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Blood vessels play essential roles in the transport of 
gases, nutrients, waste products, and circulating cells 

in the healthy organism. Although vessels are quiescent in 
adults, the growth of blood vessels is critical to development, 
growth, and regeneration.1,2 Angiogenesis—the formation of 
new blood vessels—consists of sprouting new vessels from 
preexisting ones and the eventual fusion of these with other 
sprouts or blood vessels to form new vascular connections. 
Vessel growth is stimulated by angiogenic factors, which are 
divided into (1) activators, such as VEGF-A (vascular endo-
thelial growth factor-A; hereafter referred to as VEGF), FGF 

(fibroblast growth factor) 2, and EGF (epidermal growth fac-
tor), which induce endothelial cell proliferation and migra-
tion1,3; and (2) maturation factors, such as TNF-α (tumor 
necrosis factor-α), IL-8 (interleukin-8) and some members 
of the TGF-β (transforming growth factor-β) family, which 
prompt endothelial cells to cease proliferation, reestablish 
basal membrane, and recruit mural cells.4,5 BMP (bone mor-
phogenetic protein) 9 is a member of the TGF-β family that 
selectively activates ALK1 (activin receptor-like kinase)—a 
serine-threonine kinase type I TGF-β receptor in endothelial 
cells.6 Activation of ALK1 triggers the phosphorylation of 
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Objective—ALK1 (activin-receptor like kinase 1) is an endothelial cell-restricted receptor with high affinity for BMP (bone 
morphogenetic protein) 9 TGF-β (transforming growth factor-β) family member. Loss-of-function mutations in ALK1 
cause a subtype of hereditary hemorrhagic telangiectasia—a rare disease characterized by vasculature malformations. 
Therapeutic strategies are aimed at reducing potential complications because of vascular malformations, but currently, 
there is no curative treatment for hereditary hemorrhagic telangiectasia.

Approach and Results—In this work, we report that a reduction in ALK1 gene dosage (heterozygous ALK1+/− mice) results in 
enhanced retinal endothelial cell proliferation and vascular hyperplasia at the sprouting front. We found that BMP9/ALK1 
represses VEGF (vascular endothelial growth factor)-mediated PI3K (phosphatidylinositol 3-kinase) by promoting the 
activity of the PTEN (phosphatase and tensin homolog). Consequently, loss of ALK1 function in endothelial cells results 
in increased activity of the PI3K pathway. These results were confirmed in cutaneous telangiectasia biopsies of patients 
with hereditary hemorrhagic telangiectasia 2, in which we also detected an increase in endothelial cell proliferation linked 
to an increase on the PI3K pathway. In mice, genetic and pharmacological inhibition of PI3K is sufficient to abolish the 
vascular hyperplasia of ALK1+/− retinas and in turn normalize the vasculature.

Conclusions—Overall, our results indicate that the BMP9/ALK1 hub critically mediates vascular quiescence by limiting 
PI3K signaling and suggest that PI3K inhibitors could be used as novel therapeutic agents to treat hereditary hemorrhagic 
telangiectasia.   (Arterioscler Thromb Vasc Biol. 2018;38:00-00. DOI: 10.1161/ATVBAHA.118.310760.)
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Smad1, 5, and 8, which in turn forms an active complex with 
Smad4, translocates to the nucleus, and stimulates the expres-
sion of genes, such as ID, endoglin, and Tmem100.7–9 BMP9 
has been proposed as limiting VEGF- and FGF-induced endo-
thelial cell proliferation.6,10,11 However, it is still unclear how 
ALK1 negatively regulates proangiogenic cascades. Given the 
inhibitory role of ALK1 during vessel growth, it is not surpris-
ing that genetic and pharmacological blockage of ALK1 in 
vivo results in aberrant overgrowth of the vasculature.12,13

Hereditary hemorrhagic telangiectasia (HHT), also known 
as Rendu–Osler–Weber syndrome, is a rare autosomal-dom-
inant germline disease, with an incidence of 1:5000, charac-
terized by the local overgrowth of the vascular plexus.14 The 
telangiectasia is the common name for vascular lesions in 
patients with HHT15 and consists of an artery directly con-
nected to a vein that generates a fragile site that can easily rup-
ture and bleed. The telangiectasias are found on the skin of the 
face and hands and the lining of the nose and mouth. Less com-
mon, but more severe, are the internal vascular lesions, which 
principally occur in lung, liver, and the digestive tract and may 
lead to hemorrhagic episodes, stroke, or brain abscesses sec-
ondary to pulmonary arteriovenous malformations (AVMs), 
or arterial aneurysms and pulmonary arterial hypertension, 
or high-output heart failure secondary to liver vascular mal-
formations.16 HHT is divided into HHT types 1 and 2 on the 
basis of the mutation responsible for the pathogenesis of the 
disease. Although HHT1 arises from inactivation mutations 
in ENG, the gene encoding the TGF-β coreceptor endoglin17 
HHT2 is caused by mutations in ACVRL1—the gene encoding 
ALK1.18 Pulmonary and cerebral AVMs are more common in 
HHT1, whereas hepatic vascular malformations predominate 
in HHT2. Therapeutic strategies are aimed at reducing poten-
tial complications because of vascular malformations, but 
there is currently no curative treatment for HHT.

In this study, we used heterozygous ALK1 mouse retinas 
and cultured endothelial cells to study how ALK1 represses 
vessel growth. We found that loss of ALK1 leads to increased 

stalk cell proliferation as a result of overactivation of PI3K 
(phosphatidylinositol 3-kinase) signaling. By analyzing a 
small cohort of patients, we found that mutations in ALK1 
result in increased activation of PI3K signaling in human tel-
angiectasias compared with control vessels. These findings, 
together with the observation that blocking the PI3K signaling 
pathway rescues ALK1-induced vascular hyperplasia, provide 
the proof of concept for therapeutic intervention with PI3K 
inhibitors for the treatment of HHT.

Materials and Methods

Reagents
BMP9 was obtained from Sigma-Aldrich (St. Louis, MO). VEGF 
was obtained from R&D Systems (Minneapolis, MN). LDN-212854 
was obtained from Selleckchem.com (Houston, TX) and was dis-
solved in DMSO. SF1670 was obtained from Echelon Biosciences 
(Salt Lake City, UT) and was dissolved in DMSO. Cell culture media, 
FCS, and antibiotics were obtained from Lonza (Basel, Switzerland) 
and Gibco (ThermoFisher Scientific, Waltham, MA). Other reagents 
were of analytic or molecular biological grade and were purchased 
from Sigma-Aldrich or Roche (Basel, Switzerland).

Cutaneous Telangiectasia Biopsy 
of Patients With HHT
Patients from the HHT Unit of Bellvitge University Hospital with 
mutations in ACVRL1 and who presented cutaneous telangiectasias 
were selected for the study. Genetic tests were performed by Health 
in Code (A Coruña, Spain) using next-generation sequencing. Six 
patients were selected consecutively, all of whom gave their signed 
informed consent. Severity of nosebleeds was measured according to 
the epistaxis severity score.19 Abnormal findings from CT or contrast 
transthoracic echocardiography with agitated saline solution were 
also recorded. Contrast transthoracic echocardiography was scored 
according to the 4-category grading system proposed by Barzilai et 
al.20 A punch biopsy (3 mm) from a cutaneous telangiectasia on a fin-
ger was obtained under the usual conditions of sterility and hygiene. 
Samples were processed directly into test tubes with formaldehyde 
in encrypted form according to a code assigned to each patient. The 
study was approved by the Clinical Research Ethics Committee of 
Bellvitge University Hospital.

