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The role of bone morphogenic protein 9 (BMP9) signaling in angiogenesis has been

controversial, with a number of studies showing that it acts either as a pro-angiogenic

or, conversely, as an anti-angiogenic factor in a context-dependent manner. Notably,

BMP9 was also reported to function in both pro- or anti-tumorigenic roles during tumor

progression. It has therefore remained unclear, whether selective BMP9 inhibition is a

useful target for antibody therapy of cancer. To shed light on these questions, we char-

acterized BMP9 expression in plasma of patients with different cancer indications and

found elevated levels of pro-domains and precursor BMP9 with a strong response in renal

cell carcinoma (RCC). These studies prompted us to evaluate the potential of selective

anti-BMP9 cancer therapy in RCC. We generated a novel monoclonal therapeutic anti-

body candidate, mAb BMP9-0093, that selectively targets all different BMP9 variants but

does not bind to the closest homolog BMP10. In vitro, mAb BMP9-0093 treatment inhibited

signaling, endothelin-1 (ET-1) production and spreading of endothelial cells and restored

BMP9-induced decrease in pericyte migration and attachment. Furthermore, BMP9-

mediated epithelialemesenchymal transition of renal cell carcinoma cells was reversed

by mAb BMP9-0093 treatment in vitro. In vivo, mAb BMP9-0093 showed significant anti-

tumor activity that was associated with an increase in apoptosis as well as a decrease

in tumor cell proliferation and ET-1 release. Furthermore, mAb BMP9-0093 induced mural

cell coverage of endothelial cells, which was corroborated by a reduction in vascular

permeability, demonstrated by a diminished penetration of omalizumab-Alexa 647 into
ic telangiectasia; mAb, monoclonal antibody; ELISA, enzyme-linked immunosorbent assay;
thelin-1; GDF, growth and differentiation factor; ALK1, activin receptor-like kinase 1; ENG,
C, renal cell carcinoma; EMT, epithelial to mesenchymal transition; SPR, surface plasmon

ndothelial cell; hPC, primary human pericytes.
6308.
m (Y. Kienast).
2
ochemical Societies. Published by Elsevier B.V. All rights reserved.

mailto:yvonne.kienast@roche.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2016.10.002&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2016.10.002
http://dx.doi.org/10.1016/j.molonc.2016.10.002
http://dx.doi.org/10.1016/j.molonc.2016.10.002
http://dx.doi.org/10.1016/j.molonc.2016.10.002


M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 6 0 3e1 6 2 01604
tumor tissue. Our findings provide new evidence for a better understanding of BMP9

contribution in tumor progression and angiogenesis that may result in the development

of effective targeted therapeutic interventions.

ª 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction and adult mice show an abnormal lymphatic vasculature
Bone morphogenetic proteins (BMP2eBMP15) are potent

growth factors that belong to the transforming growth fac-

tor-b (TGF-b) superfamily. BMP9, also known as growth and

differentiation factor 2 (GDF2), is a secreted, dimeric cytokine

with pleiotropic functions under physiological and patholog-

ical conditions. BMP9 is described as a hematopoetic, hepato-

genic, osteogenic, and chondrogenic factor that is also

involved in neuronal differentiation, glucose homeostasis, tu-

mor progression, and angiogenesis (Lopez-Coviella et al., 2000;

Chen et al., 2003; David et al., 2008; Luther et al., 2011; Herrera

et al., 2014). The complexity of BMP9 function is further

increased by the existence of three known alternative vari-

ants, circulating in plasma (i) as an unprocessed inactive

form that can be further activated by furin cleavage (BMP9

precursor protein), (ii) an active form composed of the mature

form non-covalently associated with two pro-domains

(BMP9�pro-domain), and (iii) as an active mature ligand dimer

without pro-domains (mature BMP9) (Brown et al., 2005; Bidart

et al., 2012; Kienast et al., 2016).

Activin receptor-like kinase 1 (ALK1) is a specific type I re-

ceptor for BMP9 that is expressed on both blood and lymphatic

endothelial cells (Cunha and Pietras, 2011). In addition to its

expression in the endothelium, ALK1 has been reported in

chondrocytes (Finnson et al., 2008), cardiomyocytes (Su

et al., 2004), monocytes (Sanz-Rodriguez et al., 2004), neural

crest stem cells (Mancini et al., 2007), skin fibroblasts (Beger

et al., 2006), microglia (Konig et al., 2005) and myoblasts

(Velasco et al., 2008). While BMP9 has recently been high-

lighted by the characterization of its binding to ALK1, the

observed effects mediated by BMP9 are both pro- and anti-

angiogenic and seem to depend on the context, and still

need to be further elucidated (David et al., 2008; Cunha et al.,

2010; Larrivee et al., 2012). The vascular effects of BMP9 in

cancer-related angiogenesis are largely unknown. Moreover,

BMP9 was shown to function in both pro- or anti-

tumorigenic roles during tumor progression (Herrera et al.,

2009; Wang et al., 2011).

ALK1 and its co-receptor endoglin (ENG) have been iden-

tified as causal genes for the genetic vascular disorder

known as hereditary hemorrhagic telangiectasia (HHT)

(McAllister et al., 1994; Johnson et al., 1996). Interestingly,

mutations in BMP9 have been identified in individuals with

a vascular disorder phenotypically overlapping with HHT

(Wooderchak-Donahue et al., 2013). Alk1þ/� and Engþ/�

mice exhibit abnormal vascular phenotypes reminiscent of

those of HHT patients, while Alk1�/� and Eng�/� mice die

at E11 because of major angiogenesis defects (Bourdeau

et al., 2000; Srinivasan et al., 2003). BMP9-knockout neonates
and a decrease in draining efficiency (Levet et al., 2013),

while other vascular functions of BMP9 during embryogen-

esis and development are compensated by BMP10, the

closest homolog for BMP9 sharing 65% similarity at the pro-

tein level (Ricard et al., 2012; Chen et al., 2013). This data sug-

gest that BMP9 and BMP10 are redundant for vascular

development, while BMP9 is critical for lymphatic

development.

