
BMPR-II versus ALK1 deficiency in these conditions.

EXPERIMENTAL PROCEDURES

Cell Culture—HPAECs and human aortic endothelial cells
(HAECs) were purchased from Lonza Wokingham. Cells were
propagated according to the instructions supplied. The human
microvascular endothelial cell line HMEC-1 was obtained from
the Center for Disease Control (CDC, Atlanta, GA). Human
pulmonary artery smooth muscle cells (HPASMCs) were iso-
lated in our laboratory by explant cultures as previously
described (27).

RNA Interference—ECs were seeded in 6-well plates (2 X 10°
cells/well) for RNA studies or 6-cm dishes (4.38 X 10° cells/
dish) for protein extraction and grown for 2 days in EGM-2
(Lonza). Prior to transfection, ECs were incubated in Opti-
MEM I for 3 h. ECs were transfected with 10 or 15 nm siRNA
(Dharmacon™ BMPR-II siGenome™ Smartpool® (siBMPR-
II), Dharmacon On-TARGETplus siRNAs for ActR-II (siActR-
II), ALK1 (siALK1), ALK5 (siALKS5), Endoglin (siEng), Smad2
(siS2), Smad3 (siS3), Smad4 (siS4), or siControl Non-targeting
Pool (siCP) (Perbio Science UK Ltd.)) in complex with
DharmaFECT1™ (4 ul/well for 6-well plate or 8.75 wul/dish for
6-cm dish) diluted in Opti-MEM 1. Cells were incubated with
the complexes for 4 h at 37 °C, followed by replacement with
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EGM-2 for 24 h. For treatments, cells were serum-restricted in
M199, 0.1% FBS (0.1%) for 16 h and treated with the relevant
ligands in 0.1% for the times described in the figure legends. For
Western blot siRNA experiments, parallel wells were trans-
fected for RNA extraction. Specific reduction of the relevant
RNA was quantified using qPCR and specific reduction of the
relevant protein was also confirmed by Western blotting wher-
ever possible.

Western Blotting—Cells were grown to confluence in 6-cm
dishes and serum-restricted in M199, 0.1% FBS for 16 h. Cells
were then treated with recombinant human BMP2, BMP4,
BMP6, BMP9, or TGEB; (R&D Systems) diluted in 0.1% for 1 h.
For ALKS5 inhibition experiments, cells were preincubated for
30 min with SD208 (TGFB Receptor kinase inhibitor V, Calbio-
chem) or dimethyl sulfoxide vehicle control in 0.1%, prior to
treatment with ligands. Cells were snap-frozen and lysed in 150
wl of ice-cold lysis buffer (125 mm Tris-HCI, pH 7.4, 10% (v/v)
glycerol, 2% (w/v) SDS containing an EDTA-free protease
inhibitor mixture (Roche Diagnostics Ltd., Lewes, East Sussex,
UK)). Lysates were sonicated and frozen at —20 °C until protein
assay and Western blot analysis. Cell lysates (15— 40 ug of total
protein) were separated on SDS-PAGE gels and proteins trans-
ferred to polyvinylidene fluoride membranes by semi-dry blot-
ting. Blots were then blocked and probed with the relevant anti-
bodies (rabbit monoclonals to C-terminal phospho-Smad1/5,
Smadl, C-terminal phospho-Smad2, Smad2, Smad3, or rabbit
polyclonal to Smad4 (Cell Signaling Technology), C-terminal
phospho-Smad3 rabbit polyclonal (R&D Systems), Id1 rabbit
monoclonal (Biocheck Inc., Foster City, CA), Id2 rabbit poly-
clonal, myc mouse monoclonal, ACTR-IIA goat polyclonal
(Santa Cruz Biotechnology Ltd., Santa Cruz, CA), BMPR-II, or
endoglin mouse monoclonals (BD Transduction Laborato-
ries)). The ALKI1 rabbit polyclonal was kindly provided by Pro-
fessor D. A. Marchuk. All blots were reprobed with anti-human
B-actin monoclonal antibody (Sigma).

Quantitative Reverse Transcriptase-PCR—DNase-digested
total RNA (300-700 ng) was reverse transcribed using a high
capacity cDNA reverse transcription kit (Applied Biosystems)
as described in the manufacturers instructions. qPCR reactions
were prepared with 45 ng of cDNA using the SYBR® Green
Jumpstart'™ Taq Readymix™ (Sigma) containing 200 nm of
the relevant sense and antisense primers and 10 nm fluores-
cein (Invitrogen). The following primer sequences were used
for BMPR-II (sense, 5'-CAAATCTGTGAGCCCAACAGT-
CAA-3’; antisense, 5'-GAGGAAGAATAATCTGGATAAG-
GACCAAT-3'), Id2 (sense, 5'-GACCCGATGAGCCTGCTA-
TAC-3'; antisense, 5'-GGTGCTGCAGGATTTCCATCT-3'),
and B-actin (sense, 5'-GCACCACACCTTCTACAATGA-3';
antisense, 5'-GTCATCTTCTCGCGGTTGGC-3'). Reactions
were amplified on an iCycler (Bio-Rad) using the primers above
or Quantitect Primers for Id1, E-selectin, L-selectin, P-selectin,
fibroblast growth factor 2, IL-6, IL-8, ALK1, ALK5, Endoglin,
and ActR-II (Qiagen). The efficiency of each primer set was
confirmed to be 90-110%. The relative expression of target
mRNAs was normalized to B-actin using the AACT method
(28) and expressed as the fold-change relative to the control
(0.1% or Dharmafectl).
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IL-8 Enzyme-linked Immunosorbent Assay—HPAECs were
serum depleted in M199, 0.1% EBS for 3 h. This was removed
and replaced with M 199, 0.1% FBS in the presence or absence of
exogenous BMP9 (1 ng/ml). After 24 h, supernatants were col-
lected, centrifuged at 1500 X g for 10 min at 4 °C, and assayed
using a custom enzyme-linked immunosorbent assay, as previ-
ously reported (29). The cells were trypsinized and counted to
allow normalization of IL-8 values to cell number.

