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Endoglin interacts with VEGFR2 to promote angiogenesis
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ABSTRACT: Endoglin, a TGF-p coreceptor predominantly expressed in endothelial cells, plays an important role in
vascular development and tumor-associated angiogenesis. However, the mechanism by which endoglin regulates
angiogenesis, especially during tip cell formation, remains largely unknown. In this study, we report that endoglin
promoted VEGF-induced tip cell formation. Mechanistically, endoglin interacted with VEGF receptor (VEGFR)-2 in
a VEGF-dependent manner, which sustained VEGFR2 on the cell surface and prevented its degradation. Endoglin
mutants deficient in the ability to interact with VEGFR2 failed to sustain VEGFR2 on the cell surface and to promote
VEGF-induced tip cell formation. Further, an endoglin-targeting monoclonal antibody (mAb), TRC105, cooperated
with a VEGF-A targeting mAb, bevacizumab, to inhibit VEGF signaling and tip cell formation in vitro and to inhibit
tumor growth, metastasis, and tumor-associated angiogenesis in a murine tumor model. This study demonstrate a
novel mechanism by which endoglin initiates and regulates VEGF-driven angiogenesis while providing a rationale
for combining anti-VEGF and anti-endoglin therapy in patients with cancer.—Tian, H., Huang, J. J., Golzio, C., Gao,
X., Hector-Greene, M., Katsanis, N., Blobe, G. C. Endoglin interacts with VEGFR2 to promote angiogenesis. FASEB J.

32, 000-000 (2018). www.fasebj.org
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Angiogenesis is the physiologic process by which new
blood vessels arise from pre-existing vessels. It has
prominent roles in both physiologic processes (i.e., em-
bryonic development and wound healing) and patho-
logic conditions, including cancer. The growth of a
primary tumor beyond 1-2 mm?> depends on the oxygen,
nutrients, and growth factors supplied via tumor-associated
angiogenesis. In addition, tumor-associated blood vessels
provide primary cancer cells a route for dissemination to
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distant organs. Angiogenesis is a complicated process that is
tightly regulated by several angiogenic and antiangiogenic
factors, including VEGEF, fibroblast growth factor, and the
TGF-B superfamily.

VEGFs are a family of heparin-binding growth factors,
consisting of 5 members: VEGF-A, -B, -C, and -D and
placental growth factor. Among them, VEGF-A and its
primary receptor, VEGF receptor (VEGFR)-2, have a key
role in most phases of angiogenesis (1). Upon VEGF-A
stimulation, a subgroup of endothelial cells is selected to
form tip cells, which initialize sprouting of a nascent blood
vessel. Endothelial tip cells remain at the growing end of a
nascent vascular sprout and are characterized by abun-
dant and dynamic filopodia. VEGFR2, which is highly
expressed on tip cells relative to stalk and phalanx endo-
thelial cells, allows these tip cells to extend filopodia and
detect the VEGF-A gradient to promote directed migra-
tion along this gradient (2). VEGF-A also induces ex-
pression of delta-like ligand-4, a ligand for the Notch
pathway, specifically in tip cells. The binding of delta-like
ligand-4 with Notch receptors expressed in neighboring
cells suppresses the tip phenotype in adjacent (stalk) en-
dothelial cells (3, 4).

The TGF-B superfamily has central roles in regu-
lating developmental and tumor-associated angio-
genesis (5, 6). The canonical TGF-B superfamily
signaling pathway is triggered when TGF- super-
family ligands bind to cell surface receptors, including
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coreceptors [TGF@B receptor (TBR)-II and endoglin],
type Il (TBRII), and type I (TBRI). Upon ligand binding,
these receptors form complexes to transphosphorylate
and activate TBRI by TBRIIL TBRI then phosphorylates
receptor-regulated small mothers against decap-
entaplegic (R-Smads), which form a Smad complex by
binding the co-Smad (Smad4), and then translocate to the
nucleus to regulate target gene expression by acting in
concert with coactivators and corepressors (7). Endothe-
lial cells express 2 type I TGF-B superfamily receptors:
activin-like kinase-1 (ALK1, expressed preferentially in
the endothelium) and ALKS (expressed ubiquitously) (8,9),
which activate the Smad1/5/8 pathway and Smad2/3
pathway, respectively. The balance of ALK1/Smad1/5/8
and ALK5/Smad?2/3 determines the TGF-B superfamily’s
responsiveness in endothelial cell biology (8, 9). Recent
studies have demonstrated that bone morphogenetic
protein (BMP)-9, another TGF-B superfamily ligand,
also binds to ALK1 and endoglin with high affinity to
activate Smad1/5/8 pathway (10) and controls quies-
cence in adult blood vessels (11).

Among TGF-B receptors, ALK1 and its coreceptor,
endoglin, are expressed preferentially in endothelial cells.
Mice null for ALK1 or endoglin experience embryonic le-
thality caused by defects in vascular development at days
10-11.5 (12, 13). In humans, mutations in endoglin and
ALK1 result in hereditary hemorrhagic telangiectasia
(HHT), an autosomal dominant vascular disease char-
acterized by arteriovenous malformations and dilated
vessels that lead to recurrent hemorrhage and shunting
in the brain, gastrointestinal tract, and lung (14, 15). In
addition, endoglin is overexpressed in neoangiogenic
vessels and in solid tumors (16). Tumor-associated an-
giogenesis is generally triggered by angiogenic factors,
including VEGF, induced by hypoxic conditions (17).
Endoglin expression is also upregulated under hypoxic
conditions (18, 19). These findings suggest that endoglin
cooperates with VEGF to promote tumor-associated
angiogenesis. Recent reports demonstrate that endoglin
can promote tip cell formation and that it modulates
VEGFR? signaling but that it may not be required for
angiogenesis (20-22). However, how endoglin regulates
tip cell formation and the mechanism by which endoglin
regulates the VEGF or Notch signaling pathways re-
mains unknown. We investigated the role and mecha-
nism of endoglin in regulating VEGF signaling and
VEGF-mediated sprouting and angiogenesis.

MATERIALS AND METHODS
Cell culture and reagents

Human microvascular endothelial cells (HMEC)-1s were
obtained from Dr. Edwin Ades (Centers for Disease Control,
Atlanta, GA, USA). HMEC-1s were grown in MCDB-131 me-
dium (Millipore-Sigma, Billerica, MA, USA), supplemented
with 10% fetal bovine serum (FBS; Corning, Corning, NY,
USA), 10 ng/ml EGF (Millipore-Sigma), 1 pwg/ml hydrocor-
tisone (Millipore-Sigma), and 2 mM L-glutamine (Thermo
Fisher Scientific, Waltham, MA, USA). Mouse embryonic en-
dothelial cells (MEECs) (23) were obtained from Dr. Elisabetta
Dejana (University of Milan, Milan, Italy). MEECs were
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grown in MCDB-131 medium supplemented with 10% fetal
bovine serum (FBS), 1 mM sodium pyruvate (Thermo Fisher
Scientific), 2 mM L-glutamine (Thermo Fisher Scientific), 100
ug heparin (Millipore-Sigma), and 50 pg/ml endothelial cell
growth supplement (Millipore-Sigma). The 4T1 cells stably
expressing the firefly luciferase gene (under the selection of
puromyecin) were obtained from Dr. Mark W. Dewhirst (Duke
University Medical Center). 4T1 cells were grown in DMEM
(Thermo Fisher Scientific), supplemented with 10% FBS.
COS7 cells (purchased from American Type Culture Collec-
tion, Manassas, VA, USA) were grown in DMEM, supple-
mented with 10% FBS. Human mammary epithelial cells
(HMEC)-1s were authenticated, and all cells were tested for
mycoplasma contamination. Endoglin antibody [catalog
number (P3D1)] was purchased from Developmental Studies
Hybridoma Bank (University of Iowa, lowa City, IA, USA).
Phospho-VEGFR?2 (Tyr1175, 2478; Tyr949, 4991; and Tyr1212:
2477), VEGFR2 (9698), phospho-Erkl/2 (9101), ERK1/2
(9102), Smad1 (9743), phosphor-Smad1/5/8 (9511), Smadl
(9743), phosphor-Smad2 (3101), Smad2 (3103), antibodies
were all purchased from Cell Signaling Technology (Danvers,
MA, USA).CD31 antibody (ab28364) antibody was purchased
from Abcam, Inc. (Cambridge, United Kingdom). HA-antibody
(1-666-606) was purchased from Roche (Basel, Switzerland).
Streptavidin, horseradish peroxidase conjugate (OR03L) was
purchased from Millipore-Sigma.