The roles of BMP9 in embryonic vascular development and

adult angiogenesis remain controversial. On the one hand, it

was reported that BMP9 induces proliferation and migration

of endothelial cells by triggering the expression of VEGFR2

and TIE-2, both of which stimulate blood endothelial cell pro-

liferation (Suzuki et al., 2010). By contrast, recent studies have

implicated BMP9 signaling in the maintenance of a quiescent

endothelial stalk cell fate and as a negative regulator of retinal

angiogenesis (Ricard et al., 2012; Larrivee et al., 2012). In this

respect, ALK1 signaling is shown to synergize with Notch

signaling in stalk cells to induce expression of the Notch tar-

gets HEY1 and HEY2, thereby repressing tip cell formation

and angiogenic sprouting (Larrivee et al., 2012). Furthermore,

BMP9-induced signaling through ALK1 results in inhibition

of both VEGF- and FGF-induced angiogenesis in vitro

(Scharpfenecker et al., 2007; David et al., 2007), concluding

that BMP9 is an anti-angiogenic factor, and that BMP9 inter-

acts with ALK1 to promote endothelial cell quiescence and

vessel maturation (Lamouille et al., 2002). The mechanisms

underlying the proposed BMP9-mediated vessel maturation

are however not fully understood, and it remains unclear,

how BMP9 affects signaling between endothelial cells and

the neighboring mural cells.

While BMP9 is normally expressed in the liver, expression

of BMP9 in tumors has been reported previously (Herrera

et al., 2009;Wang et al., 2016). In ovarian tumors, BMP9 expres-

sion is shown to be elevated and to promote tumor cell prolif-

eration by an autocrine mechanism (Herrera et al., 2009). In

hepatocellular carcinoma (HCC), BMP9 is described as survival

(Herrera et al., 2013) and epithelial to mesenchymal transition

(EMT) inducing factor (Li et al., 2013). By contrast, BMP9

expression is reportedly decreased or absent in prostate can-

cer and forced overexpression mediates apoptosis (Ye et al.,

2008). Furthermore, exogenous BMP9 is shown to inhibit pro-

liferation and metastasis of breast cancer cells (Wang et al.,

2011) and to induce apoptosis in myeloma cells (Olsen et al.,

2014). The role of BMP9 in renal cell carcinoma (RCC), a partic-

ularly angiogenic cancer type, is unclear. BMP9 can stimulate

endothelial cell-mediated release of endothelin-1 (ET-1) (Star

et al., 2010), a potent vasoconstrictor that has been shown to

play an important role in both normal and diseased kidney
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(Pflug et al., 2007). These data suggest a possible hint towards a

relationship between BMP9 signaling and RCC, that warrants

further investigation.

Monoclonal antibody approaches targeting the receptors

ALK1 (PF-03446962) and ENG (TRC105), as well as ALK1-Fc

(dalantercept, previously known as ACE-041), a ligand trap

targeting BMP9 and BMP10, have been described as inhibi-

tors of angiogenesis and tumor growth in mouse models

(Takahashi et al., 2001; Cunha et al., 2010; Hu-Lowe et al.,

2011). This led to a multicenter randomized phase II study

that is currently underway exploring the combination of

dalantercept plus axitinib versus axitinib plus placebo in pa-

tients with advanced RCC refractory to anti-VEGF therapy

(Wang et al., 2016). Furthermore, selective expression of

BMP9 in tumors increases blood vessel density, suggesting

BMP9 to function as an inducer of tumor angiogenesis

(Yoshimatsu et al., 2013). Interestingly, it was recently re-

ported that cancer patients with HHT have improved sur-

vival outcomes (Duarte et al., 2014).

Thus, although BMP9 has been implicated in angiogen-

esis during development and disease, its functions remain

controversial and context-specific. To date, nobody has

addressed the effect of selective pharmacological targeting

of BMP9 on tumor progression and angiogenesis in vivo.

Elevated plasma levels of pro-domains and precursor BMP9

in cancer patients, particularly in RCC, prompted us to

investigate the mode of action of a novel monoclonal thera-

peutic antibody candidate, mAb BMP9-0093 that neutralizes

all circulating BMP9 variants but does not bind to BMP10.

Anti-BMP9 mAb BMP9-0093 interfered with BMP9-induced

effects on RCC tumor cells, endothelial cells and pericytes

in vitro. Notably, using distinct migration assays, we

detected a BMP9-induced decrease in pericyte migration

and attachment to endothelial cells that was reversed by

mAb BMP9 0093 treatment. In addition, BMP9 blockade

delayed tumor growth of A-498 RCC xenografts in vivo, and

resulted in an increase in mural cell coverage of tumor ves-

sels, associated with a reduction in vascular permeability.

Our results provide mechanistic insights into the role of

BMP9 in tumor progression and angiogenesis and encourage

further investigation of BMP9 targeting agents in cancer

therapy.
2. Materials and methods

2.1. Generation of anti-BMP9 mAb BMP9-0093 and
recombinant BMP9 proteins

Anti-BMP9 mAb BMP9-0093 was generated at Roche Innova-

tion Center Munich by hamster immunization with full-

length recombinant human BMP9 and subsequent cloning

into a mouse IgG2a backbone. Cloning, expression and purifi-

cation of BMP9 precursor protein, BMP9�pro-domain complex

andmature BMP9 cytokine was performed as described previ-

ously (Kienast et al., 2016). Based on a doseeresponse experi-

ment (Figure S1), BMP9 was used at a concentration of 50 ng/

ml in the majority of the experiments (details below). Other

recombinant human proteins used for in vitro assays were

purchased from R&D Systems.
2.2. Blood donors

Plasma samples (total 302, 285 cancer cases of 12 different

cancer types and 17 healthy controls) were purchased from

Indivumed (Hamburg, Germany). Histopathological diagnoses

were confirmed after surgical resection of the tumors. None of

the patients had received any treatment prior to surgery. The

control plasma samples were collected from healthy individ-

uals with no history of malignant diseases and no inflamma-

tory conditions using the same collection and sampling

procedures. All cases and controls were of Western European

descent. Written informed consent was obtained from all in-

dividuals permitting the commercial use of donated blood

samples. The study was approved by the Data Protection Au-

thority Hamburg. Procedures in place respect the German

data protection laws as well as US regulations. Indivumed

acts in strict compliance with The Declaration of Helsinki

and The Convention on Human Rights and Biomedicine. The

ELISA setup for the detection of circulating BMP9 variants in

plasma of healthy and cancer patients was performed as pre-

viously described (Kienast et al., 2016).

2.3. BMP9 and BMP10 binding ELISA

For the BMP9 and BMP10 binding ELISA, 100 ng/ml BMP9 and

BMP10 were coated overnight at 4 �C in PBS on Maxisorp 384-

well plates (ThermoScientific). Plates werewashedwith PBST

(PBS þ 0.05% Tween 20) and blocked with 2% (w/v) BSA in

PBST for 5e8 h at 20 �C. Blocking solutions were decanted,

and anti-BMP9 mAb BMP9-0093 was applied at serial dilu-

tions in PBST with 2% (w/v) BSA and incubated at 4 �C over-

night. Plates were washed three times with PBST, followed

by the addition of secondary IgG conjugated with HRP (Jack-

son) at 1:5000 in PBST þ 1% BSA. After overnight incubation

at 4 �C, plates were washed with PBST and color was devel-

oped with 3,30,5,50 tetramethylbenzidine. After stopping

with 1 M H2SO4, plates were read at 450 nm.