[PH]Thymidine Incorporation—The thymidine incorpora-
tion assay has been described previously (30). Briefly, HPAECs
were seeded in 24-well plates at 5 X 10* cells/well and left to
adhere overnight. HPAECs were transfected as described above
and incubated in EGM-2 overnight. The medium was changed
to 0.1% for 8 h prior to treatment with M199, 5% FBS or M199,
5% FBS containing 1 ng/ml BMP9 at 28 h post-transfection.
After a further 18 h, 0.25 uCi of [methyl->H]thymidine (25 uCi/
mmol, GE Healthcare) was added to each well and cells washed
and lysed 6 h later (52 h post-transfection). The lysates were
quantified by liquid scintillation counting. Parallel plates in
M199, 5% EBS alone were lysed at 28 and 52 h for RNA extrac-
tion to determine receptor expression.

Statistical Analysis—Statistical analysis was performed using
a one-way analysis of variance for all mRNA expression data or
an unpaired Student’s ¢ test to analyze the [*H]thymidine data
(*, p < 0.05; **, p < 0.01; ***, p < 0.001).

RESULTS

BMP9 Selectively Induces mRNA Expression in HPAECs—
We initially sought to determine the potential roles of different
BMP ligands and TGEB,; on the transcription of genes with
potential involvement in angiogenic processes (Fig. 14). BMP9
potently and selectively induced the transcription of 1d1, 1d2,
E-Selectin, IL-6, and IL-8. Compared with cells treated with
0.1%, Id1 and Id2 transcription were significantly increased by
BMP9 at 4 h (Id1, 32.6 = 17.9-fold, p < 0.01; Id2, 21.2 = 15.6-
fold, p < 0.05) and 8 h (Id1, 33.2 = 12.1-fold, p < 0.001; Id2,
29.3 = 20.0-fold). At 8 h, BMP9 induced expression of E-selec-
tin (171.6 * 166.2-fold), IL-6 (4.9 = 2.2-fold), and IL-8 (13.4 =+
6.1-fold, p < 0.001). Of the other ligands examined, TGFf3; also
induced the expression of IL-8 at 8 h (5.5 = 0.2-fold), albeit to a
lesser extent than BMP9. In comparison to BMP9, weak mRNA
responses were stimulated by BMP2, BMP4, BMP6, and TGF3;
in HPAECs. The activity of the BMP2 and BMP4 used in these
studies was confirmed by their abilities to induce Id1 and I1d2
mRNA expression in HPASMCs treated in parallel (data not
shown).

We also confirmed the induction of Id1 and Id2 protein
expression by Western blotting (Fig. 1B), demonstrating induc-
tion of Id1 protein from 1 to 4 h, and Id2 protein from 2 to 4 h.
We also confirmed that IL-8 release is increased from HPAECs
treated with BMP9 compared with M199, 0.1% FBS (Fig. 1).
Furthermore, BMP9 treatment increased cell surface E-selectin
expression in HPAECs (supplemental Fig. S1).

BMP9 Stimulates Phosphorylation of Smadl/5 and Smad?2,
but not Smad3 in Endothelial Cells—To establish whether our
observed pattern of mRNA responses correlated with Smad
activation, we examined Smad phosphorylation in response to
BMPs and TGEF3, (Fig. 24). BMP9 did not alter the total levels
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FIGURE 1. BMP9 selectively activates mRNA transcription in HPAECs.
A, confluent serum-restricted HPAECs were treated with BMP2, BMP4, BMPS6,
BMP9 (10 ng/ml), or TGF 3, (2 ng/ml) in M199, 0.1% FBS (0.1%) for 1, 4, or 8 h.
Total RNA was extracted and cDNA prepared. The expression of Id1, 1d2, IL-6,
IL-8, E-selectin, L-selectin, P-selectin, and fibroblast growth factor 2 (FGF2)
were determined by qPCR, with expression being normalized to B-actin and
expressed as the fold-change relative to 0.1% at that time point. Data are
presented as the mean = S.E. of three experiments. ¥, p < 0.05; **,p < 0.01; or
*** p < 0.001 compared with 0.1% FBS (0.7%). B, serum-restricted HPAECs
were treated with BMP9 (1 ng/ml) in M199, 0.1% FBS (0.1%) for 0.5, 1, 2, and
4 h. Immunoblotting was performed with antibodies against Id1 and Id2. All
blots were reprobed for B-actin to ensure equal loading. C, HPAECs were
treated with BMP9 (1 ng/ml) in M199, 0.1% FBS (0.1%) for 24 h. Conditioned
medium was assayed for IL-8 using a specific enzyme-linked immunosorbent
assay and data are expressed as picograms of IL-8/10° cells. Data are mean *+
S.E. (n = 6) from a representative experiment from 3 repeats.