Protein overexpression and knockdown

MEECs and COS7 cells were transfected with Lipofectamine 2000
transfection reagent (Thermo Fisher Scientific) (24-26). HMEC-1s
were infected with either a nontargeting vector control (NTC) or
shRINA endoglin-expressing pGIPZ lentivirus (target sequence: 5'-
GCCATGACCCTGGTACTAA-3', RHS4430-99141476; GE Health-
care, Chicago, IL, USA), and stably infected cells were selected for 72h
with 1 pg/ml puromycin.

Spheroid-based sprouting assay

HMEC-1 or MEEC sEheroids were prepared as reported (25,
27). In brief, 1 X 10> HMEC-1s or MEECs were cultured in
hanging drops of 25 pl medium (80% regular medium and
20% Methocel; Dow Chemical Co., Midland, MI, USA) and
allowed to aggregate as spheroids for 24 h. The spheroids
were then collected and plated on 24-well plates coated with
growth factor-reduced Matrigel (BD Biosciences, San Jose,
CA, USA) and treated. Sprouts were digitally imaged and
the number and length of sprouts per spheroid were
quantified with Image] software (National Institutes of
Health, Bethesda, MD, USA). For the tip cell competition
assay, MEECs™/* or wild-type (WT) were labeled with the
PKH26 Red Fluorescent Cell Linker Mini Kit (Millipore-
Sigma), MEECs ™/~ were stained with the PKH67 Green
Fluorescent Cell Linker Mini Kit (Millipore-Sigma). Stained
MEECs*/* and MEECs /™ or stained WT HMEC-1s and
short hairpin (sh)ENG HMEC-1s [with green fluorescent
protein (GFP)] were mixed at a 1:1 ratio. Mixed endothelial
cells (1 X 10°) were cultured in hanging drops to make
spheroids, and the sprouting assay was performed. Sprouts
were digitally imaged with a fluorescence microscope and
quantified.

Western blot analysis

MEECs or HMEC-1s were serum starved for 6 h and treated
with 50 ng/ml VEGF-A (293-VE-010; R&D Systems,
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Minneapolis, MN, USA) for 5 min, or 50 pM TGF-1 (240-B; R&D
Systems), or with 2 ng/ml BMP-9 (3209-BP-010; R&D Systems)
for 30 min. Cells were then lysed using 2X sample buffer and
subjected to Western blot analysis as previously described
(24-26). The bands on Western blots were quantified for in-
tegrated density using Image].

Coimmunoprecipitation

MEECs*/*, MEECs /™~ or COS7 cells coexpressing human
influenza hemagglutinin (HA)-tagged endoglin (HA-endoglin)
and VEGFR?2 for 24 h were washed with PBS and then lysed on
ice with lysis buffer containing 137 mM NaCl, 20 mM Tris-HCI
(pH 8.0), 10 mM NaF, 2 mM EDTA, 1% NP-40, 10% glycerol,
1 mM PMSF, 5 pg/mlleupeptin, and 1 mM NazVO,. The lysates
were incubated with anti-HA, P3D1, or VEGFR2 antibodies at
4°C overnight, followed by incubation with protein G-agarose
beads (for anti-HA and P3D1; GE Healthcare) or protein A-
agarose beads (for anti-VEGFR2; GE Healthcare) for 1 h. The
immunoprecipitate (IP) was collected by centrifugation, and the
pellets were washed with lysis buffer and boiled in 2X sample
buffer at 100°C for 10 min before Western blot analysis.

Protein detection assay

A protein detection assay (Duolink; Millipore-Sigma) was
performed according to the manufacturer’s protocol. In brief,
MEECs"/* were serum starved for 6 h before treatment with
50 ng/ml VEGEF-A for 5, 10, and 15 min. Cells were then fixed
with 4% paraformaldehyde, permeabilized in PBS containing
0.1% Triton X-100 for 5 min, and blocked with 3% BSA (in PBS)
for 1 h. Slides were incubated with P3D1 and anti-VEGFR2
primary antibodies for 1 h at room temperature and then in-
cubated with proximity ligation assay (PLA) probe, without
and with mixture for 1 h at 37°C. After ligation for 30 min and
amplification for 100 min at 37°C, slides were labeled with
DAPI and mounted in Prolong Anti-Fade medium (Millipore-
Sigma). The slides were digitally imaged, and the number of
red dots per cell were counted using Image]J software. For each
condition, ~100 cells were quantified.

Morpholino and embryo manipulations

Endoglin splice blocker morpholinos (MOs) (5'-TAGTAGA-
GAACTTACCCGCACAGGC-3") were obtained from Gene
Tools, LLC (Philomath, OR, USA). RT-PCR was performed to
determine endoglin MO efficacy with gene-specific primers in
exons immediately flanking the targeted region on 72 h
postfertilization (hpf) RNA isolated from control and Endo
MO-injected embryos. One nanoliter of diluted MO (8 ng),
with or without RNA (100 pg), was injected into transgenic
[Flil:enhanced green fluorescent protein (EGFP)] zebrafish
embryos at the 1-2-cell stage. Injected embryos were raised
with 0.2 mM 1-phenyl-2-thio-urea (Millipore-Sigma) at 24 hpf,
to prevent pigment formation, and were allowed to develop
until 48 hpf. Injected embryos were scored at 48 hpf and
classified into 3 groups: normal; class I (mild, with 1-3 in-
tersegmental vessels affected); and class II (severe, with 3+
intersegmental vessels affected). They were then compared to
age-matched controls from the same clutch. For RNA rescue
experiments, human endoglin mRNAs, WT, and mutants
N3and N6 were transcribed in vitro with the SP6 Message
Machine Kit (Thermo Fisher Scientific). A x* test was per-
formed from 3 independent experiments to determine the
significance of phenotypic rescue.

ENDOGLIN/VEGFR2 INTERACTION PROMOTES ANGIOGENESIS

Trypsin internalization assay

MEECs*’*, and MEECs /~, or MEECs ™/~ overexpressing
empty vector (EV) or HA-endoglin were incubated with 0.5 mg/
ml sulfo-NHS-LC-biotin (Thermo Fisher Scientific) in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer,
containing (mM) 5 KCl, 150 NaCl, 1.2 MgCl,, 1.3 CaCl,, and 10
HEPES, at 4°C for 2 h. Cells were rinsed twice with ice-cold PBS.
The cells were treated with 1 ml prewarmed MEEC medium,
containing 50 ng/ml VEGF-A and incubated for a time course at
37°C that promoted internalization of cell surface proteins. Cells
were then washed once with PBS on ice, incubated with trypsin
at 37°C for 1 min, and immediately added to MEEC medium on
ice. Cells were collected and lysed on ice with 1 ml RIPA with
protease inhibitors (pepstatin, leupeptin, and PMSF) and
centrifuged at 14,000 rpm for 30 min at 4°C. Pellets were re-
moved, the supernatants were immunoprecipitated with
anti-VEGFR2 antibody and resolved by SDS-PAGE, and the in-
ternalized biotinylated VEGFR2 was blotted with streptavidin-
horseradish peroxidase.