2.4. Surface plasmon resonance (SPR)

All experiments were performed on Biacore T100 and T200 in-

struments in running buffer PBS containing 0.05% (v/v) Tween

20. Dilution buffer consisted of running buffer supplemented

with 1 mg/ml BSA. Standard amine coupling was carried out

as recommended by the supplier GE Healthcare. Binding sig-

nals were double referenced against blank buffer and a refer-

ence cell containing amine coupled anti-mouse Fc antibody

only. Kinetic constants were calculated from fitting to a 1:1

Langmuir binding model (RI ¼ 0). Listed KD represents avidity

instead of affinity due to possible bivalent binding of dimeric

BMP9 to mAb BMP9-0093. Anti-BMP9 mAb BMP9-0093 was

captured via anti-mouse Fc (GE Healthcare). Series with

increasing concentrations of BMP9-variants were injected

with an association phase of 180 s followed by a dissociation

phase of 300e3600 s. Interaction partners were analyzed in

duplicates on a CM5 sensor chip at 37 �C at a flow rate of

50 ml/min. Capture levels were adjusted to achieve a maximal

analyte response Rmax of 30e40 RU. Mature BMP9 and

BMP9�pro-domain complex were analyzed in concentrations

of c ¼ 0.14e11.1 nM, human precursor BMP9 was analyzed in
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concentrations of c ¼ 18.5e1500 nM. Capture antibody was

amine coupled and regenerated as recommended by the

vendor.

2.5. Cell lines and culture conditions

Low passage human umbilical vein endothelial cells (HUVEC,

PromoCell) were cultured in enriched endothelial cell growth

medium (ECGM, PromoCell) containing endothelial cell me-

dium supplement (PromoCell) and 10% fetal calf serum

(FCS; PAN Biotech). Human placental pericytes (hPC, Promo-

Cell) were maintained in culture in pericyte growth medium

(PGM, PromoCell) supplemented with 10% FCS. The hybrid

human umbilical vein cell line, EA.hy926 (ATCC), was

routinely cultured in RPMI1640 supplemented with 10% FCS

and 2 mM L-glutamine (PAA Laboratories). EA.hy926 cells

were established by fusing primary human umbilical vein

cells with a thioguanine-resistant clone of A549. Electron

photomicrographs demonstrate cytoplasmic distribution of

WeibelePalade bodies and tissue-specific organelles, charac-

teristics of differentiated endothelial cell functions such as

angiogenesis, homeostasis/thrombosis, blood pressure and

inflammation (Edgell et al., 1983; Edgell et al., 1990). Human

kidney carcinoma A-498 cells (ATCC) were grown in MEM Ea-

gle (PAN Biotech) supplemented with 10% FCS and 2 mM L-

glutamine. All cells were maintained at 37 �C in a water-

saturated atmosphere at 5% CO2. Cell lines were character-

ized by STR-PCR and routinely tested for mycoplasma, bacte-

rial and fungal infection.

2.6. Endothelin-1 ELISA

Endothelin-1 production was detected according to manu-

facturer’s instructions (Quantikine Endothelin-1, R&D Sys-

tems). For antibody characterization, 4 � 104 EA.hy926 cells

per well were seeded in 50 ml RPMI1640 (0.5% FCS) in 96-

well plates and incubated for 24 h. Antibodies (MAB3209

(R&D Systems), Isotype Control Mouse IgG2b (BioLegend)

and mAb BMP9-0093) were pre-incubated with BMP9 (10 ng/

ml) in tubes for 15 min at 37 �C to allow for antibody binding

and were then added to the cells and incubated for 50 h. The

cell culture supernatant was then used for the detection of

ET-1 by ELISA. The absorbance was read at a wavelength of

450 nm with a correction set at 570 nm. The same ELISA

was used for the detection of ET-1 in tumor lysates and cell

culture supernatants of HUVEC. Five tumors per group

were lysed in 10 ml/mg tumor lysis buffer (10 mM Tris,

137 mM NaCl, 1% Triton, 10% Glycerin, pH 8.0) supplemented

with Halt� Protease Inhibitor Cocktail (Thermo Scientific�).

2 � 103 HUVEC per well were seeded in 50 ml ECGM (2% FCS)

in 96-well plates and allowed to attach before stimulation

w/and w/o BMP9 (10 ng/ml or 50 ng/ml) in ECGM (2% FCS)

for 72 h.

2.7. Functional electronic cell sensor assay (xCELLigence)

EA.hy926 cells were pre-incubatedwith BMP9 (5 ng/ml)�mAb

BMP9-0093, MAB3209 and Isotype Control Mouse IgG2b.

Ninety six-well plates were coated with collagen (Roche) dis-

solved in sterile PBS (2 mg/ml) for 1 h at 37 �C. Background
signal of plates was measured in the presence of 100 ml cell

culture medium (RPMI1640, 5% FCS). To start measurement,

100 ml cell suspension (1.5 � 104 cells per well in triplicates)

were transferred to a 96-well plate (E-plate) connected to a

real-time cell electronic sensing device (xCELLigence Sys-

tem/Real Time Cell Analyzer MP Instrument, Roche). Real-

time cellular morphogenic and phenotypical changes (attach-

ment, filopodia formation, spreading and proliferation) over a

30 h time frame were monitored and recorded; the readout

(changes in impedance) at t ¼ 15 h was displayed as an arbi-

trary unit called Cell Index.

2.8. Wound closure assay

3.5 � 104 HUVEC or 2.1 � 104 hPC per well were seeded in the

respective growth medium supplemented with 10% FCS in

culture-inserts 2 well (ibidi, 81176) and grown to confluence.

Cells were starved overnight prior to stimulation in endo-

thelial cell basal medium (ECBM, PromoCell) supplemented

with 2% FCS. After removal of inserts, cells were stimulated

with either BMP9 (50 ng/ml), PDGF-BB (40 ng/ml), or bFGF

(30 ng/ml) in serum-reduced medium containing 2% FCS.

Anti-BMP9 mAb BMP9-0093 (10 mg/ml) was pre-incubated

with BMP9 (50 ng/ml) for 60 min at 37 �C to allow antibody

binding. In a preliminary experiment gaps were imaged up

to 24 h using Leica DM IL LED microscope to determine

time points, when positive control was already closed and

unstimulated control was almost closed. Ratio of gap

closure at 0 and 12 h for HUVEC and 24 h for hPC is shown

as percentage.