of Smadl, Smad2, or Smad3 in HPAECs. BMP9 stimulated
Smadl/5 C-terminal phosphorylation at concentrations of
0.01-10 ng/ml, with maximal stimulation at 0.1 ng/ml. In addi-
tion to phospho-Smadl/5, our novel observation was the
induction of Smad2 phosphorylation at concentrations of 1 and
10 ng/ml BMP9. Although the Smad3 antibody often detected
two bands in response to BMP9, Smad3 is not activated by
BMP9. The band of greater molecular mass is phospho-Smad1,
as it mimics the phospho-Smad1/5 responses and migrates
with a higher mass than Smad3 (supplemental Fig. S2, A and B).
The band of slightly lower mass does not migrate in exactly the
same position as the phospho-Smad3 band in response to
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FIGURE 2. BMP9 induction of Smad phosphorylation and mRNA tran-
scription in HPAECs is concentration-dependent. A, serum-restricted
HPAECs were treated with BMP9 (0.01-10 ng/ml), BMP2 (10 or 50 ng/ml),
BMP4 (10 or 50 ng/ml), BMP6 (10 or 50 ng/ml), or TGFB, (2 or 5 ng/ml) in
M199, 0.1% FBS (0.1%) for 1 h. Immunoblotting was performed with anti-
bodies against phospho-Smad1/5, Smad1, phospho-Smad2, Smad2,
phospho-Smad1/3, or Smad3. All blots were reprobed for p-actin to
ensure equal loading. B, serum-restricted HPAECs were treated with BMP9
(0.01-10 ng/ml) in 0.1% for 8 h. Total RNA was extracted and cDNA pre-
pared. The expression of Id1, 1d2, IL-8, and E-selectin were determined by
gPCR, with expression being normalized to B-actin and expressed as the
fold-change relative to 0.1%. Data are presented as the mean = S.E. of
three experiments. C, serum-restricted HPAECs, HAECs, HMEC-1, and
HPASMCs were treated with BMP9 (1 ng/ml) or TGFB, (5 ng/ml) in M199,
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TGEFB, (supplemental Fig. S3, A and B). Furthermore, our stud-
ies of Smad3 siRNA (supplemental Fig. S2C) in HMEC-1 cells
show this band remains in BMP9-treated cells, whereas the
Smad3 band in response to TGF; is reduced. In accordance
with the mRNA expression data in Fig. 1, BMP2 and BMP4 did
not induce robust Smad1/5 phosphorylation. BMP6 was able to
induce Smad1/5 phosphorylation, but did not alter Smad2 or
Smad3 phosphorylation. In comparison to BMP9, TGFB, was a
weaker agonist of Smad phosphorylation in HPAECs.

We also assessed the concentration dependence of BMP9-
mediated mRNA induction (Fig. 2B). BMP9 stimulated the
induction of Id1, Id2, E-selectin, and IL-8 transcription, with a
maximal response at 1 ng/ml BMP9. Therefore, we opted to use
1 ng/ml BMP?9 in all subsequent experiments.

We questioned whether these Smad responses to BMP9 were
peculiar to HPAECs. We compared BMP9- and TGFf3;-medi-
ated Smad activation in HPAECs, HAECs, and HMEC-1 cells in
parallel to HPASMCs. HPASMCs should express ALK5 and
exhibit robust Smad responses to TGEB; (31). All three endo-
thelial cell types exhibited Smadl and Smad2 phosphorylation
in response to BMP9, whereas HPASMC:s did not (Fig. 2C). As
we would expect from the high ALK5 and low ALK1 expression
in smooth muscle cells (31), TGFB, stimulated Smad2 and
Smad3 phosphorylation in HPASMCs, whereas no Smadl/5
response was evident. The endothelial cell responses to TGF 3,
were more variable. TGF 3, stimulated Smad2 phosphorylation
in HPAECs, but to a lesser extent than BMP9. In contrast,
TGEFB, stimulated Smad2 and Smad3 phosphorylation to a
greater extent than BMP9 in HMEC-1 cells, whereas HAECs
were unresponsive to TGFB,;. As the BMP9-mediated Smad1/
2/5 responses were common to endothelial cells, we sought to
examine these responses further in HPAECs.

BMP9 Requires ALK for Signaling, but Does Not Require
ALKS or Endoglin—W e examined the potential roles of rele-
vant type I receptors and endoglin in BMP9 responses in
HPAECs. Reduction of endogenous ALK1 expression signifi-
cantly attenuated BMP9-mediated phosphorylation of
Smadl/5 and Smad2 (Fig. 3A). Furthermore, transfection of
HPAECs with ALK1 siRNA (Fig. 3B) attenuated the BMP9-
mediated transcription of Id1 (20.66 * 5.04 versus 6.39 * 0.65-
fold, DH1 and siALK1), Id2 (12.79 = 1.44 versus 4.89 * 0.74-
fold, DH1 and siALK1), E-selectin (23.16 = 7.30 versus 4.89 *
0.74-fold, DH1 and siALK1), IL-8 (7.52 = 3.14 versus 3.67 *
1.67-fold, DH1 and siALK1), and BMPR-II (3.56 * 0.36 versus
1.86 * 0.19-fold, DH1 and siALK1). In contrast, we did not
observe any significant alteration of BMP9-mediated Smad
phosphorylation or mRNA induction in cells transfected with
siRNA for ALK5 or Endoglin (Fig. 3, A and B). We also con-
firmed this for ALK5 in HMEC-1 cells, which exhibit robust
Smad responses to BMP9 and TGFB, consistent with high
expression of ALK1 and ALK5 (supplemental Fig. S3A4). In
these cells, reduction of ALK5 expression by 62.1 = 3.2% con-
sistently attenuated the Smad responses to TGFS;, but not
BMP9. As a further approach, we examined the effect of the