In vivo tumorigenicity and metastasis assay

4T1 cells were implanted into the mgumal mammary fat pads
of 25 6-wk-old female BALB/c mice (5 X 10* cells/ mouse)
Cohorts were randomly divided into 4 groups 7 d after in-
jection: untreated (n = 7) and mice treated with B20-4.1 (n = 6)
(Genentech, San Francisco, CA, USA), TRC105 (n = 6) (Tracon
Pharma, San Diego, CA, USA), or both (1 = 6). The mice were
treated with 5 mg/kg B20-4.1, with or without 15 mg/kg
TRC105 twice per week via intraperitoneal injection. Tumor
size was measured by researchers blinded to treatment con-
dition, and tumor size calculated was 1/2 X (length X
width?). Among all the mice, 1 mouse in the combination
treatment group died accidentally, and the data acquired from
this mouse was excluded. Tumor metastasis was monitored
once per week via bioluminescence imaging. All the mice were
euthanized after 3 wk of treatment. All procedures and animal
studies were approved by Duke University’s Institutional
Animal Care and Use Committee.

CD31 immunofluorescent staining

The primary tumor tissues were fixed in 4% paraformaldehyde
at4°C overnight. Samples were embedded in paraffin and sliced
into 7 wm sections. After deparaffinization and rehydration, the
sections were subjected to antigen retrieval in 10 mM sodium
citrate (pH 6.0), with a 2100 Retriever (PickCell Laboratories,
Amsterdam, The Netherlands). The tissue was quenched with
0.6% H,0, (in methanol) for 15 min at room temperature and
then blocked with TNT blocking buffer, containing 0.15 M NaCl,
0.1 M Tris-HCl (pH 7.5), and 0.5% blocking reagent. The sections
were incubated with CD31 antibody (1:50 dilution) in blocking
buffer at 4°C overnight. After the sections were washed, they
were incubated with Peroxidase AffiniPure donkey anti-rabbit
IgG (1:1000 dilution; Jackson ImmuoResearch, Philadelphia, PA,
USA) for 2 h. The signal was amplified with a Tyramide Signal
Amplification Plus Cyanine 3 Kit (PerkinElmer Life Sciences,
Emeryville, CA, USA) according to the manufacturer’s instruc-
tions. The sections were counterstained with DAPI and mounted
with FluroSave reagent (Calbiochem, San Diego, CA, USA). The
total area of blood vessels occupied in each field (represented as the
surface density of vessels) was measured with Image] software.

Statistics

All experiments were repeated at least 3X with similar results
each time. Statistical analysis was conducted using 1- or 2-way
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ANOVA for the interaction assay, or unpaired, 2-tailed Stu-
dent’s t test. Statistical significance was set at P < 0.05. Group
size was selected based on cell, reagent, or animal limitations
while still achieving statistically relevant results. No data
were excluded from any analyses, and all replicates are true
biologic replicates. The statistical test used and the sample
sizes for individual analyses are provided within the figure
legends. For ANOVA tests, all P values were adjusted by not
assuming equality of variances.

RESULTS

Endoglin promotes VEGF-A-induced tip cell
formation and angiogenesis

To investigate endoglin’s role in sprouting during an-
giogenesis, we assessed the effects of endoglin on
VEGF-A-induced spheroid sprouting. VEGF-A in-
duced more sprouting in endoglin-expressing human
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whereas VEGF-A-stimulated MEECs /~ demon-
strated less directional persistence in the spheroid-
based sprouting model (Fig. 1F).

We then labeled MEECs*/* or WT HMEC-1s with
red fluorescence and MEECs~/~ or HMEC-1-shENGs
with green fluorescence and compared their relative
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and MEECs*/* occupied the tip cell position more fre-
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Figure 1. Endoglin promotes VEGF-induced S})routing and angiogenesis. A-E) Endothelial spheroids made from HMEC-1-
+/+

shNTCs and -shENGs (A-C), or from MEECs

and MEECs ™/~ (D, E), were treated with or without 100 ng/ml VEGF-A and

cultured on Matrigel for 18 h. The number of sprouts (B, D) and the length of vessels (C, E) were quantified by image analysis
software. The length of each sprout was taken into account. The length of all the sprouts of the control cells (HMEC-1-shNTCs
and MEECs"") without treatment in the same batch of experiments were averaged and normalized to 100, and the relative
sprouting and vessel length of other conditions were calculated relative to this value. Data are means * sEm calculated from 3
independent experiments. *¥*P < (.001, ****P < 0.0001 (2-tailed Student ¢ test, and the statistical interaction between endoglin
expression and VEGF-A treatment was obtained by 2-way ANOVA). NS, not significant. Scale bar, 300 wm. ) The migration path
of the frontier endothelial cells during spheroid-based sprouting in MEECs"* and MEECs /™ was captured with live cell imaging
over 12 h. G) WT HMEC-1s were labeled with red fluorescence, mixed with HMEC-1-shENG expressing GFP at a 1:1 ratio and
cultured in hanging drops to form spheroids for 24 h. The spheroids were treated, with or without 100 ng/ml VEGF-A, and
cultured on the Matrigel for 18 h. The cells with red or green fluorescent protein that occupied the tip cell position were
quantified from 3 experiments = sEM. Scale bar, 100 pm. ***P < 0.001.
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the absence of VEGF-A, and VEGF-A increased the
frequency of HMEC-1-WT and MEEC*/* occupancy
at the tip position (Fig. 1G and Supplemental Fig. 1C,
D). The effect of endoglin was not TGF-$ ligand de-
pendent, as the pan-TGF-B neutralizing antibody,
1D11, had no effect on the tip cell occupancy fre-
quency of MEECs*™/* and MEECs ™/~ (Supplemental
Fig. 1D). Consistent with a specific role for endoglin,
restoring expression of endoglin in MEECs /~
(Supplemental Fig. 1E) accelerated and increased
VEGF-A-induced sprouting (Supplemental Fig. 1F, G).
These data indicate that endoglin has an major role in
VEGF-A-induced sprouting, consistent with a recent re-
port that endoglin can promote tip cell formation in vivo
(20).

Endoglin promotes VEGF-A signaling

As endoglin promotes VEGF-A-induced sprouting and
angiogenesis (Fig. 1) (22), we investigated whether
endoglin has a role in VEGF-A signaling in endothelial
cells. VEGF-A induced VEGFR2 phosphorylation (Tyr
1175) and downstream ERK1/2 phosphorylation in
MEECs*/* (Fig. 2A—-C) and HMEC-1s (Supplemental
Fig.2A)in a time-dependent manner, with peak activation
5 min after stimulation. Loss of endoglin expression de-
creased VEGF-A-induced VEGFR2 phosphorylation (Tyr
1175; relative to B-actin; Fig. 24, B and Supplemental Fig.
2B, C) and ERK1/2 phosphorylation (Fig. 2C) in MEECs ™" ~
(Fig. 2A—-C) and HMEC-1-shENG cells (Supplemental Fig.
2B, C). As VEGFR2 has multiple phosphorylation sites
mediating different downstream pathways (28), we ex-
amined endoglin’s role in VEGFR2 phosphorylation at
different sites. Loss of endoglin decreased VEGF-A-
induced VEGFR2 phosphorylation at Tyr 949, Tyr 1175,
and Tyr 1212 (Supplemental Fig. 2F). In addition, loss of
endoglin decreased basal VEGFR2 levels in MEECs (Fig.
2A, D) but not in HMEC-1s (Supplemental Fig. 2B, D).
However, VEGF-A further decreased VEGFR2 in both
MEECs ™/~ (Fig. 2D) and HMEC-1-shENG cells (Sup-
plemental Fig. 2D) but had no effect in MEECs*/* and
HMEC-1-shNTCs (Supplemental Fig. 2D). However, when
p-VEGER2 levels were normalized to total VEGFR2 levels,
endoglin did not significantly alter p-VEGFR?2 levels in
either MEECs or HMEC-1s (Fig. 2E and Supplemental
Fig. 2E), suggesting that decreased VEGF signaling in
the absence of endoglin is due to decreased total VEGFR2
levels. These effects were endoglin specific, as increasing
endoglin expression in MEECs*/* enhanced VEGF-A—
induced VEGFR2 phosphorylation, while restoring endo-
glin expression in MEECs ™’ ~ rescued VEGF-A-induced
VEGFR2 phosphorylation (Tyr 1175; Supplemental
Fig. 2G).