2.9. Pericyte-endothelial cell attachment assay

HUVEC and hPC were labeled with green fluorescent dye

PKH67 and red fluorescent dye PKH26, respectively, accord-

ing to the manufacturer’s instructions (Sigma Aldrich).

3.5 � 104 HUVEC were seeded in one well of the culture-

inserts 2 well (ibidi, 81176) in ECGM with 10% FCS.

2.1 � 104 hPC were seeded in the other well in PGM with

10% FCS. Cells were grown to confluence. After removing

the inserts, medium was replaced with ECBM (w/o FCS) con-

taining BMP9 (50 ng/ml) w/and w/o mAb BMP9-0093 (10 mg/

ml). Cells were imaged after 48 h using Leica DM IL LED mi-

croscope. Amount of attached pericytes was determined

as red fluorescent area located next to HUVEC (green)

and quantified by automated analysis (Image Intensity

Threshold Tool, Roche).

2.10. In vitro cell imaging

A-498 cells were treated with 100 ng/ml BMP9 in 96-well

plates. After 72 h, cells were fixed with 4% (v/v) PFA in

PBS, washed twice and incubated overnight in blocking

buffer (Odyssey, LI-COR) containing detergence and staining

antibodies anti-Vimentin A555 (Cell Signaling) and Hoechst

33258 (Invitrogen). Cells were then washed twice in PBS

and fluorescence was measured on an Operetta high con-

tent screening system (PerkinElmer). Data were analyzed

using Harmony software version 3.5.2 (PerkinElmer) and

Excel.
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2.11. Caspase-Glo� 3/7 assay

5 � 103 cells were seeded in a 96-well culture plate (BRAND)

filled with growthmedium including 10% FCS alone or supple-

mented with 100 ng/ml BMP9 and allowed to attach for 48 h.

Cells were serum starved (w/o FCS) overnight (16 h) to induce

caspase activity that was determined using the Caspase-Glo�

3/7 Assay (Promega).

2.12. Cell viability assay (CellTiter-Glo�)

5 � 103 cells (A-498) were seeded in a 96-well culture plate

(BRAND) filled with growth medium supplemented with 10%

FCS and allowed to attach. Cells were starved overnight prior

to stimulation with BMP-9 (50 ng/ml or 100 ng/ml) or ET-1

(25 ng/ml or 250 ng/ml) in serum reduced medium (2% FCS)

for 72 h. Cell viability was determined using the CellTiter-

Glo� Luminescent Cell Viability Assay (Promega).

2.13. Immunoblotting

Cells were washed with ice cold PBS, lysed in lysis buffer

(20 mM TriseHCl pH 7.6, 150 mM NaCl, 10 mM NaF, 2 mM

Na-orthovanadat, 0.5% Na-deoxycholate, 0.1% SDS, 1.0% NP-

40, and protease-inhibitor cocktail, consisting of phosStop

and complete-mini tablets; Roche) and incubated for 20 min

on ice. Protein concentration was determined using the BCA

Protein Assay (Thermo Scientific) to ensure equal gel loading.

Proteins were separated on a 10% SDS-PAGE gel under

reducing conditions and proteins were transferred to nitrocel-

lulose membranes using iBlot� technology (Novex�). After

blocking in 4% skim milk for 1 h at room temperature (RT),

blots were probed with specific antibodies to ALK1 (1:1000;

Abcam, ab108207), ALK2 (1:1000; Cell Signaling, 4398), ALK5

(1:1000, Cell Signaling, 3712), ActRIIA (1:5000; Abcam,

ab134082), ActRIIB (1:1000; Abcam, ab128544), BMPRII (1:1000;

Cell Signaling, 6979), Smad 1 (1:1000; Cell Signaling, 9743),

Smad 2/3 (1:1000; Cell Signaling, 3102), Phospho-Smad1

(Ser463/465)/Smad5 (Ser463/465)/Smad8 (Ser465/467) (1:1000;

Cell Signaling, 9511), Phospho-Smad2 (Ser465/467)/Smad3

(Ser423/425) (1:1000; Cell Signaling, 8828), Vimentin (1:1000;

Cell Signaling, 5741), N-Cadherin (1:1000; Cell Signaling,

13116), Claudin-1 (1:1000; Cell Signaling, 13255), b-Catenin

(1:1000; Cell Signaling, 8480), Snail (1:1000; Cell Signaling,

3879), human E-Cadherin (1:1000; BD Bioscience, 610181), mu-

rine E-Cadherin (1:1000; Cell Signaling, 3195), murine Endoglin

(1:1000; Abcam, ab21222) and human Endoglin (1:1000; BD

Bioscience, 611315). Anti-human b-actin antibody (1:1000;

Cell Signaling, 4970) served as loading control. Subsequently,

the membranes were incubated for 1 h at RT with the appro-

priate horseradish peroxidase conjugated secondary anti-

rabbit or anti-mouse antibodies (1:2000; Cell Signaling, 7074

and 7076). Bands were visualized by chemiluminescence us-

ing Super Signal� West FemtoMaximum Sensitivity Substrate

(Thermo Scientific).

2.14. Animal care and tumor establishment

8 to 10 week-old female SCID/beige (Charles River Labora-

tories) were maintained under specific pathogen-free
conditions with daily cycles of 12 h light/12 h darkness. All

experimental procedures were conducted in accordance

with committed guidelines as approved by local government

(GV-Solas; Felasa; TierschG). For tumor establishment, 100 ml

PBS containing 5� 105 A-498 cells passage 3were injected sub-

cutaneously into the right flank of SCID/beige mice. Treat-

ment of animals started at day of randomization, at a mean

tumor volume of 100 mm3.

2.15. Histology, immunostaining and quantification

Tumor vessels were stained in 2.5 mm paraffin sections using

a rat anti-mouse CD31 antibody (dianova) and a biotinylated

rabbit anti-rat IgG antibody (Vector Labs). Number and size

of vessels were quantified by automated analyses (Definiens)

on entire slides (5 tumors per group) and microvessel density

was calculated as vessels per mm2 viable tissue. Rabbit anti-

phospho-Histone H3 (Ser10) antibody (Millipore) and corre-

sponding secondary goat anti-rabbit IgG antibody (Jackson)

were used to stain proliferating cells on 2.5 mm paraffin sec-

tions. Signal was quantified by automated analysis as count

of positive cells per mm2 on entire slides (Image Intensity

Threshold Tool, Roche; 5 tumors per group). Rabbit anti-

cleaved Caspase-3 antibody (Cell Signaling) and correspond-

ing secondary goat anti-rabbit IgG antibody (Jackson) were

used to stain apoptotic areas on 2.5 mm paraffin sections.