0.1% FBS (0.1%) for 1 h. Protein lysates were immunoblotted with antibod-
ies against phospho-Smad1/5, phospho-Smad2, or phospho-Smad1/3. All
blots were reprobed for B-actin to ensure equal loading.
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FIGURE 3. siALK1 selectively inhibits BMP9-mediated Smad phosphorylation and mRNA induction in HPAECs. A, HPAECs were transfected with siALK1,
siALKS5, siEng, or siCP (all 10 nm) using Dharmafect1 (DHT). After 28 h, cells were serum-restricted for 16 h, followed by treatment with BMP9 (1 ng/ml) in 0.1%
for 8 h. Total RNA was extracted and cDNA prepared. The expression of Id1, Id2, IL-8, and E-selectin were determined by qPCR, with expression being
normalized to B-actin and expressed as the fold-change relative to 0.1%. Data are presented as the mean = S.E. of four experiments. B, HPAECs were transfected
as described above and treated with BMP9 (1 ng/ml) in 0.1% for 1 h. Immunoblotting was performed with antibodies against phospho-Smad1/5, phospho-
Smad2, or phospho-Smad1/3.Immunoblotting was also performed to confirm the specific loss of ALK1 (65 kDa) and endoglin with their respective siRNAs. The
migration positions of the molecular mass markers (kDa values) are shown on the endoglin blot. C, the expression of ALK1, ALK5, and endoglin were
determined in the samples for panel B, confirming each siRNA was selective. Data are presented as the mean = S.E. of four experiments. D and E, untransfected
serum-restricted HPAECs were treated with BMP9 (1 ng/ml) in 0.1% for 8 or 24 h. Immunoblotting was performed with antibodies against (D) BMPR-Il or (E)
endoglin to confirm the increase in these proteins due to BMP9 treatment. Blots are representative of three separate experiments. *, p < 0.05 or **, p < 0.01
compared with DH1 plus BMP9. All blots were reprobed for B-actin to ensure equal loading.

selective ALKS5 kinase inhibitor, SD208 (32). This inhibitor did
not alter BMP9-mediated phosphorylation of Smadl/5 or
Smad2 in HMEC-1 or HPAECs (supplemental Fig. 3, B and C).
In contrast, 500 nm SD208 reduced the Smad1/5 and Smad1/3

ALKS5 (1.78 =+ 0.35 versus 0.90 * 0.14-fold, DH1 and siALK1)
and endoglin (4.84 = 0.95 versus 1.57 = 0.18-fold, DH1 and
siALK1).

As BMP9 induced BMPR-II and Endoglin mRNA expression

responses to TGFp,. Of interest, SD208 had less effect on the
Smad2 response.

We confirmed selective loss of ALK1 or endoglin protein by
siALK1 or siEng transfection, respectively, by Western blotting
(Fig. 34). ALK1 protein migrated with a mass of 65 kDa. Endog-
lin migrated as a major band with a mass of 90 kDa and two
minor bands with masses of 170 and 74 kDa. Fig. 3C shows
confirmation of the specific reduction of mRNA for ALK1
(94.3 *= 0.3% reduction), ALK5 (80.7 *= 4.0% reduction), and
endoglin (94.9 = 1.1% reduction) by each siRNA. In addition,
siALK1 led to a failure of BMP9 to induce the transcription of

15798 JOURNAL OF BIOLOGICAL CHEMISTRY

at 8 h (Fig. 3, A and C), we examined whether this was reflected
by increased protein expression. Treatment of HPAECs with
BMP9 for 8 or 24 h increased the protein expression of
BMPR-II (Fig. 3D) and endoglin (Fig. 3E), corresponding to
increases in RNA expression of BMPR-II (8 h, 6.84 = 0.50-fold;
24.h,2.77 + 0.54-fold) and endoglin (8 h, 5.52 * 0.56-fold; 24 h,
3.70 £ 0.83-fold).

BMPR-II and ActR-1I Differentially Contribute to BMP9-me-
diated Responses—Having demonstrated a role for ALK1 in
BMP9 responses, we assessed the contributions of the type II
receptors, BMPR-II and ActR-II, to BMP9-mediated Smad sig-
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FIGURE 4. siActR-ll and siBMPR-II differentially alter BMP9-mediated Smad phosphorylation and mRNA
induction in HPAECs. A, HPAECs were transfected with siActR-II (siAll), siBMPR-II (siBIl), siActR-Il + siBMPR-Il or
siCP (10 nm each siRNA) using Dharmafect1 (DH1T). After 28 h, cells were serum-restricted for 16 h, followed by
treatment with BMP9 (1 ng/ml) in 0.1% for 1 h. Immunoblotting was performed with antibodies against phos-
pho-Smad1/5, phospho-Smad2, or phospho-Smad1/3. All blots were reprobed for B-actin to ensure equal
loading. The blots are representative of three separate experiments. B, graph showing densitometry for the
blotsin panel A.Band intensities were quantified using Image J and normalized to the B-actin blots correspond-
ing to each Smad blot. C, HPAECs were treated as described above for 8 h. Total RNA was extracted and cDNA
prepared. The expression of Id1, Id2, IL-8, and E-selectin were determined by qPCR, with expression being
normalized to B-actin and expressed as the fold-change relative to 0.1%. Data are presented as the mean =+ S.E.
of four experiments. D, the expression of ActR-Il and BMPR-Il were determined in the samples for panel C,
confirming each siRNA was selective. Data are presented as the mean = S.E. of four experiments. E, cell lysates
were immunoblotted for BMPR-II to confirm the specific loss of receptor expression. The migration positions of
the molecular mass markers (kDa) are shown. *, p < 0.05 or **, p < 0.01 compared with DH1 plus BMP9.