Immunohistochemistry Studies
Biopsies were fixed in buffered formalin, dehydrated, and embed-
ded in paraffin. Tissue sections (3–4 μm) were stained with hema-
toxylin–eosin for morphological analysis. Sections of formalin-fixed, 
paraffin-embedded biopsies were analyzed to determine the amount 
of expression of various proteins. Samples were deparaffinized in 
xylene and rehydrated in downgraded alcohols and distilled water. 
CD34 was stained after antigen retrieval performed under high-pres-
sure conditions for 2 minutes in citrate buffer, pH 6, and incubated 
with 3% H

2
O

2
 for 10 minutes. Samples were then blocked with 1:20 

goat serum for 1 hour followed by incubation at 4°C overnight with 
monoclonal mouse antibody antihuman CD34 (Dako, Carpinteria, 
CA). Sections were incubated with the specific secondary anti-mouse 
antibody EnVision (Dako), followed by the DAB developing system 
(Dako). pAKT, pNDRG1, pS6, and Ki-67 were stained after anti-
gen retrieval performed under high-pressure conditions for 4 min-
utes in citrate buffer, pH 6.5, and incubated with 3% H

2
O

2
 for 10 

minutes. Samples were then blocked with 0.3% BSA in PBS for 1 
hour followed by incubation at 4°C overnight with polyclonal rabbit 
antibody antiphospho-NDRG1 (Thr 346, Cat. 5482; Cell Signaling 
Technology, Inc, Beverly, MA), polyclonal rabbit antiphospho-AKT 
antibody (Ser 473, Cat. 9271; Cell Signaling Technology, Inc), poly-
clonal rabbit antibody antiphospho-S6 (Ser 240/244, Cat. 4838; Cell 
Signaling Technology, Inc), or monoclonal rabbit antibody anti–
Ki-67 (SP6, Cat. MA5-15420; ThermoFisher Scientific). Sections 

Nonstandard Abbreviations and Acronyms

ALK1 activin receptor-like kinase 1

AVM arteriovenous malformation

BMP bone morphogenetic protein

EGF epidermal growth factor

ERK extracellular signal-regulated kinase

FGF fibroblast growth factor

HHT hereditary hemorrhagic telangiectasia

HUVEC human umbilical vein endothelial cell

IB4 isolectin B4

ID1 inhibitor of differentiation 1

IL-8 interleukin-8

PI3K phosphatidylinositol 3-kinase

PTEN phosphatase and tensin homolog

RT room temperature

TGF-β transforming growth factor-β

TNF-α tumor necrosis factor-α

VEGF vascular endothelial growth factor
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were incubated with the specific secondary anti-rabbit antibody 
EnVision (Dako), followed by the DAB developing system (Dako). 
Samples were counterstained with hematoxylin and visualized under 
light microscopy. For all samples, negative controls were performed, 
in which the section followed exactly the same protocol but in the 
absence of primary antibody.

Animals
Control and heterozygous ALK1 mice (strain C57BL/6)21 were housed 
and maintained in laminar flow cabinets under specific pathogen-free 
conditions. All the animal studies were approved by the local commit-
tee for animal care (DAAM 5766; Institut d’Investigació Biomèdica 
de Bellvitge). Where indicated, ALK1 heterozygous animals were 
crossed with the p110α heterozygous animal.22 Class I PI3K signal-
ing was inhibited in half of the pups by subcutaneous injection at 6:00 
pm in P6 and 10:00 am in P7 with 20 μL of 15 mmol/L LY294002 
(Calbiochem, Millipore, Billerica, MA) dissolved in DMSO. Retinas 
were harvested at 2:00 pm on P7. Control mice were injected with 
DMSO only.

Retina Immunofluorescence
Eyes were fixed in 4% paraformaldehyde for 2 hours at 4°C. Retinas 
were permeabilized in PBS containing 1% BSA and 0.3% Triton 
X-100 overnight at 4°C, followed by incubation when indicated with 
polyclonal rabbit antiendothelial nuclei marker Erg-1/2/3 antibody 
(Cat. SC-353; Santa Cruz, CA) or polyclonal rabbit antidesmin anti-
body (Cat. Ab15200; Abcam, Cambridge, United Kingdom) in per-
meabilization buffer overnight at 4°C. The following day, the eyes 
were washed 3× with PBS containing 0.1% tween, once in Pblec 
buffer (1% Triton X-100, 1 mmol/L CaCl

2
, 1 mmol/L MgCl

2
, and 1 

mmol/L MnCl
2
 in PBS, pH 6.8) for 30 minutes and then incubated 

for 2 hours at room temperature (RT) or overnight at 4°C in Pblec 
buffer containing Alexa-488 or Alexa-568 conjugated secondary 
antibodies (1:200) and isolectin GS-IB

4
 (1:300; Molecular Probes; 

ThermoFisher Scientific). They were washed 3 more times with PBS 
containing 0.1% tween and flat mounted on microscope glass slides 
with Mowiol. We used a Leica SP5 for fixed confocal laser scan-
ning microscopy. Images were analyzed with Image J Software. To 
address specific endothelial cell proliferation, we injected 60 μL of 2 
mmol/L of the proliferation marker EdU (Click-iT EdU Imaging Kit; 
Invitrogen, Life Technologies, MA) for 2 hours into P7 mice. After 
euthanization, we determined EdU-positive ECs after colabeling with 
the endothelial nuclei marker Erg-1/2/3 and IB4 (isolectin B4), fol-
lowing the manufacturer’s instructions.

Cell Culture
Human umbilical vein endothelial cells (HUVECs; passages 1–7) 
were obtained from Lonza and routinely cultured in gelatin coated 
(1%) in EBM (Lonza) supplemented with 20% FCS, 50 U/mL peni-
cillin, 50 µg/mL streptomycin sulfate, 3 µg/mL human EGF, 30 µg/
mL gentamicin, 15 ng/mL amphotericin, 9 mg/mL bovine brain 
extract, 25 mg/mL ascorbic acid, and 1 µg/mL hydrocortisone.

For short treatments, cells at 80% confluence were starved in 
M199 without FCS for 16 hours and then treated or not as indicated 
for various times with 10 ng/mL of BMP9 or 10 ng/mL of VEGF, 
depending on the experiment.

siRNA Transfection
For siRNA experiments, control (siGENOME nontargeting siRNA 
pool, Cat. D-001206-13-05; Dharmacon, GE Healthcare Life 
Sciences, Buckinghamshire, United Kingdom) or human PTEN 
(phosphatase and tensin homolog) siRNAs (Cat. D-003023-05-0005; 
Dharmacon) was diluted in Opti-MEM I at a final concentration of 80 
nmol/L. Lipofectamine RNAiMAX (Cat. 13778; Invitrogen) was also 
diluted in Opti-MEM I in a different tube and added to the siRNA 
mix. After incubating for 20 minutes at RT, the transfection reagent 
mix was added to HUVECs in suspension (resuspended in Opti-
MEM I medium containing 10% FBS) and seeded in 6-well plates. 

Cells were incubated with the reaction mix for 8 hours. At the end 
of the incubation, the medium was changed to complete EBM for 
additional 48 hours. Cells were starved in M199 without FCS for 16 
hours and then pretreated or not with 10 ng/mL of BMP9 for 4 hours 
and finally treated or not with 10 ng/mL of VEGF for an additional 
30 minutes. For cell growth experiments, immediately after transfec-
tion, 1×104 cells were seeded in 24-well plastic plates (Corning, NY). 
The next day, the medium was changed to M199 with 0.5% FCS, and 
the cells were treated or not with 10 ng/mL of BMP9, 10 ng/mL of 
VEGF, or a combination of BMP9 and VEGF. Cells were counted in 
a Neubauer chamber after 48 hours. Measurements were made under 
all conditions in triplicate in at least 3 independent experiments.

Cell Growth Assay
1×104 cells were seeded in 24-well plastic plates (Corning, NY). The 
next day, the medium was changed to M199 with 0.5% FCS, and the 
cells were treated or not with 10 ng/mL of BMP9, 10 ng/mL of VEGF, 
or a combination of BMP9 and VEGF and in the absence or the pres-
ence of 0.5 μM SF1670. Cells were counted in a Neubauer chamber 
on 2 occasions (48 and 72 hours). Measurements were made under all 
conditions in triplicate in at least 3 independent experiments.

BrdU Proliferation Assay
5×104 HUVECs were cultured on glass coverslips in 12-well plastic 
plates. The next day, the medium was changed to M199 without FCS, 
and the cells were treated or not with 10 ng/mL of BMP9, 10 ng/mL 
of VEGF, or a combination of BMP9 and VEGF for 20 hours. In par-
allel, exponential HUVECs (with 20% FCS) were plated for 24 hours 
and treated or not with 10 ng/mL of BMP9 and in the absence or 
the presence of 0.5-μM LDN-212854. BrdU (10 mmol/L; Amersham 
Pharmacia Biotech, Cambridge, United Kingdom) was added to 
the culture medium during the last 4 hours. Cells were fixed in 4% 
paraformaldehyde for 10 minutes at RT, permeabilized for 10 min-
utes with TBS-T (25 mmol/L Tris-HCl pH 7.4, 150 mmol/L NaCl, 
0.5% Triton X-100), blocked with TBS-T containing 2% BSA, and 
incubated with primary antibody against BrdU (1:100) at 4°C for 
16 hours. The following day, cells were washed 3× with TBS-T and 
incubated with Alexa conjugated secondary antibodies for 2 hours at 
RT. DAPI was added in the final wash. Specimens were mounted in 
Mowiol. Cells were visualized in a Nikon-80I microscope.