Signal was quantified by automated analysis as positive

stained area per tumor area on entire slides (Image Intensity

Threshold Tool; 5 tumors per group). In order to stain

perfused tumor vessels, Alexa-750-labeled Bandeiraea simpli-

cifolia lectin (100 mg) was injected intravenously 5 min prior

to sacrifice. Blood vessels were stained against CD31 (Phar-

mingen) on 10 mm cryo sections. Perivascular cells were

detected on 2 mm paraffin sections with specific antibodies

to Desmin (Abcam) or a-SMA (Sigma Aldrich) or on 10 mm

cryo sections with anti-NG2 antibody (Millipore). Corre-

sponding secondary antibodies included goat anti-rabbit

IgG (Jackson), goat anti-rat IgG (Jackson) and goat anti-

rabbit IgG (Invitrogen). Vessel coverage was calculated by

automated analysis (Vessel/pericyte Analysis Tool, Roche)

as the percentage of either a-SMA, NG2 or desmin positive

vessels compared with the number of lectin positive

vessels. The average signal for each slide (based on five

random areas of 2000 � 1000 mm) is plotted (5 tumors per

group).

2.16. Ultramicroscopy

To visualize and quantify tumor vessel architecture and

penetration capability of therapeutic antibodies into tumor

tissue, five tumor-bearing mice per treatment group were

injected i.v. with omalizumab-Alexa 647 (50 mg) 24 h and

lectin-Alexa 750 (100 mg) 5 min prior sacrifice. Tumors were

cleared as previously described (Dodt et al., 2007) to avoid tis-

sue scattering and light absorption and to provide optical

transparency. The cleared specimens were scanned with a

commercial ultramicroscope (LaVision BioTec, Bielefeld,

Germany). Vessel quantification and antibody penetration

analyses were performed as previously described (Dobosz

et al., 2014).
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2.17. Statistical analysis

Results are expressed as mean � SEM. All experiments

were performed at least twice. Differences between exper-

imental groups were analyzed using an unpaired, two-

tailed Student t test or Wilcoxon signed-rank test, respec-

tively. A value of p ¼ 0.05 was considered as statistically

significant.
3. Results

3.1. Pro-domain complexed BMP9 levels are elevated in
plasma of cancer patients

BMP9 is synthesized as a large inactive precursor consisting

of an N-terminal signal peptide directing secretion, a pro-

domain, and a C-terminal mature peptide. Enzymatic pro-

cessing by pro-protein convertases (e.g., furin) generates

two active cytokines, mature BMP9 and BMP9�pro-domain

(consisting of the mature BMP9 dimer and two non-

covalently associated pro-domains; Figure S2). As part of a

systematic effort to characterize all different circulating

BMP9 variants in biological samples, we previously reported

a three steps ELISA approach (Kienast et al., 2016). Briefly, our

recent data revealed displacement of pro-domains from the

BMP9�pro-domain complex after antibody (and also BMP9 re-

ceptor) binding (Kienast et al., 2016). As a consequence, three

different ELISAs were developed: (i) “mature BMP9 ELISA”

detecting (a) mature BMP9 and (b) antibody-displacedmature

BMP9 domain originating from BMP9�pro-domain complex
Figure 1 e Precursor BMP9 and pro-domain levels are elevated in plasm

mature BMP9, precursor BMP9, and pro-domains circulating in human

assay setup (Kienast et al., 2016) reveals reduced levels of (B) mature BM

domains (***p £ 0.001 versus control), and (D) precursor BMP9 (*p £ 0.05 v

healthy controls).
(Figure S3A); (ii) “precursor BMP9 ELISA” detecting precursor

BMP9 protein (Figure S3B); and (iii) “pro-domain ELISA”

detecting (a) unbound pro-domains and (b) antibody-

displaced pro-domains originating from BMP9�pro-domain

complex (Figure S3C). Additionally, this assay detects also

precursor BMP9 (Figure S3C). To quantify the amount of

pro-domains present in the sample, the result of the “precur-

sor BMP9 ELISA” and the “pro-domain ELISA” were sub-

tracted. In the current study, BMP9 was measured in

plasma of cancer patients with different tumor entities

(n ¼ 285 in total; table S1). The results of the three above

mentioned ELISAs revealed a precursor BMP9 proportion of

28% in cancer patient plasma. The proportion of BMP9 that

was measured with the “mature BMP9 ELISA” (0.2%) was

composed of (a) mature BMP9 and (b) BMP9�pro-domain.

The proportion of BMP9 that was measured with the “pro-

domain ELISA” (71.8%) was composed of (a) unbound pro-

domains and (b) BMP9�pro-domain. Considering the double

signal measured for BMP9�pro-domain complex in both

“mature BMP9” and “pro-domain” ELISA assays, we esti-

mated that the majority of BMP9 (w71%) in the biological

samples were pro-domain fragments (Figure 1A). BMP9 con-

centration in the plasma of cancer patients grouped by

different tumor entities (Table S1) was furthermore

compared with healthy individuals (Figure S4). Significant

differences were observed in the levels of RCC patients

(Figure 1BeD; n ¼ 15 RCC cases and 17 healthy controls).

Here, mean mature BMP9 concentration levels (58.5 pg/ml,

range 19.2e287.3) were significantly lower in RCC patients

(p < 0.001) than in healthy controls (92.2 pg/ml, range

65.5e128.5; Figure 1B). In contrast, average concentrations
a of cancer patients. (A) Pie chart representing the percentage of

plasma of cancer patients (n [ 285). A previously reported ELISA

P9 (***p £ 0.001 versus control), and elevated levels of (C) pro-

ersus control) in plasma of RCC patients (n [ 15 RCC cases and 17
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Figure 2 e Target binding characteristics of anti-BMP9 mAb BMP9-

0093. (A) Anti-BMP9 mAb recognizes cynomolgus, murine and

human BMP9 mature cytokine, but does not bind to BMP10 as

demonstrated by ELISA. (BeD) SPR sensorgrams of BMP9 variants

binding to captured anti-BMP9 mAb BMP9-0093 on a CM5 sensor

chip. Kinetic profiles at 37 �C of (B) human mature BMP9, (C)

human BMP9�pro-domain complex, and (D) human precursor

BMP9 were measured in concentration series with duplicates of each

concentration (shown in blue), evaluated with a regular 1:1 Langmuir

binding model (shown in black).
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of pro-domains (15.7 ng/ml, range 7.0e35.5; p < 0.001) and

precursor BMP9 (6.5 ng/ml, range 3.0e11.9; p < 0.05) were

significantly higher in RCC patients than in healthy controls

(6.8 ng/ml, range 5.5e8.2 and 3.8 ng/ml, range 2.2e6.5;

Figure 1C and D). An influence of BMP9 levels on overall sur-

vival or progression-free survival was not investigated.