attenuate the Smadl/5 response
(Fig. 4, A and B). In contrast,
siActR-II reduced BMP9-medi-
ated Smad2 phosphorylation to a
greater extent than siBMPR-IL
When siActR-II and siBMPR-II
were co-transfected, the reduction
in BMP9-mediated phosphoryla-
tion of Smadl/5 or Smad2 was
greater than for either siRNA alone.

We also examined the contribu-
tions of these type II receptors to
BMP9-mediated mRNA induction
(Fig. 4C). Only co-transfection of
siActR-II and siBMPR-II signifi-
cantly abrogated BMP9-mediated
transcription of Id1 (19.68 = 2.73
versus 7.26 * 1.07-fold, DH1 and
SiActR-II + siBMPR-II) and Id2
(9.70 = 1.40 versus 3.37 = 1.15-fold,
DHI1 and siActR-II + siBMPR-II).
Transfection of siBMPR-II or siActR-
II alone abrogated the induction of
IL-8 and E-selectin, with siBMPR-II
having the greater effect. Co-transfec-
tion of siActR-II and siBMPR-II
caused the greatest abrogation of
BMP9-mediated transcription of IL-8
(8.90 = 1.10 versus 6.12 =+ 1.08 versus
2.49 *= 0.56 versus 0.90 = 0.09-fold;
DHI1, siActR-II, siBMPR-II, and
siActR-II + siBMPR-II, respec-
tively) and E-selectin (25.06 = 5.97
versus 14.66 * 3.86 versus 2.35 *
0.43 versus 0.69 *= 0.15-fold, DH1,
siActR-II, siBMPR-II, and siActR-
II + siBMPR-II, respectively).

By qPCR (Fig. 4D), we confirmed
the specific reduction of mRNA for
ActR-II (80.9 * 1.8% reduction) and
BMPR-II (95.5 = 1.2% reduction) by
the individual siRNAs and similar
reductions in these receptors were
observed with co-transfection of
both siRNAs (ActR-1II, 78.3 * 1.4%
reduction; BMPR-II, 94.7 = 1.1%
reduction). Western blotting for the
BMPR-II protein confirmed the
specificity of the siRNA (Fig. 4E),
the major band migrating with a
mass of ~150 kDa, as previously
shown (33). We tested a range of
ActR-IIA antibodies in endothelial
cells, but the protein expression was

naling and transcriptional regulation in HPAECs. Although too low to obtain a clear signal, consistent with our previous
siBMPR-II had a small impact (20-25% reduction) on BMP9-  report of low mRNA expression of this receptor (33). To con-
mediated Smadl/5 phosphorylation in HPAECs, cotransfec- firm that siActR-II was capable of reducing the receptor protein
tion of siActR-II and siBMPR-II was required to significantly —expression, we cotransfected HeLa cells with a plasmid encod-
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FIGURE 5. BMP9 induction of mRNA transcription is Smad4-dependent. A and B, HPAECs were transfected
with siSmad4 or siCP (15 nm each) using Dharmafect1 (DH1). After 28 h, cells were serum-restricted for 16 h,
followed by treatment with BMP9 (1 ng/ml) in 0.1% for 8 h. Total RNA was extracted and cDNA prepared. The
expression of Id1 and Id2 (A) and IL-8 and E-selectin (B) were determined by qPCR, with expression being
normalized to B-actin and expressed as the fold-change relative to 0.1%. Data are presented as the mean =+ S.E.
of five experiments. C, the expression of Smad4 was determined using qPCR, confirming selectivity. Data are
presented as the mean = S.E. of five experiments. D, cell lysates were immunoblotted for Smad4 to confirm the
specific loss of receptor expression. *, p < 0.05 compared with DH1 plus BMP9.

ing myc-tagged ActR-II and siActR-II. The siRNA reduced
endogenous mRNA expression by 80% and the overexpressed
receptor mRNA by 65% compared with the transfection rea-
gent alone. We further confirmed by Western blotting for
ActR-II and the myc tag that siActR-II reduced the overex-
pressed protein (supplemental Fig. 4). ActR-IIA-myc migrated
with a mass of ~80-90 kDa.