Endoglin is a TGF-B superfamily coreceptor in en-
dothelial cells, and mediating BMP-9 and TGF-B1 sig-
naling (24), we investigated whether endoglin-mediated
VEGF-A signaling is TGF-$ ligand or receptor de-
pendent. BMP-9 (Fig. 2F, G) and TGF-B1 (Supplemental
Fig. 2H-K) increased VEGF-A induced VEGFR2 phos-
phorylation in both MEECs*/* and MEECs ™/~ (Fig. 2F,

ENDOGLIN/VEGFR2 INTERACTION PROMOTES ANGIOGENESIS

G and Supplemental Fig. 2H, I) and in HMEC-1-shNTCs
and HMEC-1-shENG cells (Supplemental Fig. 2], K).
Further, even in the presence of BMP-9 (Fig. 2F, G) and
TGF-B1 (Supplemental Fig. 2H-K), loss of endoglin still
decreased VEGF-A-induced VEGFR2 phosphoryla-
tion. In addition, the ALK1 inhibitor ALK1-Fc (Sup-
plemental Fig. 2L), the TGF-B neutralizing antibody
1D11 (Supplemental Fig. 2M), and the ALKS inhibitor
SB431542 did not alter the decrease in VEGF-A-
induced VEGFR2 phosphorylation (Tyr 1175) induced
by loss of endoglin (Fig. 2H-K and Supplemental Fig.
2N, O), indicating that endoglin-mediated VEGF-A
signaling is not via TGF-81, BMP9, ALK1, or ALKS5.
These data support a role for endoglin in promoting
VEGEF signaling through stabilizing VEGFR?2 levels in
endothelial cells.

Endoglin interacts with VEGFR2

To explore the mechanism by which endoglin promotes
VEGF-A signaling and VEGF-A-induced angiogenesis,
we investigated whether endoglin binds VEGF-A or its
receptor, VEGFR2. Although VEGFR2 bound VEGF-A
ligand, endoglin did not (Supplemental Fig. 3). Further,
endoglin expression did not increase VEGF-A binding
to VEGFR2 (Supplemental Fig. 3), suggesting that
endoglin does not promote VEGF-A signaling through
binding and presentation of VEGF-A ligand to VEGFR2.
Because endoglin and VEGFR2 have been shown to be
in proximity in endothelial cells (20), we investigated
the interaction of endoglin and VEGFR2. When endo-
glin and VEGFR2 were coexpressed in COS7 or
MEECs /", endoglin coimmunoprecipitated VEGFR2
(Supplemental Fig. 4A, B). In addition, immunopre-
cipitation (IP) of endogenous endoglin specifical}y
coimmunoprecipitated endogenous VEGFR2 in MEECs ™™
but notin MEECs™ /"~ (Fig. 3A). In a reciprocal manner,
when endoglin and VEGFR2 were coexpressed in
MEECs /", VEGFR2 coimmunoprecipitated endoglin
(Supplemental Fig. 4C). Treatment with VEGF-A in-
creased the interaction between endoglin and VEGFR2
interaction, as detected by coimmunoprecipitation (Fig.
3B). proximity ligation assays (PLAs) are able to detect
the interaction of endogenous receptors in situ, and we
therefore further investigated VEGF-A-induced en-
dogenous endoglin/VEGFR2 interaction using PLAs.
VEGF-A increased the interaction between endogenous
endoglin and VEGFR2 (Fig. 3C, D and Supplemental
Fig. 4E). Further, the VEGFR?2 tyrosine kinase inhibitor,
SU-5416 (29-31) (Supplemental Fig. 4D), decreased the
VEGF-A-mediated endoglin and VEGFR2 interaction
(Fig. 3B).

To investigate the domains of endoglin responsible
for interaction with VEGFR2, we initially used endoglin
truncation mutants that lack the cytoplasmic domain
(ECTM) or the extracellular domain (TMCT) (Fig. 3E).
Immunoprecipitation of WT endoglin or the TMCT mu-
tant was able to specifically coimmunoprecipitate VEGFR2
(Fig. 3F). However, the endoglin ECTM mutant exhibited
diminished ability to coimmunoprecipitate VEGFR2
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Figure 2. Endoglin promotes VEGF signaling in endothelial cells. A~E) MEECs"/* and MEECs /'~ were serum starved for 6 h and
treated with 50 ng/ml VEGF-A for the indicated times. Cell lysates were then analyzed with the indicated antibodies. The p-
VEGFR2/B-actin (B), p-ERK/ERK (C), VEGFR2/B-actin (D), or p-VEGFR2/VEGFR2 (E) levels in MEECs** treated with VEGF-
A for 5 min were normalized to 100, and the number of other conditions were calculated relative to this value in 3 experiments.
*P < 0.05, **P < 0.01, ***P < 0.001 (2-tailed Student’s ¢ test). [~K) MEECs** and MEECs ™/~ were serum starved for 6 h,
pretreated with 5 ng/ml BMP-9 for 15 min (F, G), 200 ng/ml ALK1-Fc (H, I), or 10 uM SB-431542 (], K) for 1 h and then treated
with 50 ng/ml VEGF-A for 5 min; the cell lysates were analyzed with the indicated antibodies. The p-VEGFR2/B-actin levels in
MEEGs"" treated with VEGF-A were normalized to 100, and the relative p-VEGFR2/B-actin levels of other conditions were
calculated relative to this value. Quantitative data are means * sEM from 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001,
#HEE P < (0.0001 [2-tailed Student ¢ test and the statistical interaction between BMP9 (G), ALKI1-Fc (/) or SB431542 (K) treatments and

endoglin expression was obtained by 2-way ANOVA].

(Fig. 3F), suggesting that the cytoplasmic domain of
endoglin is responsible for interacting with VEGFR2. To
narrow down the interaction domain in endoglin, we
cotransfected MEECs™/~ with VEGFR2 and a series
of Asn-Ala-Ala-lle-Arg-Ser (NAAIRS) mutants through-
out the endoglin cytoplasmic domain (Fig. 3E). The
NAAIRS sequence has the unique ability to adopt a
variety of secondary structures depending on the sur-
rounding native secondary structure, minimizing dis-
ruptions in overall protein structure (32). Substitution of
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sequences of “PVVAVA” (N3) and “SIGSTQ” (N6) with
NAAIRS decreased the interaction with VEGFR?2 (Fig. 3G,
H). As there are 3 potential ghosphozlation sites in the
sequence O3GIGSTQ® 6435, 465 and *T (33), we tested
whether these phosphorylation sites regulate the in-
teraction by overexpressing endoglin serine/threonine
to alanine mutants at these phos/phorylation sites
(Supplemental Fig. 4F) in MEECs™’ . None of these
phosphorylation site mutants decreased the interaction
of VEGFR2 with endoglin (Supplemental Fig. 4G).
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Figure 3. Endoglin interacts with VEGFR2. A) Immunoprecipitates were prepared from MEECs”* and MEECs /™ with anti-
endoglin antibody, P3D1, or mouse IgG. Endoglin and VEGFR2 were detected in IPs, with or without cell lysates, by Western blot
analysis. Results are representative of 3 independent experiments. B) MEECs /™ were transfected with HA-endoglin and
VEGFR?2 for 24 h, serum starved for 6 h, pretreated with or without 1 wM SU-5416 for 1 h, and then treated with 50 ng/ml VEGF-
A for the indicated times. Anti-HA IPs were prepared. HA-endoglin and VEGFR2 were detected in IP and cell lysates by Western
blot analysis. Results are representative of 3 independent experiments. C, D) MEECs"* were serum starved for 6 h and treated
with 50 ng/ml VEGF-A for the indicated times. Interaction between endogenous endoglin and VEGFR2 was assessed by PLA.
Nuclei were stained with DAPI. Each data point in D corresponds to the number of red dots/cell in C, representing the
interaction between VEGFR2/endoglin. The mean value of VEGFR2/endoglin interaction in MEECs** without treatment was
normalized to 100, and the relative interaction of other conditions was calculated relative to this value. NS, not significant. **¥¥P <
0.001 (2-tailed Student ¢ test from 3 experiments). Scale bar, 300 wm. E) Schematic model of endoglin truncation or NAAIRS
mutants. ) MEEC ™/~ were transfected with VEGFR2 and the indicated HA-endoglin truncation mutants for 24 h. Anti-HA IPs were

(continued on next page)
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These data indicated that endoglin interact with
VEGFR2 in a VEGF-A-dependent manner via its cyto-
plasmic sequences *PVVAVA®* and ***SIGSTQ®*.