3.2. Characterization of anti-BMP9 mAb BMP9-0093

Elevated plasma levels of pro-domain complexed BMP9 in

RCC patients prompted us to generate a novel BMP9-

selective monoclonal antibody to investigate selective anti-

BMP9 therapy in tumor bearing mice. Anti-BMP9 mAb

BMP9-0093 was generated by hamster immunization with

full-length recombinant human BMP9 at the Roche Innova-

tion Center Munich. The heavy and light chain variable re-

gions were subcloned into mouse IgG2a and kappa

constant domains, respectively. The resulting recombinant

chimeric mAb BMP9-0093 binds to recombinant human,

cynomolgus monkey, and mouse BMP9 but does not bind

to BMP10 (Figure 2A). Furthermore, binding kinetics to circu-

lating BMP9 variants were investigated. SPR analysis

revealed that mAb BMP9-0093 binds potently to human

mature BMP9 and BMP9�pro-domain with high avidity and

an apparent KD in the low pM range (Figure 2B and C,

Table 1); precursor BMP9 was bound with an apparent KD

in the low nM range (Figure 2D). To characterize mAb

BMP9-0093 in functional cell-based assays, we measured

endothelin-1 secreted by immortalized endothelial

EA.hy926 cells in response to BMP9 stimulation. Figure 3A

shows the respective ELISA using the commercially avail-

able anti-BMP9 antibody MAB3209 as a reference. Both anti-

bodies inhibited BMP9-induced endothelin-1 expression

(Figure 3A, p < 0.05). The established assay was then used

to evaluate the IC50 of mAb BMP9-0093 which potently and

dose-dependently inhibited BMP9-induced endothelin-1

production of EA.hy926 cells (Figure 3B; IC50 ¼ 1.1 ng/ml).

Using an electronic cell sensor high throughput screening

(HTS) assay (xCELLigence) in which cellular phenotypical

changes were measured in real time, we observed that

MAB3209 and BMP9-0093 rapidly inhibited BMP9-induced

decrease in EA.hy926 morphologic changes (Figure 3C),

with an IC50 for mAb BMP9-0093 of 0.5 ng/ml

(Figure 3D).The neutralizing activity and potency of mAb

BMP9-0093 (10 mg/ml) was further confirmed by its ability

to inhibit BMP9 (50 ng/ml) induced Smad 1/5/8 and Smad

2/3 phosphorylation not only in EA.hy936 cells, but also in

primary human endothelial cells (HUVEC). Furthermore,

we observed BMP9-mediated Smad 1/5/8 but not Smad 2/3

phosphorylation in primary human pericytes (hPC), which

could also be abrogated by treatment with mAb BMP9-0093

(Figure 3E). Expression of relevant BMP9 receptors ALK1,

BMPRII, ActRIIA and ActRIIB on HUVEC and hPC was

confirmed on mRNA level (Figure S5A). Data were corrobo-

rated on protein level by Western blot analyses, which addi-

tionally revealed the expression of the type I receptors

ALK2, ALK5 and the co-receptor ENG (Figure S5B). In addi-

tion, western blot analysis confirmed expression of recep-

tors ALK1, ALK2, ALK5, BMPRII, ActRIIA, ActRIIB and ENG

on EA.hy926 cells (Figure S5B).
3.3. Anti-BMP9 mAb BMP9-0093 restores BMP9-
induced decrease in pericyte migration and attachment

BMP9-induced Smad 1/5/8 phosphorylation in hPC (Figure 3E)

prompted us to investigate further effects of BMP9 signaling

http://dx.doi.org/10.1016/j.molonc.2016.10.002
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Table 1 e Binding parameters for BMP9 variants binding to mAb BMP9-0093 at 37 �C.

On chip BMP9 variant in solution ka kd t1/2 KD

[M�1 s�1] [s�1] [min] [M]

mAb BMP9-0093 hu mature BMP9 6.8 � 106 � 0.2% <5.0 � 10�5 � 0.6% >231.0 <7.4 � 10�12

hu BMP9�pro-domain 6.4 � 106 � 0.3% <5.0 � 10�5 � 1.0% >231.0 <7.9 � 10�12

hu precursor BMP9 7.9 � 103 � 0.1% <5.0 � 10�5 � 0.6% >231.0 <6.3 � 10�9

Association (ka) and dissociation (kd) rate constants, half times (t1/2) and resulting dissociation equilibrium constants KD determined from the

fits are listed with the standard errors. Langmuir 1:1 Model (RI ¼ 0) was used. Listed KD represents avidity instead of affinity due to possible

bivalent binding of dimeric BMP9 to mAb BMP9-0093.
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on pericyte biology. A wound closure assay was used to deter-

mine effects of BMP9 on the migration behavior of hPC and

HUVEC as a reference. BMP9 treatment (50 ng/ml) did not

reduce migration of HUVEC (Figure 4A), while hPC revealed a

significant reduction (50%) in migration compared to the con-

trol, an effect that was abrogated by treatment with mAb

BMP9-0093 (10 mg/ml; Figure 4B, p ¼ 0.01). To further investi-

gate the effects of BMP9 on endothelial cellepericyte interac-

tion in vitro, a modified wound healing assay was performed

in order to evaluate pericyte attachment to endothelial cells.

Stimulation with BMP9 (50 ng/ml) for 48 h caused a reduction

in pericyte adherence to HUVEC, whereas pericytes built a

monolayer next to endothelial cells in untreated control or

mAb BMP9-0093 treated groups (10 mg/ml; Figure 4C). Quantifi-

cation of red labeled hPC that were located next to green

labeled HUVEC confirmed significant inhibition of hPC attach-

ment (Figure 4C; p ¼ 0.01). Viability of HUVEC was slightly

(10%) increased by BMP9 (50 ng/ml) (Figure S6A, p< 0.01 versus

control), whereas viability of hPC was slightly (20%) decreased

(Figure S6B, p < 0.001 versus control). In order to understand

the transcriptional changes that are triggered by BMP9 stimu-

lation, we performed RNA sequencing in HUVEC and hPCwith

and without BMP9 treatment (50 ng/ml; 3 biological replicates

per group). Both HUVEC and hPC showed pronounced tran-

scriptional alterations after 8 h of stimulation with BMP9

with 1559 genes being regulated in HUVEC and 441 genes be-

ing regulated in hPC (Figure S7). IPA (Ingenuity Pathway Anal-

ysis) predicted “angiogenesis” and “cell movement” to be the

most significantly affected functions, which is supported by

the phenotypic readout in hPC cells that showed reduced

cell migration following BMP9 treatment.