BMP9-mediated mRNA Induction Is Smad4-dependent—To
address whether the observed transcriptional activity of BMP9
was Smad-dependent, we examined the effect of siSmad4 on
mRNA induction. Notably, reduction of Smad4 by 80% or
greater was required to have an effect (data not shown). Under
these conditions (Fig. 5, A and B), siSmad4 transfection abro-
gated BMP9-mediated transcription of Id1 (17.66 * 4.10 versus
7.88 * 1.15-fold, DH1 and siSmad4, respectively, 49.9 * 6.6%
reduction), Id2 (12.95 = 1.21 versus 8.39 * 1.50-fold, DH1 and
siSmad4, respectively, 33.7 = 11.9% reduction, p < 0.05), IL-8
(8.33 = 3.21 versus 2.18 = 0.77-fold, DH1 and siSmad4, respec-
tively, 69.2 * 5.5% reduction, p < 0.05), and E-selectin (31.66 *
7.08 versus 8.04 = 2.57-fold, DH1 and siSmad4, respectively,
71.5 £ 7.7% reduction, p < 0.05). Interestingly, siSmad4 trans-
fection also abrogated BMP9-mediated transcription of
BMPR-II (6.02 = 1.08 versus 2.10 * 0.28-fold, DH1 and
siSmad4, respectively, 63.7 * 4.0% reduction, p < 0.05) and
endoglin (9.78 = 1.89 versus 4.89 * 0.62-fold, 49.9 * 6.6%
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induction by BMP9, whereas
siSmad3 slightly augmented E-se-
lectin induction (26.44 * 12.97 ver-
sus 11.05 = 2.99 versus 41.85 =
16.69-fold, DHI1, siSmad2, and
siSmad3, respectively). We con-
firmed the selective reduction of
Smad2 or Smad3 protein and the identities of the protein bands
by Western blotting (Fig. 6B). We also confirmed selective
reduction of Smad2 (95.6 * 0.3% reduction) and Smad3 (78.6 *
2.5% reduction) by qPCR (Fig. 6C).

BMP9 Inhibits DNA Synthesis via ALK1 and BMPR-II in
HPAECs—BMP?9 potently inhibited DNA synthesis, as deter-
mined by [methyl->H]thymidine uptake, in HPAECs. Fig. 74
shows a representative experiment. When data were normal-
ized for four separate experiments (Fig. 7B), BMP9 inhibited
DNA synthesis in DH1-treated cells (84.8 = 4.5%) and cells
transfected with siCP (64.3 * 8.4%). Furthermore, siActR-II
transfection did not significantly alter the effect of BMP9
(61.6 £ 10.1% inhibition). However, the inhibitory effect of
BMP9 was abrogated by transfection of siALK1 (47.0 * 2.5%
inhibition) or siBMPR-II (48.2 = 9.6% inhibition). The inhibi-
tory effect of BMP9 was reversed to the greatest extent after
cotransfection of siActR-II and siBMPR-II (26.9 * 8.4% inhibi-
tion). We confirmed the specific reduction of mRNA at 28 and
52 h for ALK1 (28 h, 93.4 = 3.0% reduction; 52 h, 91.0 = 1.5%
reduction), ActR-II (28 h, 82.1 * 0.4% reduction; 52 h, 74.4 *=
2.5% reduction), BMPR-II (28 h, 96.7 = 0.2% reduction; 52 h,
96.4 = 0.5% reduction), and ActR-II plus BMPR-II (28 h, ActR-
II, 71.5 = 1.7% reduction, BMPR-II, 96.5 * 0.6% reduction;
52 h, ActR-II, 61.4 *= 4.5% reduction, BMPR-IIL, 95.4 = 0.8%
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FIGURE 6. The BMP9-mediated induction of IL-8 and E-selectin is regu-
lated by Smad2. A, HPAECs were transfected with siSmad2, siSmad3, or siCP
(10 nm each) using Dharmafect1 (DH1). After 28 h, cells were serum-restricted
in M199, 0.1% FBS (0.1%) for a further 16 h, followed by treatment with BMP9
(1 ng/ml) in 0.1% for 8 h. Total RNA was extracted and cDNA prepared. The
expression of Id1, 1d2, IL-8, and E-selectin were determined using qPCR, with
expression being normalized to B-actin and expressed as the fold-change
relative to 0.1%. Data are presented as the mean = S.E. of five experiments.
B, HPAECs were treated as described above for 1 h. Immunoblotting was
performed with antibodies against phospho-Smad1/5, phospho-Smad?2,
Smad2, phospho-Smad1/3, or Smad3. All blots were reprobed for B-actin to
ensure equal loading. The blots are representative of three separate experi-
ments. C, the expression of Smad2 and Smad3 were determined using qPCR,
confirming selectivity. Data are presented as the mean = S.E. of five experi-
ments. *, p < 0.05 compared with DH1 plus BMP9.

reduction). We also demonstrate reduction of the ALK1 and
BMPR-II proteins (Fig. 7C).

DISCUSSION

Mutations in the genes encoding ALK1, BMPR-II, and
endoglin underlie HHT2 (ALK1), HHT2 with PAH (ALK1),
PAH (BMPR-II), and HHT1 (endoglin), implying these pro-
teins are critical regulators of pulmonary vascular structure
(2-4,7,8,10, 11, 34). Although these receptors exhibit promis-
cuous ligand selectivities, we found that BMP9 selectively
induces potent Smad responses and the induction of Id1, 1d2,
E-selectin, and IL-8 transcription in HPAECs. We present
novel data demonstrating that BMP9 activates both the
Smad1l/5 and Smad2 pathways via ALK1. We confirm that
ActR-IT and BMPR-II compensate for each other with respect
to Smadl/5 phosphorylation and Id mRNA induction, but
show that ActR-II has a greater role in mediating Smad2 phos-
phorylation. Conversely, BMPR-II contributes more to the
E-selectin and IL-8 responses than ActR-II. We also show that
BMP9-mediated mRNA transcription, including induction of
BMPR-II and endoglin, is Smad4-dependent. Our data suggest
that the Smad1/5/8 and Smad?2 pathways mediate induction of
IL-8. Our findings imply that BMPR-II mutations affect a sub-
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FIGURE 7. BMP9 inhibits DNA synthesis via ALK1 and BMPR-II. A, HPAECs
were transfected with siALK1, siActR-Il (siAll), siBMPR-II (siBll), siActR-Il +
siBMPR-II, or siCP (10 nm each siRNA) using Dharmafect1 (DH1). Cells were
incubated in EGM-2 overnight and the medium changed to M199, 0.1% FBS
for 8 h. At 28 h post-transfection, cells were incubated with M199, 5% FBS (5%
FBS) or M199, 5% FBS containing 1 ng/ml BMP9 (BMP9). After a further 18 h,
0.25 uCi of [methyl-H]thymidine was added to each well for 6 h. The lysates
were quantified by liquid scintillation counting. Quantitative PCR analysis
confirmed the reduction in mRNA at 28 and 52 h. The graph is representative
of five experiments (n = 4 wells/treatment).*, p < 0.05; **, p < 0.01; or ***,p <
0.001 compared with 5% FBS with Student’s unpaired t test. B, mean normal-
ized data from four experiments showing the percentage inhibition of [meth-
yl-*Hlthymidine uptake by BMP9 in HPAECs transfected with siRNAs as
described above. *, p < 0.05; or ***, p < 0.001 compared with DH1 with
Student’s unpaired t test. C, protein lysates were immunoblotted with anti-
bodies against ALK1 or BMPR-II to confirm selective reduction of these pro-
teins. The migration positions of the molecular mass markers are shown on
the BMPR-II blot.