Western Blotting
Cells were collected and washed twice in cold PBS and lysed for 15 
minutes at 4°C in RIPA lysis buffer (10 mmol/L NaF, 40 mmol/L 
β-glycerophosphate, 200 μM sodium orthovanadate, 0.1 μg/μL ben-
zamidine, 100 μM phenylmethylsulfonyl fluoride, 1 μM pepstatin A, 
1 μg/mL leupeptin, 4 μg/mL aprotinin, 1% NP-40, 0.1% SDS, 0.5% 
sodium deoxycholate in PBS 1X pH 7.4). Insoluble material was 
removed by centrifugation at 12 000 g for 5 minutes at 4°C. Proteins 
were separated by SDS-PAGE and electrophoretically transferred 
to Immobilon-P membranes (Millipore) in 25 mmol/L Tris-HCl, 
0.19 mol/L glycine, and 10% methanol. Membranes were blocked 
in Tris-buffered saline, which is also known as TBS (50 mmol/L 
Tris, pH 7.4, 150 mmol/L NaCl), containing 5% nonfat dry milk 
for 1 hour at RT. Blots were incubated with 1:1000 polyclonal rab-
bit antiphospho-Smad1/5 (Ser 463/465) antibody (Cat. 9516; Cell 
Signaling Technology, Inc), 1:1000 monoclonal rabbit anti-Smad1 
antibody (Cat. Ab33902; Abcam), 1:1000 polyclonal rabbit anti-
ID1 (inhibitor of differentiation 1) antibody (Cat. SC-488; Santa 
Cruz), 1:1000 polyclonal rabbit anti-pVEGFR2 (Tyr 1175) antibody 
(Cat. 2478; Cell Signaling Technology, Inc), 1:1000 polyclonal rab-
bit anti-VEGFR2 antibody (Cat. 2479; Cell Signaling Technology, 
Inc), 1:1000 rabbit polyclonal antiphospho-AKT (Ser 473) anti-
body (Cat. 9271; Cell Signaling Technology, Inc), 1:1000 rabbit 
polyclonal antiphospho-AKT (Thr 308) antibody (Cat. 4056; Cell 
Signaling Technology, Inc), 1:1000 rabbit polyclonal anti-AKT anti-
body (Cat. 9272; Cell Signaling Technology, Inc), 1:1000 polyclonal 
rabbit antiphospho-p38 antibody (Cat. V1211; Promega, Madison 
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WI), 1:1000 polyclonal rabbit anti-p38 antibody (Cat. SC-728; Santa 
Cruz), 1:1000 rabbit polyclonal anti-PTEN antibody (Cat. 9559; 
Cell Signaling Technology, Inc), 1:3000 monoclonal mouse antitu-
bulin antibody (Cat. T6074; Sigma Chemical), or 1:3000 monoclo-
nal mouse antivinculin antibody (Cat. V9131; Sigma Chemical), in 
TBS 1% nonfat dry milk. After washing in TBS, 0.1% Triton, blots 
were incubated with anti-rabbit Ig (Amersham Pharmacia Biotech) or 
anti-mouse Ig (Amersham Pharmacia Biotech) horseradish peroxi-
dase linked antibodies in blocking solution for 1 hour and developed 
with an enhanced chemiluminescence system (Amersham Pharmacia 
Biotech). Volumetric analysis was performed using the Quantity One 
volume analysis tool (Bio-Rad, CA).

PTEN Activity
HUVECs were starved in M199 without FCS for 16 hours and then 
pretreated or not with 10 ng/mL of BMP9 for 4 hours and finally 
treated or not with 10 ng/mL of VEGF for an additional 30 minutes. 
Cells were collected, washed twice in cold PBS, and lysed for 15 
minutes at 4°C in NP-40 lysis buffer (50 mmol/L Tris, 150 mmol/L 
NaCl, 10% glycerol, 0.1 μg/μL benzamidine, 100 μM phenylmeth-
ylsulfonyl fluoride, 1 μM pepstatin A, 1 μg/mL leupeptin, 4 μg/mL 
aprotinin, 0.2% NP-40, pH 7.4). Insoluble material was removed 
by centrifugation at 12 000 g for 5 minutes at 4°C. To immuno-
precipitate PTEN, 750 µg of total protein was first precleaned by 
incubation for 4 hours at 4°C on an orbital shaker with 15 μL of 
protein A-Sepharose beads (GE Healthcare) and 15 μL of protein 
G-Sepharose beads (GE Healthcare). Beads were then discarded 
after centrifugation, and lysates were incubated with 2 μL of the 
rabbit polyclonal anti-PTEN antibody (Cat. 9559; Cell Signaling 
Technology, Inc) overnight at 4°C on the orbital shaker, with the 
exception of the negative controls that were incubated without anti-
body. Then lysates were incubated for 4 hours at 4°C on the orbital 
shaker with 15 μL of protein A-Sepharose beads (GE Healthcare) 
and 15 μL of protein G-Sepharose beads (GE Healthcare), previ-
ously cleaned with NP-40 buffer. Immunoprecipitates were then col-
lected by centrifugation, washed 3× with NP-40 buffer at 4°C and 
once with PTEN Reaction buffer (Echelon Biosciences, Salt Lake 
City, UT). After immunoprecipitation, PTEN phosphatase activity 
was immediately measured in the bead complex using a PTEN activ-
ity ELISA (Cat. K-4700; Echelon Biosciences). PTEN activity was 
estimated by the percentage conversion from the initial PI(3,4,5)P

3
 

to PI(4,5)P
2
 per assay point.

Quantitative Real-Time Polymerase 
Chain Reaction
Total RNA from HUVECs was extracted using TRIzol Reagent 
(Ambion, ThermoFisher Scientific). cDNA was obtained from 
a reverse transcription reaction (High-Capacity cDNA Reverse 
Transcription Kit; Applied Biosystems, Life Technologies, CA). Real-
time polymerase chain reaction of cDNA obtained was performed on 
a LightCycler instrument (Roche Molecular Biochemicals, Lewes, 
United Kingdom). After initial incubation at 95°C for 10 minutes, 
40 cycles of amplification were performed with denaturation at 95°C 
for 10 seconds, followed by annealing for 20 seconds (at 64°C) and 
extension at 72°C for 13 seconds. The ∆C

t
 values were calculated 

after subtracting the mean C
t
 values of the RPL32 gene from PTEN 

mean C
t
 values. Results are presented as values of 2(−∆∆Ct) relative to 

basal values.
The human-specific primers used were PTEN (5′- GTTTACCGCC 

AGCATCAAAT-3′ and 5′-CCCCCACTTTAGTGCAC-3′) and the  
housekeeping gene RPL32 (5′-CAGGGTTCGTAGAAGATTCAA 
GGG-3′ and 5′-CTTGGAGGAAACATTGTGAGCGATC-3′).

Gene Expression Analysis
Preprocessed and normalized gene expression data from telangiecta-
sial or normal human tissue was obtained from the Gene Expression 
Omnibus reference GSE53515.23 The rank-based analysis was based 
on the Gene Set Expression Analysis24 tool using standard parameters. 

The ranking of expression differences between telangiectasial and 
normal HHT2 tissue was based on the computed T statistic of paired 
samples. Two of the analyzed gene sets corresponded to independently 
curated annotations of the PI3K-AKT-mTOR signaling pathway 
(Hallmark PI3K-AKT-MTOR signaling and [Pathway Interaction 
Database] PI3KCI-AKT, included in Gene Set Expression Analysis 
MSigDB), and a third one corresponded to genes significantly over-
expressed (false discovery rate, <5%) by oncogenic PI3KCA muta-
tions in a nontumorigenic epithelial cell model (GSE33403).

Statistical Analysis
Statistical significance of group differences was determined using 
2-tailed Mann–Whitney U tests (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). In the case of multiple group analysis, we have used 
Kruskal–Wallis test to assay differences between groups. Correlation 
between cutaneous telangiectasia biopsy positivity for pNDRG1 and 
nosebleed severity measured by the Epistaxis Severity Score was 
analyzed using 2-tailed Pearson correlation (P<0.01). Analyses were 
done using GraphPad Prism (v5.0b).

Results
Heterozygous Loss of ALK1 Results 
in Retinal Vascular Hyperplasia
To gain insight into the molecular mechanism accounting for 
vascular malformations on loss of ALK1 function in patients 
with HHT, we investigated vessel growth in postnatal mouse 
retinas. ALK1−/− mice die in midgestation,12,13 so we studied 
heterozygous ALK1+/− retinas. Whole-mount IB4-stained 
ALK1+/− retinas showed no differences in vascular radial 
expansion or the number of branch points compared with 
wild-type littermates’ retinas at postnatal days 5 (P5), 7, and 
9 (Figure 1; Figure I in the online-only Data Supplement). In 
contrast, a partial decrease in ALK1 levels resulted in vessel 
hyperplasia, as indicated by increased vessel width (Figure 1). 
Vessel hyperplasia in ALK1+/− retinas occurred in capillary 
areas located above veins at P5, P7, and P9, whereas the effect 
was only observed in capillary areas located above arteries 
at P9 (Figure 1). Together, these findings indicate that ALK1 
signaling limits vessel width in sprouting angiogenesis, but 
it is not necessary for EC migration and til/stalk election. 
Although ALK1+/− retinas have a mild vascular phenotype, 
they partially recapitulate the phenotype of full inactivation of 
ALK1 in endothelial cells,25 demonstrating a dose–response 
effect of ALK1 in endothelial cells.