3.4. BMP9 signaling is functional in renal carcinoma
cells and induces EMT, which can be abrogated by mAb
BMP9-0093

A-498 renal cell carcinoma cells lack Endoglin expression, but

express several BMP9 receptors like ALK1, ALK2, ALK5,

BMPRII, ActRIIA and ActRIIB (Figure 5A). Further, BMP9 treat-

ment (50 ng/ml) induced phosphorylation of Smad 1/5/8 in a

time dependent manner which could be abrogated by mAb

BMP9-0093 (10 mg/ml; Figure 5B). Smad 2/3 phosphorylation

remained unaffected (data not shown). Interestingly, stimula-

tion of A-498 cells with BMP9 (100 ng/ml, 72 h) led to a conver-

sion from epithelial to fibroblastic cell morphology, marked by

bigger cells with a spindle-like phenotype in the BMP9-treated

group (Figure 5C). Additionally, staining intensity for the
mesenchymal marker Vimentin was also enhanced upon

BMP9 stimulation in A-498 cells (Figure 5C). Western blot anal-

ysis confirmed upregulation of Vimentin, in addition to an

enhanced expression of further EMT markers N-Cadherin,

Snail and b-Catenin (Figure 5D). The expression of epithelial

markers E-Cadherin and Claudin-1 was downregulated

(Figure 5D). The EMT process induced by BMP9 (100 ng/ml)

was reversed by mAb BMP9-0093 treatment (10 mg/ml;

Figure 5C and D). We were interested if similar EMT inducing

effects of BMP9 could also be shown in other renal cell carci-

noma cell lines. Western Blot analysis of ACHN, 786-O and

Renca cells revealed that appropriate receptors of the TGFb su-

perfamily were expressed in these cell lines and that phos-

phorylation of Smad 1/5/8 was induced by stimulation with

BMP9 (50 ng/ml; Figure S8). Moreover, EMT key transcription

factor Snail was upregulated in all RCC cells lines upon

BMP9 stimulation (100 ng/ml) for 72 h (Figure S8). Further-

more, we detected enhanced expression of Vimentin in 786-

O cells, upregulation of N-Cadherin and downregulation of

Claudin-1 in ACHN and 786-O cells and upregulation of b-Cat-

enin in Renca cells, while other markers were not affected

(Figure S8). Snail was recently described to mediate resistance

to cell death by decreasing Caspase-3 activity (Vega et al.,

2004). Based on BMP9-mediated upregulation of Snail, we

were interested, whether BMP9 exhibited protective effects

on tumor cells. Our data revealed that A-498 cells serum-

starved and pre-incubated with BMP9 (100 ng/ml) demon-

strated decreased Caspase-3 activity compared to control

(p ¼ 0.01; Figure 5E). In addition, we studied the effect of

BMP9 on the proliferation of A-498 cells in vitro, but did not

observe a direct proliferative effect of BMP9 (Figure 5F). Stim-

ulation with recombinant ET-1, also released by HUVEC after

BMP9 stimulation, however increased proliferation of A-

498 cells (Figure 5F and Figure S9).

3.5. Neutralization of BMP9 inhibits growth of A-498
xenografts and mediates an increased mural cell coverage of
tumor vessels

The in vivo efficacy of mAb BMP9-0093 given once weekly by

i.p. injection was tested in established s.c. A-498 xenograft tu-

mors. Anti-BMP9 treatment (10 mg/kg and 25 mg/kg) delayed

tumor growth compared to the control group by w40%

(Figure 6A, n ¼ 10 mice per group), and to a similar extend

as anti-VEGF therapy (data not shown), demonstrating the

therapeutic potential of this antibody. Statistically significant

differences between control and mAb BMP9-0093 treatment
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Figure 3 e Modulation of endothelial and pericyte functions and signaling by mAb BMP9-0093. (A) Example for endothelin-1 ELISA functional

assay setup using anti-BMP9 mAbs MAB3209 and BMP9-0093 (*p < 0.05; ***p < 0.001). (B) Anti-BMP9 mAb BMP9-0093 dose-dependently

inhibits BMP9-induced endothelin-1 production by EA.hy926 cells (IC50 [ 1.1 ng/ml). (C) Example for functional electronic cell sensor assay

(xCELLigence) setup using anti-BMP9 mAbs MAB3209 and BMP9-0093. Cellular phenotypical changes, e.g. attachment and spreading, were

recorded in real time and reported as an arbitrary unit (cellular index; CI). (D) Anti-BMP9 mAb BMP9-0093 dose-dependently inhibits BMP9-

induced attachment and spreading of EA.hy926 cells (IC50 [ 0.5 ng/ml). (E) Western blot analysis of Smad 1/5/8 and Smad 2/3 phosphorylation

in EA.hy926, HUVEC and hPC after stimulation with recombinant human BMP9 (50 ng/ml) or a pre-incubated mixture of recombinant human

BMP9 (50 ng/ml) and mAb BMP9-0093 (10 mg/ml).
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Figure 4 e Anti-BMP9 mAb BMP9-003 restores BMP9-induced decrease in pericyte migration capacity. (A) Quantification and representative

pictures of HUVEC migration analyzed at baseline (0 h) and after 12 h. HUVEC were stimulated with dilution buffer (control), bFGF (30 ng/ml),

BMP9 (50 ng/ml) or a pre-incubated mixture of BMP9 (50 ng/ml) and mAb BMP9-0093 (10 mg/ml) (n[ 5). (B) Quantification and representative

pictures of hPC migration analyzed at baseline (0 h) and after 24 h. hPC were stimulated with dilution buffer (control), PDGF-BB (40 ng/ml),

BMP9 (50 ng/ml) or a pre-incubated mixture of BMP9 (50 ng/ml) and mAb BMP9-0093 (10 mg/ml) (n [ 5, *p [ 0.01 versus control). (C)

Quantification and representative pictures of hPC (red) attachment to HUVEC (green) at baseline (0 h) and after 48 h. Yellow box marks area used

for quantification of red fluorescent hPC. Cells were stimulated with dilution buffer (control), BMP9 (50 ng/ml) or a pre-incubated mixture of

BMP9 (50 ng/ml) and mAB BMP9-0093 (10 mg/ml) (n [ 5, *p [ 0.01 versus control).
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were detected throughout the entire study period (day 28e52;