Endoglin and VEGFR2 interaction promotes
VEGF-A-induced angiogenesis and
VEGF signaling

To investigate the effects of endoglin/VEGFR2 in-
teraction on VEGF-A signaling and biology, we trans-
fected MEECs ™/~ with WT endoglin and N3 and N6
interaction-deficient endoglin NAAIRS mutants. Al-
though WT endoglin rescued VEGF-A signaling, the N3
and N6 NAAIRS mutants failed to rescue VEGF-A sig-
naling (Fig. 4A, B). Moreover, the N3 and N6 NAAIRS
mutants also failed to rescue VEGF-A-induced tip cell
formation (Fig. 4C, D). To explore the physiologic rele-
vance of our findings, we assessed the role of this endoglin
function during capillary formation in vivo using the
transgenic Flil-EGFP zebrafish developmental angio-
genesis model. Fli1-driven expression of GFP begins early
in embryonic development, with angiogenesis evident
within the first 24 h, as monitored via fluorescence mi-
croscopy. We generated morpholinos (MOs) to suppress
translation of the endogenous endoglin ortholog (Endo-
glin-MO) in Flil-EGFP embryos, and observed significant
defects in the formation of both intersegmental vessels
(ISVs) and dorsal longitudinal anastomotic vessel
(DLAV) at48 hpf (Fig. 4E, F). The injection of WT human
endoglin mRNA along with Endo-MO into Flil-EGFP
transgenic embryos effectively rescued the phenotype
(Fig. 4F). However, the endoglin N3 and N6 mutants,
which could not interact with VEGFR2 (Fig. 3G, H),
failed to rescue the phenotype (Fig. 4F), supporting
a pivotal role for endoglin/VEGFR?2 interaction in
mediating developmental angiogenesis in vivo. These
data indicate that endoglin and VEGFR2 interaction
is necessary in both VEGF signaling and VEGF-
induced tip cell formation and angiogenesis in vitro
and in vivo.

Endoglin prevents VEGF-A-induced VEGFR2
internalization and degradation

As VEGF-induced receptor trafficking plays an essential
role in VEGF signaling and angiogenesis (34-36) and
endoglin appears to regulate cellular levels of VEGFR2 in a
VEGF-A-dependent manner (Fig. 24, D and Supple-
mental Fig. 2B, D), we examined whether endoglin-
regulated VEGF-A signaling and biology are through
regulation of VEGFR2 trafficking. MEECs™ /™ transfected
with EV or endoglin (Fig. 54, B) and MEECs*/* or

MEECs ™/~ Supplemental Fig. 54, B) were biotinylated
at 4°C to prevent internalization. The biotinylated cells
were treated with VEGF-A at 37°C to promote in-
ternalization and then were treated with trypsin to
cleave uninternalized cell surface proteins. After IP with
VEGEFR2 antibody, the internalized VEGFR2 were de-
tected using streptavidin-horseradish peroxidase. Al-
though VEGEF-A induced internalization of VEGFR2 in
MEECs /" (Fig. 54, B and Supplemental Fig. 54, B),
VEGEF-A induced less VEGFR2 internalization in MEECs™
and MEECs ™/~ overexpressing endoglin (Fig. 54, B). Fur-
ther, overexpression of WT endoglin in MEECs ™/~ inhibi-
ted VEGFR2 internalization, whereas N3 and N6 mutant
endoglin were less effective in inhibiting VEGFR2 in-
ternalization (Fig. 5C, D). As internalized VEGFR2 is usually
degraded (36), we observed that treatment with VEGF-A
for 3, 6, and 12 h induced a decrease in VEGFR2 levels in
MEECs ™/~ but had a minimal effect on VEGFR?2 levels in
MEECs*/* (Fig. 5E, F). Consistently, treatment of HMEC-1s
with VEGF-A for 12 h dramatically decreased VEGFR2
levels in HMEC-1-shENG cells but not in HMEC-1-shNTCs
(Supplemental Fig. 5C). In addition, the basal VEGFR2
mRNA levels in HMEC-1-shNTC and MEECs*/* were
higher than HMEC-1-shENG cells and MEECs /™~ (Sup-
plemental Fig. 5D, E). However, treatment with VEGF-A
had no effect on VEGFR2 mRNA levels in HMEC-1-
SshNTCs and -shENG cells and MEECs"™/*, whereas in-
creased VEGFR2 mRNA level in MEECs ™/, suggesting
that VEGF-A induced decreases in VEGFR2 levels in
HMEC-1-shENG cells and MEECs /~ was not due to
transcriptional regulation. Further, the lysosome inhibitor,
leupeptin, but not the proteasome inhibitor, MG132, par-
tially inhibited VEGF-A-induced VEGFR2 degradation in
MEECs /™ and increased basal- and VEGF-A-induced
VEGFR2 level in MEECs*/* (Supplemental Fig. 5F), sug-
gesting that VEGF-A-induced internalized VEGFR2 is de-
graded in the lysosome. Finally, human WT endoglin
rescued VEGF-A-induced VEGFR2 degradation, whereas
endoglin N3 and N6 mutants that were deficient in
interacting with VEGFR?2 (Fig. 3G, H) did not (Fig. 5G, H).
These data support a model in which endoglin promotes
cell surface retention of VEGFR2 by inhibiting VEGF-A-
mediated internalization and lysosomal degradation of
VEGEFR2.

Endoglin- and VEGF-targeting mAbs
cooperate to inhibit sprouting in vitro

TRC105 is a chimeric IgG1 antibody that binds human
endoglin and murine endoglin, albeit with lower af-
finity, and is in development as an antiangiogenic
therapy (37-40). Because we have determined that

prepared. F) HA-endoglin and VEGFR2 were detected in IP and total cell lysates by Western blot analysis. Results are
representative of 3 independent experiments. G, H) MEEC ™/~ cells were transfected with VEGFR2 and indicated HA-endoglin
NAAIRS mutants for 24 h. Anti-HA IPs were prepared. HA-endoglin and VEGFR2 were detected in IP and total cell lysates by
Western blot analysis. The ratio of VEGFR2 to endoglin in the IPs is represented as VEGFR2/endoglin interaction and expressed
relative to the VEGFR2/endoglin value in WT endoglin-expressing cells (100%). Data are means * sEm of results in 4

experiments. *¥¥*¥P < (0.0001 (2-tailed Student’s ¢ test).

8 Vol.32 June 2018

The FASEB Journal - www.fasebj.org

TIAN ET AL.