set of BMP9-responsive pathways and may alter the balance of
Smad signaling toward Smad2 in endothelial cells in PAH. In
contrast, ALK1 mutations will have a wider impact on BMP9-
mediated functions in HHT2, also affecting the regulation of
the Id, endoglin and BMPR-II.

As mutations in TGFB and BMP receptors are associated
with diseases characterized by pulmonary vascular instability,
we asked whether BMPs and TGEF 3, regulate the expression of
HPAEC genes associated with vascular structure, leukocyte
recruitment, and differentiation. BMP9 inhibits endothelial cell
migration and proliferation via activation of ALK1 (22, 23). In
addition, studies with a constitutively active ALK1 (caALK1)
receptor suggest this receptor mediates the maturation phase
of angiogenesis via inhibition of endothelial cell proliferation
and migration, in a similar manner to TGEp, (35, 36). Here, we
show that BMP9 elicited potent transcriptional responses in
HPAECs, whereas BMP2, BMP4, BMP6, and TGEB, weakly
induced mRNA induction. BMP9 potently induced Id1 and 1d2
in HPAECsS, consistent with previous studies with BMP9 and
caALK1 in endothelial cells (22, 25). However, the functional
roles of the Id proteins are not entirely clear, as Id1 is reported
to be essential for BMP6-mediated migration in bovine aortic
and murine embryonic endothelial cells (37). These contrasting
roles suggest the Id proteins may function to promote or inhibit
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angiogenesis in a context- and ligand-specific manner through
integration with different signaling pathways.

We also show the first evidence for BMP9 inducing E-selec-
tin expression via ALK1 in endothelial cells. The selectins are
endothelial adhesion molecules that mediate cell-cell contact
and leukocyte recruitment (38 —40). Depending on the cellular
context, E-selectin may promote or inhibit angiogenesis (39,
41). We also show that BMP9 induces IL-8 expression in
HPAECs more potently than TGFB;, consistent with a previous
study showing that caALK1 potently induces IL-8 in HMEC-1
cells, whereas TGFE 3, had little effect (25). IL-8 is an angiogenic
cytokine that can act as a chemoattractant and mitogen for
vascular smooth muscle cells (42), but may also promote leuko-
cyte adhesion (38). Furthermore, IL-6, also induced by BMP9, is
involved in lung angiogenesis and inflammation (43). Further
studies are required to establish the contributions of E-selectin,
IL-8, and IL-6 to BMP9 functions in the pulmonary vasculature.

We also assessed the ligand responsiveness of HPAECs by
examining Smad phosphorylation. BMP9 potently induced
Smad1/5 phosphorylation in HPAECs, consistent with recent
studies (22, 23). BMP6 exerted a weaker Smad1l/5 phosphoryl-
ation and BMP2/4 had little effect, consistent with the low
ALK3 and ALK6 expression in HPAECs (33). BMP9 did not
stimulate Smad3 phosphorylation, consistent with previous
reports that caALK1 does not induce Smad2/3 phosphorylation
(35) and BMP9 does not induce the Smad3-responsive CAGA-
luciferase reporter in human dermal microvascular endothelial
cells (22). Contrary to our expectations, BMP9 stimulated
Smad2 phosphorylation in HPAECs and other endothelial cell
types. The previously reported lack of Smad2 activation by
caALK1 is consistent with the observation that the Q201D sub-
stitution in caALK1 does not phosphorylate Smad2 (44).
Therefore, our observed Smad2 response may be mediated via
an alternative ALK1 domain or require the presence of Type II
receptors.

We explored the contributions of ALK1l, ALKS5, and
endoglin to our observed BMP9 responses using siRNA. We
confirm that ALK1 mediates BMP9-induced Smad phospho-
rylation and mRNA induction in HPAECs (22, 23). Previous
studies of endothelial cells have shown that ALK1 requires
ALKS5 to mediate TGFB; signaling via Smad1/5 (20). Fur-
thermore, overexpression of endoglin in murine fibroblasts
was reported to enhance the BMP9-mediated activity of the
BRE-luciferase reporter (22). Here, we see no effect of
endoglin siRNA on BMP9 responses in HPAECs, although
we cannot exclude a concentration-response effect. We
observed greater TGFB;-mediated Smad2/3 activation in
HMEC-1 cells than HPAECs, suggesting that endothelial
ALKS5 expression may vary with cell type and may be low in
HPAECs. Here, we see no effect of siALK5 or ALK5 inhibi-
tion upon BMP9 signaling in HPAECs or HMEC-1 cells,
whereas TGFf3; signaling was attenuated in HMEC-1 cells.
Our data suggests ALKS5 is not required for BMP9 signaling
via ALK1, whereas TGFf3; responses require ALK5.