Coverage by mural cells regulates vessel diameter. Hence, 
the increase in vessel width induced by ALK1 inhibition could 
be a consequence of reduced coverage by mural cells.26,27 
However, immunostaining with desmin—a marker for reti-
nal pericytes—did not reveal any obvious difference between 
wild-type and ALK1+/− retinas (Figure II in the online-only 
Data Supplement). Next, we examined whether an increase in 
endothelial cell number could account for the increase in ves-
sel width on heterozygous loss of ALK1. To this end, wild-type 
and ALK1+/− retinas were stained with Erg-1/2/3—an endothe-
lial-specific nuclear marker. Surprisingly, no differences were 
observed in the frequency of endothelial cells located in the 
inner retinal zone or in the first migratory endothelial cell line 
(mainly tip cells)28 (Figure 2A and 2B). Conversely, an accumu-
lation of 25% more endothelial cells was observed in the sub-
front (mainly formed of stalk cells) of ALK1+/− retinas compared 
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with wild-type retinas. To establish whether this greater num-
ber was caused by an increase in endothelial cell proliferation, 
retinas were costained with Erg-1/2/3 and Edu (a proliferation 
marker; Figure 2A and 2C). Consistently, no differences were 
observed in the number of proliferative endothelial cells located 
in the internal vascular retinal area and in the first migratory 
endothelial line. Instead, a 41% higher frequency of prolifera-
tive endothelial cells was observed in the subfront of ALK1+/− 
retinas, indicating that ALK1 signaling restricts endothelial cell 
proliferation in vivo at the sprouting front.

BMP9 Blocks VEGF-Induced 
Proliferation in HUVECs
To understand the mechanisms by which ALK1 prevents 
cell cycle progression in endothelial cells, we used cultured 
HUVECs and studied the crosstalk between BMP9 and angio-
genic signals, such as VEGF. First, we stimulated HUVECs 
with VEGF, BMP9, or a combination of both, for 48 or 72 
hours, followed by assessment of the total number of cells. 
Although BMP9 alone did not change the growth of HUVECs, 

VEGF promoted a 37% increase in cell number after 48 hours 
and a 326% after 72 hours (Figure 2D). However, VEGF 
failed to stimulate cell number in the presence of BMP9. To 
confirm that BMP9 blocks cell proliferation without stimulat-
ing cell death, we measured BrdU incorporation in quiescent 
HUVECs in the presence of BMP9 and VEGF. As expected, 
stimulation with VEGF led to a greater degree of BrdU incor-
poration in HUVECs (Figure 2E) compared with nonstimu-
lated conditions. We also found that BrdU incorporation was 
reduced by BMP9 stimulation in basal and VEGF-stimulated 
cells. BMP9 addition also reduced cell proliferation in com-
plete medium (20% FCS). In agreement with the negative 
BMP9-ALK1 role, addition of LDN-212854—an ALK1 
inhibitor—increased BrdU incorporation in HUVEC alone 
and reverted the inhibition caused by BMP9 (Figure 2E).

BMP9 Dampens VEGF-Induced 
Activation of AKT and ERKs
Next, we analyzed the effect of 15-minute or 4-hour BMP9 
pretreatment in VEGF-mediated activation of PI3K-AKT, 

Figure 1. Heterozygous loss of ALK1 results in retinal vascular hyperplasia. A, Whole-mount visualization of blood vessels by isolectin 
B4 staining of WT (wild type) or ALK1+/− mice at P5. Red and green islets show venous and arterial selected regions where quantification 
analysis was done. B, Quantification of vessel width and number of branch points in veins and arteries of WT (n=8) and ALK1+/− (n=7) reti-
nas at P5. C, Whole-mount visualization of blood vessels by isolectin B4 staining of WT or ALK1+/− mice at P7. D, Quantification of vessel 
width and number of branch points in veins and arteries of WT (n=28) and ALK1+/− (n=27) retinas at P7. E, Whole-mount visualization of 
blood vessels by isolectin B4 staining of WT or ALK1+/− mice at P9. F, Quantification of vessel width and number of branch points in veins 
and arteries of WT (n≥3) and ALK1+/− (n=10) retinas at P9. Error bars indicate the standard error of the mean. A indicates artery and V, 
vein. Statistical significance of 2-tailed Mann–Whitney U tests: **P<0.01, ***P<0.001, ****P<0.0001.
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ERK (extracellular signal-regulated kinase) 1/2, and p38. We 
used phosphoSMAD1/5 and total abundance of ID1 as read-
out of BMP9/ALK1 signaling (Figure 3; Figures III and IV 
in the online-only Data Supplement). Stimulation with VEGF 
for 10 and 30 minutes triggered the phosphorylation of AKT 

and ERK1/2. VEGF and BMP9 both stimulated p38 MAPK 
phosphorylation, with a synergistic effect on incubation 
when both were used (Figure 3; Figure IV in the online-only 
Data Supplement). Pretreatment with BMP9 for 15 minutes 
before VEGF incubation had no effect on AKT and ERK1/2 

Figure 2. ALK1 (activin receptor-like kinase 1) negatively regulates endothelial cell proliferation in vitro and in vivo. A, Representative 
images of WT (wild type) and ALK1+/− retinas immunostained with Erg-1/2/3 (green), Edu (blue), and isolectin B4 (red). Lines indicate the 
separation (20 μm) between the 2 areas of quantification: first line (tip and first neighboring cells) and second line (second and third neigh-
boring cells; scale bars=20 µm). Yellow and white asterisks indicate Erg- and Edu-positive cells, respectively, located on the second line. 
B, Bars show quantification of endothelial nuclei per unit area assessed by Erg positivity in WT (n=11) and ALK1+/− (n=6) retinas at P7. C, 
Quantification of percentage of proliferative endothelial cells (double Edu+/Erg+ with respect to total Erg+) in WT (n=11) and ALK1+/− (n=6) 
retinas at P7. D, Human umbilical vein endothelial cells (HUVECs) were incubated for 48 or 72 h in medium 199 with 0.5% serum, in the 
presence or absence of 10 ng/mL VEGF (vascular endothelial growth factor), 10 ng/mL BMP (bone morphogenetic protein) 9 or 10 ng/
mL VEGF, and 10 ng/mL BMP9, after which the cell number was counted. Each data point represents the mean of at least 3 independent 
experiments. E, Bars show quantification of proliferation of quiescent HUVECs plated for 24 h in the absence or presence of 10 ng/mL 
VEGF, 10 ng/mL BMP9 or 10 ng/mL VEGF, and 10 ng/mL BMP9, or exponential HUVECs (with 20% FCS) plated for 24 h in the absence 
or presence of 0.5 μM LDN-212854 and in the absence or presence of 10 ng/mL BMP9. Cells were pulsed with BrdU for 4 h and sub-
jected to immunostaining analysis. Results shown are the means of 4 independent experiments. Error bars indicate the standard errors of 
the mean. Statistical significance of 2-tailed Mann–Whitney U tests: *P<0.05, **P<0.01, ***P<0.001.
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activation (Figure IVA in the online-only Data Supplement). 
Instead, a 4-hour preincubation with BMP9 blocked basal 
and VEGF-mediated phosphorylation of AKT (in threonine 
308 and serine 473) and ERK1/2, without affecting the total 
amount of AKT or ERK1/2 protein or phosphorylation of 
VEGFR2 (Figure 3). This effect was dose-dependent, with 
a maximum effect achieved at a dose of 0.5 ng/mL of BMP9 
in the absence of VEGF and of 5 ng/mL in the presence of 
VEGF (Figure IVC through IVE in the online-only Data 
Supplement). Moreover, a minimum of 2 hours time of pre-
incubation with BMP9 was necessary to overrule the VEGF-
mediated activation of AKT and ERKs (Figure IV in the 
online-only Data Supplement). We then sought to determine 
whether preincubation with VEGF also impaired the BMP9 
canonical signaling pathway. However, BMP9-induced phos-
phoSMAD1/5 and ID1 expression were not altered if the cells 
had been preincubated with VEGF for 1 hour before adding 
BMP9 (Figure V in the online-only Data Supplement). Taken 
together, our data findings indicate that BMP9/ALK1 fine-
tunes VEGF signaling, but this proangiogenic cue has no 
effect in modulating BMP9 signaling. Our results identify 

BMP9 as a negative modulator of proangiogenic signals in 
endothelial cells.