Downloaded from www.fasebj.org by Duke University Libraries (152.3.43.28) on January 16, 2018. The FASEB Journal Vol. 0, No. 0, primary_article.


http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700867RR/-/DC1
http://www.fasebj.org

MEEC+/+ MEEC-/-

N _ 140
EV_ _EV_ _wid _N3 N6 xe —VEGF-A
VEGF-A™- + - ¥ - ¥ = ¥ = 7 013120 == +VEGF-A
L @100
p-VEGFR2[ W= - | o > & g
[=Xo)
VEFR B B R SRS eS|, g @
. NQO
HA-endoglin s S
B-actin| EZ o
e 2 EV_EV wild N3 N6
MEEC+/+ HA-endoglin mutants
C MEEC-/ MEEER
Rescue with endoglin
N3 NG D
s e 350 —VEGF-A
< X B a0l "% == +VEGF-A
T o2
Q gL
L 5g=
- £ -
23" N.S. NS,
o 100
1]
r-1l: 50
L
[©] 0 ;
w EV EV wild N3 N6 ASMA
> MEEG++ HA-endoglin mutants
MEEC-/-
F
ENormal [Class | [ Class Il
100 Ch N.5. NS
.90
= 80
T 70
D 60
-§.§ 50
3 40
E 30
o 20
10

0
EndoglinMO - + + + + - - -
RNA - - WT N3 N6 WT N3 N6
n=141 183 87 147 131 138 117 168

Figure 4. Endoglin and VEGFR? interaction promotes VEGF-A—induced angiogenesis and VEGF signaling. A, B) MEECs"* and
MEECs /" transfected with EV, WT endoglin, or mutant endoglin N3 or N6 were serum starved for 6 h and treated with 50 ng/
ml VEGF-A for 5 min, and the cell lysates were analyzed with the indicated antibodies. p-VEGFR2/B-actin levels in MEECs™*
treated with VEGF-A were normalized to 100, and the p-VEGFR2/{-actin levels of other conditions were calculated relative to this
value. Data are means * SEM of 3 experiments. *P < 0.05, ¥*P < 0.01, *#**P < 0.0001 (2-tailed Student’s ¢ test). C, D) Endothelial
spheroids made from MEECs" " and MEECs /™ transfected with EV, WT endoglin, mutant endoglin N3 or N6 were treated with or
without 100 ng/ml VEGF-A and cultured on Matrigel for 18 h. The mean value of the number of sprouts in the MEECs"* without
treatment was normalized to 100, and the sprouting of other conditions was calculated relative to this value. Data are means *
SEM of results in 3 experiments. *P < 0.05, ¥***P < 0.0001 (2-tailed Student’s ¢ test). Scale bar, 300 pm. E, F) Representative
photographs of Flil-EGFP control embryos (Ei) and embryos injected with endoglin MO (FEii) at 48 hpf, as visualized by
fluorescence microscopy. £i', #i') Higher magnifications of the trunk. F) Percentage of normal embryos and embryos with ISV
sprouting defects defined as class I (1-3 ISVs affected and class IT (3+ ISVs affected). A X” test was performed as follows: MO wvs.
MO+RNA WT (P = 0.0015); MO wvs. MO+RNA N3 (P = 0.7634); MO vs. MO+N6 (P = 0.1182). Data are means * SeM of 3
experiments. N.S., not significant. **P < 0.01.

endoglin promotes VEGF signaling and VEGF-induced
sprouting and angiogenesis, we asked whether TRC105
cooperates with anti-VEGF therapy to inhibit angio-
genesis. TRC105 dose dependently inhibited VEGEF-
A-induced VEGFR2 phosphorylation (Tyr 1175) in
both MEECs*/* (Fig. 6A) and HMEC-1s (Fig. 6B). Fur-
ther, the combination of TRC105 and a human VEGF-A
mADb, bevacizumab, further inhibited VEGF-A-induced
VEGFR2 phosphorylation compared with pretreatment
of either agent alone in MEECs*/* (Tyr 1175; Fig. 6C,
D). In addition, in the presence of TRC105, treatment

ENDOGLIN/VEGFR2 INTERACTION PROMOTES ANGIOGENESIS

with VEGF-A for 12 h decreased VEGFR?2 level in WT
MEECs (Fig. 6E, F), phenocopying the effects of loss of
endoglin (Fig. 5E, F and Supplemental Fig. 5C). As Matrigel
is extracted from the Engelbreth-Holm-Swarm mouse
sarcoma, a tumor rich in extracellular matrix proteins in-
cluding laminin, collagen IV, heparin sulfate proteogly-
cans, entactin/nidogen, and several growth factors, it can
effectively mimic the tumor microenvironment. Ac-
cordingly, we assessed the effect of TRC105 and a
mouse VEGF-A mAb, B20-4.1 on endothelial sprouting
inMatrigel. Althoughboth TRC105 and B20-4.1 decreased
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Figure 5. Endoglin prevented VEGF-A-induced VEGFR2 internalization and degradation. A, B) MEECs "/~ were transfected with
empty vector or HA-endoglin together with VEGFR2 for 24 h, and cell surface proteins were labeled with sulfo-NHS-LC-biotin for
2 h at 4°C. Cells were then treated with 50 ng/ml VEGF-A at 37°C for the indicated time, to promote the internalization of cell
surface proteins, and then treated with trypsin to cleave the uninternalized cell surface proteins. The cells were lysed and
immunoprecipitated with anti-VEGFR2 antibody, proteins were resolved by SDS-PAGE, and the internalized biotinylated VEGFR2
was blotted with streptavidin-horseradish peroxidase. The surface VEGFR2 without trypsin digestion was used as a positive control
(PC), with values set at 0%; the surface VEGFR2 without VEGF, which was directly treated with trypsin (0), was used as a negative
control. Means * seM of results in 3 experiments. *P < 0.05, *¥*P < 0.001 (2-tailed Student ¢ test). C, D) MEECs"* or MEECs ™/~
transfected with EV, WT endoglin, mutant endoglin N3 or N6, together with VEGFR2 for 24 h, and cell surface proteins were
labeled with sulfo-NHS-LC-biotin for 2 h at 4°C. VEGFR2 internalization assays were performed as previously described. Data are
means * SEM of results in 3 experiments. NS, not significant. *P < 0.05, **P < 0.01 (Student’s ¢ test). F, F) MEEGCs"" and
MEECs /"~ were treated with 100 ng/ml VEGF-A for the indicated times, and the cell lysates were analyzed with the indicated
antibodies. VEGFR2/3-actin level in MEECs™* without treatment was normalized to 100, and the VEGFR2/-actin levels of other
conditions were calculated relative to this value. Data are means * sEm of results in 3 experiments. ¥*P < 0.01, ***P < (0.001 (2-
tailed Student ¢ test). G, H) MEECs™* or MEECs ™/~ transfected with EV, WT endoglin, and mutant endoglin N3 or N6 were
treated with 100 ng/ml VEGF-A for 12 h, and the cell lysates were analyzed with the indicated antibodies. VEGFR2/B-actin level
in MEEGs"* without treatment was normalized to 100, and the VEGFR2/B-actin levels of other conditions were calculated
relative to this value. Data are means = sEM of results in 3 experiments. NS, not significant. *P < 0.05 (2-tailed Student’s ¢ test, and

the statistical interaction between VEGF-A treatment; and different endoglin mutants’ expression was obtained by 2-way
ANOVA).

sprouting, the combination of TRC105 and B20-4.1 further TRC105 enhances anti-VEGF therapy in vivo
inhibited sprouting (Fig. 6G, H). Thus, endoglin and