Having confirmed the central role of ALK1 in BMP9 sig-
naling, we sought to establish the contributions of BMPR-II
and ActR-II to these responses. We show, for the first time,
that ActR-II and BMPR-II are differentially involved in Smad
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signaling and transcriptional responses in HPAECs. It was
reported that cotransfection of siActR-II and siBMPR-II was
required to abrogate BMP9-driven BRE-luciferase responses
in murine fibroblasts (22). Our study confirms that cotrans-
fection of siActR-II and siBMPR-II is required to diminish
BMP9-mediated Smad1/5 phosphorylation and Id mRNA
transcription in HPAECs. However, we also present novel
data demonstrating that BMPR-II preferentially contributes
to BMP9-mediated E-selectin induction, IL-8 induction, and
mitogenic inhibition compared with ActR-II. Conversely,
ActR-II contributes more to the Smad2 response. We also
show, using Smad4 siRNA, the Smad dependence of tran-
scription of 1d1, Id2, IL-8, E-selectin, BMPR-II, and endog-
lin. This is of particular relevance to the association of
Smad4 mutations with HHT (45), and juvenile polyposis syn-
drome with associated HHT (46).

The IL-8 and E-selectin transcriptional responses were
shown to be Smad2-dependent, a novel finding. Conversely,
siSmad3 resulted in enhanced E-selectin expression in response
to BMP9, suggesting that Smad3 may limit this particular
response. The weak induction of IL-8 expression by TGFf,;
may reflect the weak Smad2 response in HPAECs (25). How-
ever, we cannot exclude a role for Smad1/5/8 in the induction of
IL-8 and E-selectin, given that Smad1/5-linked siBMPR-II also
abrogates IL-8 and E-selectin induction. These observations are
of particular interest in the context of PAH, where BMPR-II
dysfunction may cause altered IL-8 and E-selectin regulation
and a reduction of Smadl/5 signaling pushing the signaling
balance in favor of Smad2. In contrast, less of a role is suggested
for the Id genes, which are relatively unaffected due to compen-
sation by ActR-IL

Our data supports dysregulated BMP9 signaling having
direct consequences in HHT2 (ALK1), but not HHT1
(endoglin). However, ALK1 mutations may cause disease by
attenuating the functions of endoglin or BMPR-II. BMP9
and caALK1 induce the transcription of BMPR-II and
endoglin in endothelial cells (22, 25). Here, we also show that
BMP9 induces BMPR-II and endoglin protein expression
and that reduced ALK1 expression inhibits BMP9-mediated
transcription of endoglin and BMPR-II. The circulating con-
centration of BMP9 is 2—15 ng/ml (24), so BMP9 may main-
tain the expression of BMPR-II and endoglin in the pulmo-
nary vasculature. It is plausible that dysfunctional ALK1
signaling in HHT2 could lead to reduced endoglin signaling,
which may underlie both forms of HHT. Indeed, blood out-
growth endothelial cells from patients with HHT1 or HHT2
have reduced endoglin protein (47). Furthermore, endoglin-
null endothelial cells exhibit altered TGFB, responses (48,
49), so we cannot exclude the effect of dysfunctional TGEf
responses due to dysregulated endoglin in the pathogenesis
of HHT. In patients with HHT2 and PAH, the PAH compo-
nent may represent dysfunctional BMPR-II signaling rather
than ALK1 signaling. In patients with HHT2 and PAH, most
of the mutations lead to intracellular retention of ALK1 (34).
We recently reported that cysteine-substituted BMPR-II
mutants are retained in the cytoplasm with wild-type ALK3
(50). Therefore, if the retained ALK1 mutants cause BMPR-II
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FIGURE 8. Summary of the relative contributions of BMPR-Il and ActR-ll to
BMP9 signaling through ALK1. Summary figure representing the relative
contributions of ALK1, ActR-Il, and BMPR-Il to BMP9-mediated Smad signal-
ing and transcriptional regulation in HPAECs. The shaded triangles represent
the relative contribution and compensation by BMPR-Il and ActR-ll. The
Smad, gene, and functional responses are positioned according to the type I
receptor involvement/compensation, such that both receptors compensate
for loss of the other with regard to Smad1/5 and Id responses. In contrast, loss
of BMPR-II has a dramatic effect upon IL-8 and E-selectin expression, and
inhibition of DNA synthesis by BMP9. Conversely, reduction of ActR-Il has a
greaterimpact on Smad2 phosphorylation than BMPR-II reduction, but loss of
both receptors abolishes the Smad2 response.

protein retention coupled with impaired induction of BMPR-II
mRNA expression, this may drive a PAH phenotype.

In conclusion, we propose that BMPR-II and ActR-II differ-
entially regulate Smad and mRNA transcription in response to
activation of ALK1 by BMP9 (Fig. 8). These observations pro-
vide an insight regarding how the differing functional conse-
quences of mutations in ALK1 and BMPR-II may lead to the
different pathologies HHT and PAH.
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