BMP9 Inhibits PI3K Signaling by 
Increasing PTEN Activity
The PI3K/PTEN axis,28,29 but not ERK1/2 signaling,30 has 
been shown to regulate endothelial cell proliferation in mouse 
retina angiogenesis. Furthermore, loss of PTEN in endothelial 
cells results in vascular hyperplasia similar to that observed 
in ALK1+/− retinas.28 Therefore, we hypothesized that BMP9 
fine-tunes PI3K signaling by regulating PTEN. To confirm 
this, we first measured PTEN phosphatase activity. PTEN 
was immunoprecipitated from endothelial cells treated or not 
with BMP9 for 4 hours and additional 30 minutes with VEGF, 
and PTEN activity was quantified by its capacity to dephos-
phorylate PI(3,4,5)P

3
 to PI(4,5)P

2
. BMP9 treatment promoted 

a 48% increase in PTEN phosphatase activity, and this effect 
was independent of the presence or not of VEGF (Figure 4A). 
Next, we measured protein abundance after BMP9 treatment. 
Our results showed that PTEN amounts were maintained by a 
4-hour treatment with BMP9 but increased substantially (86%) 

Figure 3. BMP (bone morphogenetic protein) 9 inhibits VEGF (vascular endothelial growth factor)-mediated activation of AKT and ERK 
(extracellular signal-regulated kinase). A, Growth factor-depleted human umbilical vein endothelial cells were pretreated with vehicle or 10 
ng/mL BMP9 for 4 h, stimulated with VEGF for 30 min, and immunoblotted using the indicated antibodies. A representative blot of 5 inde-
pendent experiments is shown. B, Bars show quantification of the relative immunoreactivity of phospho-VEGFR2 normalized with respect 
to total VEGFR2. The mean of 5 independent experiments is shown. C, Bars show quantification of the relative immunoreactivity of phos-
pho-AKT (Ser473) normalized with respect to total AKT assessed as the mean of 5 independent experiments. D, Bars show quantification 
of the relative immunoreactivity of phospho-ERK1/2 normalized with respect to total ERK1/2. The mean of 5 independent experiments is 
shown. E, Bars show quantification of the relative immunoreactivity of phospho-SMAD1/5 normalized with respect to total SMAD1/5. The 
mean of 5 independent experiments is shown. F, Bars show quantification of the relative immunoreactivity of phospho-p38MAPK normal-
ized with respect to total p38 MAPK. The mean of 5 independent experiments is shown. Error bars indicate the standard errors of the 
mean. Statistical significance of 2-tailed Mann–Whitney U tests: *P<0.05, **P<0.01.
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when cells were treated with BMP9 for 24 hours (Figure 4B; 
Figure VIA in the online-only Data Supplement). This effect 
was correlated with an increase in PTEN mRNA abundance 
induced by BMP9 (44% after 4 hours and 184% after 24 
hours of BMP9 treatment; Figure 4C). To confirm that PTEN 
was important for the inhibitory effect of BMP9 on AKT, we 
blocked its expression in HUVECs by siRNA transfection. 
The siRNAs acting against PTEN reduced PTEN protein 
amount and led to hyperactivation of the PI3K/AKT pathway 
(Figure 4D; Figure VIB in the online-only Data Supplement). 
More importantly, PTEN depletion abolished the inhibitory 
effects of BMP9 on AKT phosphorylation in basal and VEGF-
stimulated cells, confirming that PTEN plays a critical role 
in BMP9-induced repression of PI3K/AKT. Next, we evalu-
ated the effect of PTEN depletion on cell cycle progression in 
endothelial cells by assessment of the total number of cells. 

Although VEGF failed to stimulate cell number in the pres-
ence of BMP9 in nonsilencing control cells, in the absence 
of PTEN, BMP9 was not able to block VEGF-induced cell 
proliferation (Figure 4E). We confirmed this result by incubat-
ing HUVEC with a PTEN inhibitor, SF1670. This compound 
also blocked the inhibitory effect of BMP9 on VEGF-induced 
endothelial cell number (Figure 4F), further supporting that 
PTEN activity is necessary to mediate BMP9 effects.

Activation of the PI3K Pathway in Cutaneous 
Telangiectasia Biopsies of Patients With HHT2
Having identified the mechanism of action of negative regu-
lation by BMP9 signaling on proangiogenic signals, next we 
aimed to study the status of the PI3K pathway in samples 
from HHT2-affected individuals. To this end, we first exam-
ined publicly available gene expression data from nasal tissue 

Figure 4. BMP (bone morphogenetic protein) 9 effects are mediated by PTEN (phosphatase and tensin homolog). A, Growth factor-
depleted human umbilical vein endothelial cells (HUVECs) were pretreated with vehicle or 10 ng/mL BMP9 for 4 h and stimulated or not 
with VEGF (vascular endothelial growth factor) for 30 min. Cells were lysed, PTEN immunoprecipitated, and PTEN phosphatase activity 
measured by evaluating the conversion of PI(3,4,5)3 to PI(4,5)2 by ELISA. Results are expressed as the percentage conversion of initial 
PI(3,4,5)3 to PI(4,5)2. The mean of 4 independent experiments is shown. B, Growth factor-depleted HUVECs were treated with vehicle or 10 
ng/mL BMP9 for 4 or 24 h and immunoblotted using appropriated antibodies. Bars show quantification of PTEN protein amount in basal 
situation (n=10) or induced by BMP9 for 4 (n=5) or 24 h (n=10) and normalized with respect to tubulin. C, Bars show quantification of PTEN 
mRNA induced by BMP9 stimulation for 4 or 24 h and normalized with respect to RPL32 gene. The mean of 4 independent experiments 
is shown. D, HUVECs were transiently transfected with an unrelated control siRNA (unrelated siRNA) or PTEN siRNA, as described. After 
48 h, cells were depleted of growth factors for 16 h. Cells were pretreated or not with 10 ng/mL BMP9 for 4 h, and then stimulated for 30 
min in the absence or presence of 10 ng/mL VEGF. Cells were lysed and immunoblotted using the indicated antibodies. A representative 
blot of 5 independent experiments is shown. E, After transfection with siRNAs, 1×104 cells were seeded in 24-well plastic plates in normal 
medium. The next day, the medium was changed to M199 with 0.5% FCS, and the cells were treated or not with 10 ng/mL of BMP9, 10 
ng/mL of VEGF, or a combination of BMP9 and VEGF. After 48 h, the cell number was assessed. Each data point represents the mean of 
at least 8 independent experiments. F, HUVECs were incubated in medium 199 with 0.5% serum, in the presence or absence of 10 ng/mL 
VEGF, 10 ng/mL BMP9, 10 ng/mL VEGF, and 10 ng/mL BMP9, and in the absence or presence of 0.5 μM SF1670 PTEN inhibitor. After 72 
h, the cell number was counted. Each data point represents the mean of at least 4 independent experiments. Error bars indicate the stan-
dard errors of the mean. Statistical significance of 2-tailed Mann–Whitney U tests: *P<0.05, **P<0.01, ***P<0.001.
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of HHT2-affected and control individuals (21 and 19, respec-
tively23). Using a rank-based algorithm,24 a significant bias 
toward overexpression of genes linked to PI3K/AKT signaling 
(measured with 3 gene sets) was observed in telangiectasial tis-
sue relative to normal tissue of patients with HHT2 (P values 
<0.01; Figure 5A; Table I in the online-only Data Supplement). 
Significant overexpression of these sets was also observed when 
comparing data of telangiectasial HHT2 tissue against normal 
tissue obtained from healthy individuals but not when compar-
ing normal HHT2 against normal tissue of healthy individuals.23

Next, we analyzed cutaneous telangiectasia biopsies from 6 
patients with HHT2 with mutations in the ACVRL1 gene (Table) 
and from 3 controls. We performed immunohistochemistry for 
CD34 (an endothelial cell marker), pAKT (S473), pNDRG1 
(Thr 346), and pS6 (S240/244; markers of PI3K activation).31,32 
As shown in Figure 5B and 5C, we found a 53% increase of ves-
sels that were positive for pAKT. Moreover, a low frequency of 
control vessels were positive for pNDRG1 (3%; Figure 5B and 
5D). In contrast, in the telangiectasia cohort, we found a 5-fold 
greater frequency of vessels that were positive for pNDRG1. 
Similarly, although endothelial cells from control biopsies were 
negative for pS6 staining, we found a 7-fold greater frequency of 
endothelial cells that were positive for pS6 (Figure 5B and 5E). 
Interestingly, we found a statistically significant positive corre-
lation between grade of positivity for pNDRG1 and nosebleed 
severity measured by the epistaxis severity score (Table; Figure 
VII in the online-only Data Supplement).

Patients with HHT present enlarged abnormal vessels 
with high number of endothelial cells (Figure 5B). We asked 
whether mutations in ALK1 also increased endothelial cell 
proliferation in vessels from patients with HHT2, as observed 
in our mouse model. We performed immunohistochemistry for 
Ki-67—a proliferation marker—in our HHT2 patient group 
and compared it with controls. Results indicated that the mean 
proliferation index was 3.3× significantly higher in endothelial 
cells from telangiectasias of patients with HHT2 than in con-
trol vessels (2.3 versus 0.7, respectively; Figure 5B and 5F).