VEGF-A targeting mAbs cooperate to inhibit VEGF sig-  To assess whether TRC105 enhances anti-VEGF therapy in
naling and VEGF-induced sprouting in vitro. vivo, we injected 4T1 cells into the inguinal mammary fat
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Figure 6. TRC105 cooperates with bevacizumab to inhibit VEGF pathway. MEECs"* (A) or HMEC-1s (B) were serum starved for
6 h, pretreated with the indicated doses of TRC105 for 1 h, and then treated with 50 ng/ml VEGF-A for 5 min. The cell lysates
were analyzed with the indicated antibodies. Results are representative of 3 independent experiments. C, D) MEECs"* were
serum starved for 6 h, pretreated with 5 ng/ml bevacizumab, with or without 200 ng/ml TRC105 for 1 h, and then treated with
50 ng/ml VEGF-A for 5 min; the cell lysates were analyzed with the indicated antibodies. The p-VEGFR2/B-actin level in MEEC"*
cells treated with VEGF-A was normalized to 100, and the p-VEGFR2/B-actin levels of other conditions were calculated relative to
this value. Means = sEM of results in 3 experiments. ¥P < 0.05, **P < 0.01, ***P < 0.001 (2-tailed Student’s ¢ test). E, F) MEECs**
were treated with 100 ng/ml VEGF-A, with or without 200 ng/ml TRC105 for 12 h, and the cell lysates were analyzed with the
indicated antibodies. The VEGFR2/B-actin level in MEECs"™* without treatment was normalized to 100, and the VEGFR2/B-actin
levels of other conditions were calculated relative to this value. Quantitative data are means *= SeM of results 3 independent
experiments. NS, not significant. *P < 0.05, ¥*P < 0.01 (2-tailed Student’s ¢ test, and the statistical interaction between VEGF-A
and TRC105 treatment was obtained by 2-way ANOVA). G, H) MEEC"* endothelial spheroids were cultured on Matrigel, treated
with or without 5 ng/ml B20-4.1, with or without 200 ng/ml TRC105 for 18 h. The number of sprouts in the MEECs™* without
treatment was normalized to 100, and the sprouting of other condition was calculated relative to this value. The number of
sprouts (H) was quantified using image analysis. Data are means = sEM of results in 3 experiments. *P < 0.05, ***P < 0.001,
#kHk P < (.0001. Scale bar, 300 pm.

pads of nude mice and began treatment with TRC105,
with or without B20-4.1, 1 wk after injection (Fig. 7A).
Treatment with either TRC105 or B20-4.1 inhibited tu-
mor growth, and combination treatment with TRC105
and B20-4.1 further decreased growth (Fig. 7B). In ad-
dition, the combination treatment decreased tumor size
(Fig. 7C) and tumor weight (Fig. 7D) compared with
the tumors in untreated mice or in mice treated with
either agent alone. Further, the combination treatment

ENDOGLIN/VEGFR2 INTERACTION PROMOTES ANGIOGENESIS

inhibited metastasis to the lung as monitored by IVIS
scanning (Supplemental Fig. 6 and Table 1). Consis-
tently, the combination treatment of B20-4.1 and TRC105
decreased the size of metastatic lung tumors compared
to no treatment or treatment with either agent alone
(Fig. 7E, F). Finally, staining for the endothelial marker
CD31 demonstrated that combination treatment with
B20-4.1 and TRC105 further decreased tumor-associated
angiogenesis compared with treatment with either
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Figure 7. TRC105 enhances anti-VEGF therapy in vivo. A) The murine model. B-D) 4T1 cells were implanted into the inguinal
mammary fat pads of female nude mice, treated with B20-4.1, with or without TRC105 twice per week. Primary tumor growth was
recorded by measuring tumor size twice per week after injection. Data are means = sem (B), and tumor weight was measured as
means * SEM after mice were euthanized (C, D). N.S., not significant. *P < 0.05, **P < 0.01, ***P < 0.001 (2-tailed Student’s
t test). F, F) Hematoxylin and eosin staining for the lung tissue sections. The size of the metastatic tumor in lung of untreated
mice was normalized to 100, and the size of metastatic tumors in the lung of other conditions were calculated relative to those in
the untreated mice. Data are means * sem. ¥P < 0.05, **P < (.01 (2-tailed Student’s ¢ test). Scale bar, 1.5 mm. G, H) CD31
staining for the primary tumor sections, the nuclei were stained with DAPI. The surface density of vessels (measured as the total
area of blood vessels occupied in each field) in the primary tumor of the untreated mice was normalized to 100, whereas the
surface density of vessels in the other conditions were calculated relative to the untreated mice. Data are means * sem. P < 0.05,
*#P < 0.01 (2-tailed Student’s ¢ test). Scale bar, 100 pm.
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TABLE 1. Local invasion and distant metastasis of the murine model

Treatment Local invasion Distant metastasis
No treatment 3/7 4/7
B20-4.1 2/6 3/6
TRC105 3/6 1/6
B20-4.1+TRC105 1/5 1/5

agent alone (Fig. 7G, H). These data indicate that
TRC105 enhances B20-4.1’s effects to inhibit tumor
growth, metastasis, and tumor-associated angio-
genesis, and suggests that TRC105 enhances the anti-
angiogenic effects of anti-VEGF therapy in vivo.

DISCUSSION

In this study, endoglin, a TGF-B superfamily coreceptor,
regulated VEGF signaling and biology in endothelial cells
and in vascular development in vitro and in vivo. Mecha-
nistically, endoglin and VEGFR2 formed a complex at the
cell surface thereby preventing VEGFR?2 internalization
and degradation, increasing VEGFR2 cell surface stability,
which may contribute to maintaining the tip cell pheno-
type (Fig. 8).

Endoglin’s effects on endothelial cell biology have
traditionally been thought to be through ALK, as endo-
glin enhances ALK1/Smadl/5/8 signaling (24, 41).
However, several lines of evidence suggest that endoglin
has ALKl-independent effects. For example, endoglin
and ALK1 heterozygous mice have distinct pulmonary
and hepatic angiogenic profiles and different responses
to anti-VEGF-A treatment (42). In this study, we dem-
onstrated that endoglin independently enhances VEGE-
A signaling and biology, including sprouting. In addition,
single-site mutants for 3 endoglin phosphorylation sites
by ALKS5 (5643, 5646, and S647) (33) or the NAAIRS
mutant (N5) which contains 2 phosphorylation sites by
ALKT1 (5634 and S635) (43) did not decrease the VEGFR2/
endoglin interaction. However, in contrast to endoglin
promoting VEGF induced sprouting, BMP-9/ALK1
signaling has been demonstrated to suppress sprout-
ing by cooperating with Notch signaling, without
regulating the VEGF pathway (44, 45). Hence, ALK1
and endoglin may coordinately but independently
regulate the VEGF-A /Notch signaling balance to de-
termine endothelial cell fate, either as tip or stalk cells.

The BMP-9/ALK1/Smad1/5/8 pathway is generally
regarded as a vascular quiescence factor with a role in the
resolution phase of angiogenesis (11). Endoglin, as a cor-
eceptor for ALK1, also stabilizes newly formed blood
vessels. In our study, the BMP-9/ALK1/endoglin path-
way enhanced endothelial capillary tube stability by pro-
moting the PI3K/ Akt pathway (46) and crosstalk with the
fibronectin/integrin a5B1 pathway (24), to protect endo-
thelial cells from apoptosis. However, the present work is
in the context of endothelial sprouting, an early stage of the
activation phase of angiogenesis, in which VEGF signaling
plays a predominant role. Here, endoglin’s roles may be
mediated largely through effects on the VEGF pathway,

ENDOGLIN/VEGFR2 INTERACTION PROMOTES ANGIOGENESIS

independent of the BMP-9/ALK1 pathway. In terms of
TRC105’s effect in breast cancer progression demonstrated
in this study, when TRC105 binds the extracellular domain
of endoglin, it may make endoglin inaccessible to VEGFR?2,
disrupting the endoglin/VEGFR2 interaction and pro-
moting subsequent VEGFR?2 internalization and degrada-
tion. Because TRC105 is an endoglin antibody, we cannot
assess its effect on endoglin/ VEGFR2 interaction directly
using coimmunoprecipitation or PLAs because TRC105
would compete with the endoglin antibody used in these 2
assays. However, we demonstrated that TRC105 inhibits
VEGEF-A-induced VEGFR2 phosphorylation in the short-
term (5 min) while promoting VEGFR2 degradation with
long-term (12 h) VEGF-A stimulation. These data suggest
that endoglin promotes different stages of angiogenesis via
different mechanisms, promoting endothelial sprout-
ing at early stages through effects on VEGF pathway
while stabilizing newly formed blood vessels through
effects on PI3K/Akt and fibronectin/integrin a5p1
pathways.