Inhibition of PI3K Prevents Vascular Hyperplasia 
Induced by Loss of ALK1 Expression
Finally, we examined whether inhibition of PI3K signaling 
can revert the vascular hyperplasia phenotype induced by 
heterozygous loss of ALK1 in vivo. To this end, we crossed 
ALK1+/− heterozygous animals with a constitutive mouse line 
in which endogenous p110α/PI3K isoform is converted into 
kinase-dead protein (hereafter p110αKD/WT).22 Although homo-
zygous p110αKD/KD mice die during embryonic development 
as a consequence of vascular failure, heterozygous inactiva-
tion of p110α results in mild reduction of radial expansion33—
an effect that was maintained in double-heterozygous mutant 
retinas (ALK1+/−; p110αKD/WT; Figure VIII in the online-only 
Data Supplement). Instead, reduced p110α activity res-
cued the hyperplasia induced by heterozygous loss of ALK1 
(Figure 6A and 6B). We validated these results by pharmaco-
logical inhibition of PI3K signaling with LY294002—a pan-
PI3K inhibitor. Pups were treated with LY294002 at P6 and 
P7 (Figure 6C), and their retinal vasculature was examined 
at P7. The hyperplasia induced by ALK1 heterozygosity was 
also rescued by pharmacological inhibition of PI3K activity 

(Figure 6D and 6E). Taken together, these results confirm that 
BMP9/ALK1 regulates endothelial cell proliferation in vivo, 
at least partially, by inhibiting PI3K/AKT signaling.

Discussion
In the present study, we demonstrate that BMP9/ALK1 pro-
motes vascular quiescence by inhibiting PI3K/AKT and ERK 
MAPK activation and show that loss of ALK1 causes overstimu-
lation of these signaling hubs. In recent years, the role of the 
BMP9-BMPRII-ALK1-endoglin-SMAD1/5 axis in endothelial 
cells has begun to be clarified.34,35 Indeed, BMP9/ALK1 inhibits 
cell proliferation and migration in cultured endothelial cells10,36,37 
and in zebrafish.38 In mice, the blockade of BMP9/ALK1 sig-
naling by anti-BMP9 neutralizing antibody or by injection of 
the extracellular domain of ALK1 increases vascular density.39 
Also, in mice, depletion of ALK1 specifically in endothelial 
cells results in AVMs as a result of increased endothelial cell 
proliferation.25,40–42 Our results in vitro and in vivo confirm this 
antiproliferative role of BMP9/ALK1 in sprouting angiogenesis. 
Our work also reveals that during vessel growth, BMP9/ALK1 
signaling does not regulate cell proliferation in all angiogenic 
endothelial cells in vivo but, rather, specifically in those cells 
located at the sprouting. Activation of Notch at the sprouting 
front results in stalk cell cycle arrest28 through a similar mecha-
nism to that of BMP9/ALK1 (see below). It is, therefore, rea-
sonable to speculate that Notch and BMP9/ALK1 cooperate to 
restrain stalk cell proliferation at this specific location. In keep-
ing with this, previous results have shown that ALK1, through 
SMAD1/543,44 or SMAD2/3 activation,45 cooperates with the 
Dll4/Notch pathway to induce the stalk cell phenotype.

Our in vitro and in vivo findings place PI3K/AKT and 
ERK MAPK at the center of the BMP9/ALK1 antiprolifera-
tive response (Figure IX in the online-only Data Supplement). 
Our results using HUVECs as a model have shown that BMP9/
ALK1 blocks the PI3K/AKT and ERK activation induced by 
VEGF. In contrast, we have found that pharmacological inhi-
bition of PI3K is sufficient to abolish ALK1-induced vascular 
hyperplasia in vivo. This observation, together with the fact that 
inhibitors of MEK1-ERKs in vivo fail to block endothelial cell 
proliferation in wild-type retinal angiogenesis,30 suggests that 
limiting PI3K signaling is the principal mechanism by which 
ALK1 stimulates vascular quiescence in vivo. The PI3K/AKT 
pathway stimulates cell proliferation, migration, and survival 
in endothelial cells downstream of many angiogenic cues.28,46 
We have identified BMP1/ALK1 as a new upstream signal that 
regulates PI3K activity in sprouting angiogenesis. Although 
most of the angiogenic cues activate the PI3K signaling path-
way to execute their biological actions, we have found that 
BMP9/ALK1 represses this signaling cascade by stimulating 
the activity of PTEN—the principal phosphatase that coun-
teracts this signaling pathway in endothelial cells.46 PTEN is 
a lipid and protein phosphatase whose function is regulated 
at multiple levels, including mRNA and protein expression, 
subcellular localization, and direct regulation of its phos-
phatase activity by post-translational modifications, such as 
phosphorylation, ubiquitination, and protein interactions.47,48 
We have identified that regulation of PTEN by BMP9/ALK1 
in endothelial cells is also multifactorial. First, the observa-
tion that BMP9/ALK1 dampens AKT phosphorylation after a 
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Figure 5. Increased activation of PI3K (phosphatidylinositol 3-kinase) signaling and endothelial cell proliferation in hereditary hemorrhagic 
telangiectasia 2 (HHT2) cutaneous telangiectasia biopsies. A, Gene set expression analysis (GSEA) output plots showing significant over-
expression of gene sets corresponding to PI3K-AKT-mTOR canonical annotations (Hallmark PI3K-AKT-MTOR signaling and PID PI3KCI-
AKT) or genes significantly overexpressed by oncogenic PI3KCA mutations. The detailed results of each set are provided in Table I in the 
online-only Data Supplement. The GSEA enrichment scores and the nominal P values are shown. The red-shadow areas mark the leading 
peaks that contribute to the associations. B, CD34, pNDRG1, pS6, pAKT, and Ki-67 (brown nuclei, arrows) staining of a control and a 
HHT2 patient (scale bars=100 µm). C, Quantification of the percentage of pAKT-positive vessels in controls (n=3) and patients with HHT2 
(n=5). D, Quantification of the percentage of pNDRG1-positive vessels in controls (n=3) and patients with HHT2 (n=6). E, Quantification of 
the percentage of pS6-positive endothelial cells in controls (n=3) and patients with HHT2 (n=5). F, Quantification of the percentage of Ki-
67–positive endothelial cells in controls (n=3) and patients with HHT2 (n=6). Error bars indicate the standard errors of the mean. Statistical 
significance of 2-tailed Mann–Whitney U tests: *P<0.05.
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2-hour incubation with BMP9 suggests a direct regulation of 
PTEN catalytic activity. Recently, Ola et al47 have described 
that the phosphorylated Ser380/Thr382/Thr383-inactive form 
of PTEN was decreased in HUVECs and mLECs endothelial 
cells stimulated for 2 hours with BMP9.42 Second, we have 
clear evidence that stimulation of endothelial cells by BMP9/
ALK1 increases mRNA and protein abundance of PTEN. 
This is not unique to BMP9/ALK1 because we have previ-
ously shown that Dll4/Notch also stimulates PTEN expres-
sion to block stalk cell proliferation.28 Given the previously 
identified crosstalk between ALK1 and Notch, the increase in 
PTEN amount on BMP9 stimulation could be explained by an 
indirect response induced by Notch. However, we cannot rule 
out a direct effect of SMADs on PTEN promoter on BMP9 
stimulation. PTEN expression is also tightly regulated by miR, 
including in endothelial cells. Indeed, VEGF restrains PTEN 
expression amount by increasing the expression of the miR-17 
to 92 cluster in endothelial cells.49 Therefore, it is also possible 

that BMP9/ALK1 regulates PTEN abundance by inhibiting 
negative regulators of its expression. Taken together, we have 
identified a previously unknown interaction of BMP9/ALK1 
and PTEN in endothelial cells, which seems critical to the 
pathogenesis of loss of ALK1 expression.

HHT is mainly caused by heterozygous mutations in 
ENG17 or ALK1 (ACVRL1)18 genes. These are loss-of-func-
tion mutations that lead to reduced BMP9/ALK1/endoglin/
SMAD1/5 signaling and enhanced response to angiogenic cues 
and thereby to excessive abnormal angiogenesis.14 The telan-
giectasia arises from a postcapillary hyperplastic venule that 
fuses directly with an arteriole, resulting in an arteriovenous 
shunt in the small-sized vessels.15 The role of endothelial cell 
proliferation in the development of these enlarged abnormal 
vessels in HHT has not been studied in deep. Hashimoto et 
al50 found higher Ki-67 index for endothelial cells of sporadic 
brain AVMs compared with endothelial cells from control cor-
tical vessels. In the case of HHT, Du et al51 found increased 

Table. Hereditary Hemorrhagic Telangiectasia 2 Patient Characteristics

Patient No.* Age, y M/F
Contrast 

TTE Abdominal Computed Tomography
CI, L/min 
per m2 ESS†

pNDRG1  
Vessels, % ACVRL1 Mutations

1 62 F 1 Intrahepatic telangiectasias 3.74 2.83 8.4 Exon 3: c.244_246 del ACC p.T82del

Hepatic AV shunt

Hepatic artery enlargement

FNH

Intrapancreatic AVM

Ileal AVM

Caecal AVM

Uterine AVM

2 49 M 1 No pathological findings 2.28 6.38 23.4 Exon 3: change 229T>C Cys77Arg

3 41 F 3 Intrahepatic telangiectasias 3.12 2.93 4.4 Exon 10: change 1436G>C 
Arg479Pro*

Hepatic AV shunt

Hepatic artery enlargement

NRH

Uterine AVM

4 70 F 0 Hepatomegaly 3.7 6.59 24.2 Exon 10: change 1436G>C 
Arg479Pro*

Hepatic AV shunt

Hepatic artery enlargement

Intrapancreatic AVM

Left renal artery aneurysm

5 49 M 0 Intrahepatic telangiectasias 2.9 4.57 13.5 Exon 10: change 1436G>C Arg479Pro

Intrapancreatic AVM

Gastro-omental artery aneurysms

6 51 M 1 Hepatomegaly 3.3 6.05 16.4 Exon 10: 1450C>T Arg484Trp

Hepatic AP shunt

Hepatic artery enlargement

Epistaxis frequency: daily or weekly. AP indicates arterioportal (hepatic artery to portal vein); AV, arteriovenous (hepatic artery to hepatic vein); AVM, arteriovenous 
malformation; CI, cardiac index; ESS, epistaxis severity score; F, female; FNH, focal nodular hyperplasia; M, male; NRH, nodular regenerative hyperplasia; and TTE, 
transthoracic echocardiography.

*Patient 4 is the mother of patient 3.
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endothelial cell proliferation in a resection of intracranial AVM 
in a 26-day-old boy with HHT. Our data obtained in patients, 
as well as the results obtained in mouse models, confirm that 
AVMs and increased endothelial cell proliferation are inter-
related, suggesting that the AVM phenotype in patients with 
HHT arises, at least in part, from an aberrant endothelial cell 
proliferation. In line with this stimulation of VEGF signaling, 
a promitogenic factor for endothelial cells is required for the 
development of HHT. Indeed, although heterozygous ALK1 
mice do not develop AVM, intracranial injection of VEGF in 
ALK1+/− mice leads to abnormal AVM-like structures,52 and 

blocking VEGF attenuates these vascular lesions.53 This is in 
agreement with the observation that PI3K/AKT is a key signal-
ing hub downstream of VEGF in angiogenesis.46 Our results 
show for first time an overstimulation of the PI3K pathway on 
vessels of patients with HHT2. We found a statistically signifi-
cant relationship between PI3K-activated vessels in the finger 
telangiectasia biopsy and the severity of nosebleeds measured 
by the epistaxis severity score. This association suggests a 
more intense development of systemic telangiectasias (ie, 
cutaneous or in nasal mucosa) when PI3K signaling is active. 
It is of particular note that we and others have found that the 

Figure 6. In vivo inhibition 
of PI3K (phosphatidylinosi-
tol 3-kinase) blocks vascular 
hyperplasia in ALK1+/− retinas. 
A, Whole-mount visualization 
of blood vessels by isolectin B4 
staining WT (wild type), ALK1+/−, 
p110αKD/WT, and double ALK1+/−/
p110αKD/WT retinas at P7. B, 
Quantification of vessel width in 
veins of WT (n=4), ALK1+/− (n=8), 
p110αKD/WT (n=4), and double 
ALK1+/−/p110αKD/WT (n=6) retinas. 
C, Scheme of pharmacological 
approach to inhibit PI3K with 
LY294002. D, Isolectin B4 
stained WT and ALK1+/− treated 
with vehicle or LY294002 at 
P6 and P7. E, Quantification 
of the vessel width of retinas 
shown in (C; n ≥4 per treatment 
and genotype). Error bars indi-
cate the standard errors of the 
mean. Statistical significance of 
2-tailed Mann–Whitney U tests: 
*P<0.05, **P<0.01.
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majority of venous malformations—the most common form of 
vascular malformation—are driven by constitutively activat-
ing PI3K signaling.29,54 Taken together, the results suggest that 
overactivation of PI3K signaling is a common characteristic in 
vascular malformations. By using a mouse model for HHT, our 
findings also show that the genetic or pharmacological inhibi-
tion of PI3K prevents ALK1-induced vascular hyperplasia in 
retinas. Our findings corroborate results in the study by Ola 
et al42 in which homozygous deletion of ALK1 in endothelial 
cells results in arterial venous shuts also by upregulating PI3K 
signaling. These results suggest that PI3K inhibitors could be 
used as an alternative therapeutic approach to treat patients 
with HHT. Inhibition of the PI3K signaling in the vasculature 
could, therefore, prevent the development of telangiectasias 
and improve nose bleeds in patients with HHT. In keeping 
with this observation, a study has reported a clinical case of 
an HHT2 patient diagnosed with serous ovarian cancer who 
showed a drop in the frequency of epistaxis on treatment with 
a PI3K inhibitor (BKM120).55 Therefore, we propose that the 
use of PI3K or AKT inhibitors should be considered as alterna-
tive pharmacological strategies for treating patients with HHT.
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Highlights
• ALK1 (activin-receptor like kinase 1) negatively regulates endothelial cell proliferation by repressing PI3K (phosphatidylinositol 3-kinase) sign-

aling through PTEN (phosphatase and tensin homolog) activation.
• Loss of ALK1 function in endothelial cells of patients with hereditary hemorrhagic telangiectasia 2 results in increased activation of PI3K signal-

ing, enhanced endothelial cell proliferation, and in turn, vascular hyperplasia.
• We have also found a correlation between PI3K-activated vessels in the telangiectasias and the severity of epistaxis.
• Genetic or pharmacological inhibition of PI3K is sufficient to abolish the vascular hyperplasia induced by heterozygous loss of ALK1 in mouse 

retinas, providing the proof of concept for therapeutic intervention with PI3K inhibitors for the treatment of hereditary hemorrhagic telangiectasia.
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Supplementary Figure I 

 

 

 

 

 

Supplementary Figure I: Retinal angiogenesis upon genetic inhibition of ALK1. 

Quantification of radial vascular expansion of P5 (A), P7 (B) and P9 (C) retinas from wild type 

(WT) (n=8) or ALK1+/- (n≥7) animals. (D) Quantification of sprouts number (tip cells) of P5 

retinas from WT (n=12) or ALK1+/- (n=15) animals. Error bars are standard error of the mean.  
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Supplementary Figure II 

 

 

Supplementary Figure II: Heterozygous ALK1 retinas show normal pericyte coverage. 

Whole-mount visualization of blood vessels by isolectin B4 (red) and pericytes (desmin 

staining, green) of P7 retinas from wild type (WT) or ALK1+/- animals. We show images from 

three independent WT or ALK1+/- animals. 
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Supplementary Figure III: BMP9 blocks 10 min VEGF-induced AKT and ERK 

phosphorylation. (A) Growth factor-depleted HUVECs were pretreated or not with 10 ng/ml 

BMP9 for 4 h, then stimulated for an additional 10 min in the absence or presence of 10 ng/ml 

VEGF. Cells were lysed, and immunoblotted for the indicated antibodies. A representative blot 

from three independent experiments is shown. (B) Bars show quantification of the relative 

immunoreactivity of phosphoAKT (Ser473) normalized with respect to total AKT assessed as 

the mean of three independent experiments. (C) Bars show quantification of the relative 

immunoreactivity of phosphoERK1/2 normalized with respect to total ERK1/2. The mean of 

three independent experiments is shown. Error bars indicate the standard errors of the mean. 
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Supplementary Figure IV. Dose-response of BMP9 

(A) Growth factor-depleted HUVECs were pretreated or not with 10 ng/ml BMP9 for 15 min, 

then stimulated for an additional 30 min in the absence or presence of 10 ng/ml VEGF. Cells 

were lysed, and immunoblotted for the indicated antibodies. A representative blot from two 

independent experiments is shown. (B) Bars show quantification of the relative 

immunoreactivity of phospho-p38 MAPK normalized with respect to total p38 MAPK assessed 

as the mean of two independent experiments. (C) Growth factor-depleted HUVECs were 

pretreated or not with 0, 0.5, 1, 2, 5 or 10 ng/ml BMP9 for 2 h, then stimulated for an additional 

30 min in the absence or presence of 10 ng/ml VEGF. Cells were lysed, and immunoblotted for 

the indicated antibodies. A representative blot from two independent experiments is shown. (D) 

Bars show quantification of the relative immunoreactivity of phosphoAKT (Ser473) normalized 

with respect to total AKT assessed as the mean of two independent experiments. (E) Bars show 

quantification of the relative immunoreactivity of phosphoERK1/2 normalized with respect to 

total ERK1/2. The mean of two independent experiments is shown. 