In terms of how endoglin regulates VEGF signaling
and biology, we established that endoglin interacts with
VEGFR?2 through its cytoplasmic domain. The interaction
with endoglin sustains VEGFR2 on the cell surface and
enhances the extent of VEGFR2 activation. This is con-
sistent with a recent report demonstrating that knock-
down of endoglin promotes VEGFR2 clearance from
the plasma membrane (20). In addition, investigation of
VEGFR2/endoglin interaction in vivo is very in-
formative. However, assessing coimmunoprecipitation of
endogenous endoglin/VEGFR?2 is difficult as endoglin
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“i L '\ L
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Degradatlon in lysosome Tip cell formation
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Figure 8. Model of endoglin-regulated VEGF-A-induced sprout-
ing. In tip cells, endoglin sustains VEGFR2 on the cell surface,
preventing its degradation in lysosomes. This results in tip cells
remaining responsive to VEGF as they probe the VEGF gradient
facilitating blood vessel elongation during angiogenesis.
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expression is very low in endothelial cells. As an alternative
approach, we performed the PLAs, which allow us to de-
tect the interaction of endogenous receptors in situ.
VEGFR2 internalization is necessary for VEGF signal
transduction (35, 47). Although loss of endoglin promotes
VEGEFR2 internalization, it also promotes VEGFR2 traf-
ficking to the lysosome and degradation (Fig. 8). These
findings suggest that endoglin regulates VEGFR2 in-
ternalization and fate determination between activation
and degradation. We observed that loss of endoglin de-
creased basal the VEGFR2 level in MEECs /'~ compared
with MEECs*/* (Fig. 2A, D, F, H, ] and Supplemental Fig.
2H, N), but not in HMEC-1-shENG cells compared with
HMEC-1-shNTCs (Supplemental Fig. 2B, D, |). Consistent
with this observation, the VEGFR2 mRNA level in
MEECs ™/~ is much lower than in MEECs*/* (Supple-
mental Fig. 5E), whereas the VEGFR2 mRNA in HMEC-
1-shENG cells was only slightly lower than that in
shNTCs (Supplemental Fig. 5D). This difference may
also be related to the MEEC, but not the HMEC-1 me-
dium, containing VEGF-A, which could mediate in-
ternalization and degradation of VEGFR?2 in the absence
of endoglin expression, as demonstrated in this study.

Endothelial cells involved in angiogenesis are heteroge-
neous. Tip cells express high levels of VEGFR2 to probe the
VEGEF gradient in the angiogenic microenvironment lead-
ing to elongation of blood vessels. This probing requires
VEGEFR2 to be stably expressed on the tip cells during
sprouting and vessel elongation. Studies have shown that
endoglin is strongly expressed in the stalk cells, and weakly
in the tip cells (20, 48). However, we and another laboratory
demonstrated that loss of endoglin reduces tip cell potential
(20), while overexpressing endoglin leads to a strong
overrepresentation in the tip cell position (20). These sug-
gest that endoglin is important to promote and maintain the
tip cell phenotype. As we demonstrated, endoglin prevents
VEGF-A-induced VEGFR2 internalization and degrada-
tion in endothelial cells (Fig. 5E, F and Supplemental Fig.
5C), which is a potential mechanism by which endoglin
functions to maintain the tip cell phenotype (Fig. 8).

There are several studies on the role of endoglin, TGF-3
signaling, and VEGF signaling in the literature that
highlight the importance and complexity of these path-
ways in angiogenesis. However, some of these studies
have supported different and sometime opposing
conclusions on the role of these pathways, perhaps be-
cause of differences in the cellular context of the studies.
For example, Jin et al. (20) showed that loss of endoglin is
associated with hyperactivation of the VEGFR2 down-
stream component AKT, but not ERK. In contrast, we
demonstrated that loss of endoglin decreases ERK acti-
vation, perhaps because of differences in the endothelial
cell lines (HMEC-1s and MEECs*/* vs. human dermal
(HD)MECs). Second, the differences may be related to
the use of different technical approaches. For example, we
have demonstrated that loss of endoglin by suppressing
endogenous endoglin translation viz endoglin-MOs in
Flil-EGFP embryos caused significant defects in the for-
mation of both ISVs and the DLAV, whereas another
laboratory demonstrated that endoglin mutation with a
frameshift after 15 aa and premature stop codons after 61
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aa show no major defects in sprouting (21). Finally, the cell
heterogeneous angiogenic microenvironment may ex-
plain the different results from in vitro and in vivo studies.
Most in vitro research studies have used monolayer en-
dothelial cells to investigate the cell signaling during an-
giogenesis, which cannot capture endothelial functions
during in angiogenesis in vivo, including tip, stalk, and
phalanx cell specification. In addition, the angiogenic
microenvironment is very complicated, consisting of
many angiogenic factors, anti-angiogenic factors, and a
host of other types of cells including pericytes, vascular
smooth muscle cells, and immune components. The an-
giogenic effect is the integrated effects of all these factors.
However, most in vitro studies investigate one or several
of these factors, which can result in differences from in
vivo studies. Although in vivo studies are highly in-
formative and should be prioritized, the clean back-
ground of in vitro studies provides valuable information,
especially in the study of specific signaling pathways.
Because both endoglin and VEGF-A are involved in
human diseases, including HHT and cancer, the interaction
between endoglin and the VEGF pathway established in
this study provides a rationale for development of novel
treatment strategies for these diseases. For example, the
VEGF-A mAb bevacizumab is under clinical investigation
to treat HHT (49). Treating HHT with bevacizumab reduces
the frequency and intensity of epistaxis, gastrointestinal
bleeding episodes, and liver arteriovenous malfor-
mations. Moreover, VEGF inhibitors, including bev-
acizumab, sunitinib, and sorafenib, have been used to
treat cancer by targeting tumor-associated angiogenesis.
However, these drugs have modest effects on overall
survival because of therapy resistance (50-52). One re-
port indicated that TRC105 failed to improve progression-
free survival in patients with treated renal cell cancers who
were receiving bevacizumab (53), but a recent publication
demonstrated that tumors deprived of endoglin exhibited a
delayed onset of resistance to anti-VEGF-A agents (54) and
another demonstrated that targeting endoglin and the
VEGF pathway with TRC105 and the VEGF receptor ki-
nase inhibitor SU-5416 inhibited tumor angiogenesis and
metastatic spread in breast cancer models (55). However,
besides VEGFR2, SU-5416 also targets Fms-related tyrosine
kinase-3 (56) and c-kit (57). In our study, we used B20-4.1, a
murine VEGF-A-specific mAb. These studies and ours
support the promise of combining anti-VEGF-A and anti-
endoglin agents to treat cancer. The findings in the current
study, which identify the detailed mechanism by which
endoglin regulates VEGF signaling and biology, un-
derscore this promise. Further, endoglin is an endothelial
coreceptor of TGF-B pathway, which is another important
angiogenic pathway. Thus, anti-endoglin and anti-VEGF
agents may work together to inhibit VEGF signaling and, in
parallel, to inhibit endoglin and VEGFR independent sig-
naling functions. Indeed, an open-label phase Ib study
(NCTO01332721) has demonstrated that TRC105 can be
safely combined with bevacizumab at the recommended
single-agent doses of each drug. The combination also
demonstrated durable activity in a VEGF inhibitor-
refractory population (58). Regardless of the outcome of
these early studies, the mechanistic insights into VEGF
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and endoglin signaling and crosstalk demonstrated in
out study will provide avenues to explore initial or re-
quired resistance or to inform subsequent trials.

In summary, this study identified a novel mechanism
by which endoglin regulates VEGF signaling and biology,
forming a rational framework for deciphering responses
to agents that target these pathways in human disease.
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