  



Supplementary Figure V

A

B

p-VEGFR2

T-VEGFR2

p-p38

T-p38

p-SMAD1/5

ID1

TUBULIN

-      -       +    +
-       +      -    +

BMP 4h

1 h VEGF 
Pretreatment

C

ID
1/

T
ub

ul
in

 (A
.U

.)

Bas
al

1h
 V

EGF 
 

BMP9 4
h

V+B
 

0.0

0.1

0.2

0.3 **

p
S

M
A

D
1/

Tu
bu

lin
 (A

.U
.)

Bas
al

1h
 V

EGF 
 

BMP9 4
h

V+B
 

0.0

0.5

1.0

1.5

2.0 ***

55 kDa-

55 kDa-

17 kDa-

43 kDa-

43 kDa-

180 kDa-

180 kDa-



 

 

Supplementary Figure V: VEGF preincubation does not affect BMP9 signaling. (A) 

Growth factor-depleted HUVECs were pretreated or not with 10 ng/ml VEGF for 1 h, then 

stimulated for an additional 4 h in the absence or presence of 10 ng/ml BMP9. Cells were lysed, 

and immunoblotted for the indicated antibodies. A representative blot from three independent 

experiments is shown. (B) Bars show quantification of the relative immunoreactivity of 

phosphoSMAD1/5 normalized with respect to tubulin assessed as the mean of four independent 

experiments. (C) Bars show quantification of the relative immunoreactivity of ID1 normalized 

with respect to tubulin. The mean of four independent experiments is shown. Error bars indicate 

the standard errors of the mean. Statistical significance of two-tailed Mann-Whitney U tests: **, 

p<0.01; ***, p<0.001. 
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Supplementary Figure VI: Effect of BMP9 on PTEN expression 

(A) Growth factor-depleted HUVECs were treated with vehicle or 10 ng/ml BMP9 for 4 or 24 h 

and immunoblotted using the indicated antibodies. A representative blot is shown of at least 5 

independent experiments. (B) Bars show quantification of the relative immunoreactivity of 

phosphoAKT normalized with respect to total AKT assessed as the mean of five independent 

experiments. Error bars indicate the standard errors of the mean. Statistical significance of two-

tailed Mann-Whitney U tests: *, p<0.05; **, p<0.01.  

 
  



 

 

Supplementary Figure VII 

 

 

 

Supplementary Figure VII: Positive correlation between pNDRG1 and nosebleed severity. 

Correlation between grade of positivity for pNDRG1 and nosebleed severity measured by the 

Epistaxis Severity Score (ESS) in HHT2 patients analyzed in Fig. 5B and 5D. The two-tailed 

Pearson correlation coefficient is shown.  
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Supplementary Figure VIII 

 

   

 

Supplementary Figure VIII: p110α regulates endothelial cell migration independently of 

ALK1. Quantification of radial expansion on P7 retinas from wild type (WT, n=4), ALK1+/- 

(n=8), p110αKD/WT (n=4) and ALK1+/-/ p110αKD/WT (n=6) animals. Error bars are standard error 

of the mean.  
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Supplementary Figure IX 

 

 

 

 

Supplementary Figure IX. Schematic model of BMP9 mechanistic effects in endothelial 

cells. Activation of ALK1 by BMP9 stimulates expression of PTEN, which in turn inhibits the 

PI3K signaling pathways and blocks stalk cell proliferation. Upon loss of ALK1 expression, 

such as in HHT2 patients, PTEN expression and activity are not stimulated, resulting in the 

overactivation of PI3K signaling and aberrant expansion of stalk cells. 
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Supplementary Table I. GSEA result of "Hallmark PI3K-AKT-MTOR signaling" in the 

comparison of telangiectasial and normal nasal tissue of HHT2 patients. 

Gene 
symbol 

Rank 
position Running enrichment score Contribution to association

NFKBIB 160 0,0203 Yes 
MAP2K6 177 0,0468 Yes 
IRAK4 197 0,0727 Yes 
EIF4E 219 0,0979 Yes 
PTPN11 330 0,1176 Yes 
CDK1 540 0,1308 Yes 
SFN 679 0,1461 Yes 
HRAS 740 0,1645 Yes 
TIAM1 959 0,1747 Yes 
MAPK1 1015 0,192 Yes 
RPS6KA3 1031 0,2111 Yes 
CDKN1A 1195 0,2226 Yes 
PFN1 1390 0,232 Yes 
GSK3B 1677 0,2361 Yes 
NCK1 1955 0,2399 Yes 
CDK2 2462 0,2318 Yes 
MYD88 2548 0,2426 Yes 
UBE2D3 2689 0,2505 Yes 
RPS6KA1 3055 0,2473 Yes 
GNGT1 3095 0,2588 Yes 
MKNK1 3291 0,2628 Yes 
ACTR3 3363 0,2723 Yes 
PIKFYVE 3387 0,2839 Yes 
SLC2A1 3438 0,2941 Yes 
PPP1CA 3447 0,3062 Yes 
TBK1 3453 0,3184 Yes 
MAP2K3 3523 0,3276 Yes 
ADCY2 3576 0,3374 Yes 
PTEN 3595 0,3487 Yes 
RIT1 3685 0,3567 Yes 
TRAF2 3849 0,3609 Yes 
TNFRSF1A 3853 0,3724 Yes 
AKT1S1 3874 0,3831 Yes 
MAPK8 3890 0,394 Yes 
GRB2 3926 0,404 Yes 
SQSTM1 4088 0,4078 Yes 
PRKCB 4112 0,4179 Yes 
CXCR4 4645 0,404 Yes 



 

 

ACTR2 4673 0,4129 Yes 
CFL1 5025 0,4066 Yes 
RAF1 5078 0,4136 Yes 
IL2RG 5089 0,4226 Yes 
ARHGDIA 5148 0,4292 Yes 
DDIT3 5208 0,4357 Yes 
VAV3 5264 0,4423 Yes 
RAC1 5608 0,4353 Yes 
PRKAG1 5702 0,4394 Yes 
RALB 5706 0,4477 Yes 
SLA 5889 0,4475 Yes 
YWHAB 5923 0,454 Yes 
PLCG1 5960 0,4603 Yes 
CALR 6436 0,446 Yes 
PITX2 6525 0,4491 Yes 
THEM4 6534 0,4558 Yes 
E2F1 6586 0,4605 Yes 
CAB39 6606 0,4666 Yes 
FGF22 6695 0,4694 Yes 
DAPP1 7241 0,4508 No 
ARF1 7344 0,452 No 
MAPK10 7897 0,432 No 
AP2M1 8170 0,4243 No 
ARPC3 8257 0,4249 No 
ACACA 8361 0,4246 No 
PIK3R3 8395 0,4274 No 
NOD1 8596 0,4224 No 
UBE2N 9365 0,3907 No 
CSNK2B 9417 0,3913 No 
TRIB3 9549 0,3881 No 
MAP3K7 9608 0,3881 No 
CLTC 9657 0,3885 No 
LCK 10030 0,3738 No 
CDKN1B 10147 0,3706 No 
EGFR 10171 0,3714 No 
AKT1 10339 0,3656 No 
ATF1 10433 0,3629 No 
PIN1 11043 0,3362 No 
PLA2G12A 11074 0,3356 No 
CAB39L 11279 0,3268 No 
PRKAR2A 12228 0,2847 No 
SMAD2 12305 0,282 No 
MAPKAP1 12891 0,2572 No 



 

 

PPP2R1B 13085 0,2503 No 
RIPK1 13251 0,2449 No 
RPTOR 13459 0,2378 No 
NGF 13718 0,2288 No 
DUSP3 14234 0,2088 No 
HSP90B1 15052 0,1762 No 
ADRBK1 15806 0,1474 No 
MAPK9 15862 0,1503 No 
MKNK2 16266 0,1379 No 
CDK4 16270 0,1436 No 
TSC2 16315 0,1475 No 
FASLG 16394 0,1501 No 
PRKAA2 16473 0,1527 No 
IL4 16528 0,1565 No 
CAMK4 17734 0,11 No 
GNA14 17897 0,1109 No 
ITPR2 17932 0,1177 No 
PDK1 18067 0,1202 No 
FGF6 18290 0,1191 No 
PAK4 18642 0,1127 No 
STAT2 19127 0,1013 No 
PLCB1 19834 0,0814 No 
ECSIT 19920 0,0897 No 
FGF17 20747 0,0669 No 
    
    
 