Figure 6A; *p < 0.05, **p < 0.001, ***p < 0.001). Hemorrhages,

often observed in different organs in HHT patients, were not

observed during mAb BMP9-0093 in vivo treatment (data not

shown). In order to elucidate the mechanism of action behind

the antitumor efficacy of BMP9 therapy, tumor were excised

and analyzed by immunohistochemistry. Tumor cells positive
for phospho-histone H3, a marker for proliferating cells, were

significantly decreased in tumors treated with mAb BMP9-

0093 compared to vehicle (Figure 6B, p ¼ 0.02). Additionally,

the apoptosis marker cleaved Caspase-3 was significantly

increased after treatment with mAb BMP9-0093 as compared

to the control (Figure 6C, p ¼ 0.01), indicative for a direct

anti-tumor cell effect of anti-BMP9 therapy. Interestingly, we

http://dx.doi.org/10.1016/j.molonc.2016.10.002
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Figure 5 e Anti-BMP9 mAb BMP9-003 interferes with BMP9-mediated Smad phosphorylation and EMT induction. A-498 cells were analyzed

by Western blot for (A) expression of BMP9 receptors ALK1, ALK2, BMPRII, ActRIIA, ActRIIB and Endoglin and (B) time dependent

phosphorylation of Smad 1/5/8 after BMP9 (50 ng/ml) stimulation and its inhibition by mAb BMP9-0093 (10 mg/ml). (C) Representative images

of A-498 cells by PE-Operetta, 203 LD, stained with anti-Vimentin A555 and Hoechst 33258 show increased Vimentin expression and

morphologic changes after BMP9 stimulation (100 ng/ml) for 72 h. Scale bars: 100 mm. (D) Regulation of EMT-markers Vimentin, E-Cadherin,

N-Cadherin, Claudin-1, b-Catenin and Snail after stimulation with BMP9 (100 ng/ml) for 72 h can be abrogated by treatment with mAb BMP9-

0093 (10 mg/ml). (E) Caspase-3 and -7 activity determined by Caspase-Glo� 3/7 assay. A-498 were stimulated with BMP9 (100 ng/ml) or medium

(control) for 48 h prior to serum starvation for additional 16 h (n [ 10; *p [ 0.01). (F) Cell viability, indicative for cellular proliferation,

determined by CellTiter Glo� assay. Results indicate ATP levels normalized to control (n [ 10). A-498 cells were treated with dilution buffer

(control), BMP9 (50 ng/ml or 100 ng/ml), or ET-1 (25 ng/ml or 250 ng/ml). ET-1 stimulation resulted in significant increase in proliferation

(10.7% and 33.7%; p < 0.05 versus control).
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detected significant lower levels of ET-1 in tumor lysates of tu-

mors treated with mAb BMP9-0093 compared to control tu-

mors (Figure 6D). Staining of Snail positive nuclei on A-498

tumor slides showed a small but not significant trend towards
a decrease in the anti-BMP9 treatment group (Figure S10). Also

vimentin and E-Cadherin were stained on A-498 tumor slides,

but no differences were detectable with Vimentin being high

expressed and E-Cadherin not detectable on A-498 tumors
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Figure 6 e Anti-BMP9 mAb retards tumor growth of A-498 xenografts. (A) A-498 tumor growth curves in SCID/beige mice receiving anti-BMP9

antibody (mAb BMP9-0093, 10 mg/kg and 25 mg/kg) once weekly (black arrows) i.p. (n [ 10 mice per group; *p < 0.05, **p < 0.001,

***p < 0.001 versus control). Treatment started at day of randomization (grey arrow, day 24). (B) Representative pictures and automated

quantification of phospho-histone H3 positive cells per mm2 on whole tumor slides (n [ 5; p [ 0.02 versus control). Scale bars: 100 mm. (C)

Representative pictures and automated quantification of cleaved Caspase-3 positive area per tumor area on whole tumor slides (n [ 5; p [ 0.01

versus control). Scale bars: 100 mm. (D) Quantification of ET-1 expression in tumor lysates (n [ 5; p < 0.05 versus control). Tumors were

collected 7 days after last dosing.
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Figure 7 e Neutralization of BMP9 does not affect vascular parameters. (A) Quantitative automated data analysis of CD31D tumor microvessel

density on whole tumor slides (MVD; n [ 5). (B) Perfusion was assessed based on analysis of lectin-Alexa 750 perfusion and CD31-positive

staining in five random regions of 2000 3 1000 mm per tumor slide (n [ 5). (C) Quantification of average vascular segment length (left) and

distribution of vascular segment diameter (right; n [ 5).
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(data not shown). Finally, we investigated the impact of treat-

ment with mAb BMP9-0093 on angiogenic activity and matu-

ration of tumor vessels. Although ALK1 was expressed on A-

498 tumor endothelial cells (Figure S11), BMP9 blockade had

no significant effect on microvascular density and perfusion

of tumor vessels (Figure 7A and B; Figure S12). Analysis of tu-

mor vessel architecture by intravenous injection of lectin-

Alexa 750 into tumor bearing mice and subsequent ultrami-

croscopic imaging (Dobosz et al., 2014) also revealed no signif-

icant differences in vessel length and diameter between

vehicle and mAb BMP9-0093 treated groups (Figure 7C).

Notably, we detected increased numbers of NG2 positive cells

attached to tumor vessels (Figure 8A, p ¼ 0.01). Numbers of

aSMA positive cells were only slightly but not significantly

increased of, while the numbers of desmin positive cells

remained unchanged (Figure 8A). Next, we studied the effect

of anti-BMP9 treatment on vascular permeability. Using Alexa

647-labeled omalizumab we found that vascular leakage was

decreased in mAb BMB9-0093 treated animals (Figure 8B).

This was confirmed by the penetration profile generated by

automated quantification of fluorescent signal (Figure 8C).

Quantification of the total amount of extravasated labeled

antibody demonstrated a significant decrease after mAb
BMP9-0093 treatment compared to control (Figure 8D,

p ¼ 0.04).
4. Discussion

Although there have been insights into the role of BMP9

signaling in angiogenesis and cancer, the angiogenic and tu-

mor promoting activities of BMP9 remain ambiguous and

controversial.

In order to better understand the complex mechanisms

underlying BMP9 biology in cancer, we characterized BMP9

expression in the plasma of cancer patients. We found signif-

icantly elevated levels of precursor BMP9, suggesting that

more BMP9 is produced in cancer patients. We also detected

high and significantly increased amounts of pro-domains,

with RCC giving a particularly strong response. Reduced levels

of mature BMP9 argue for a rapid turnover and internalization

of the cytokine, while pro-domains can be considered as left-

over of the BMP9�pro-domain complex due to pro-domain

displacement after BMP9 receptor binding (Kienast et al.,

2016). Supportive of this finding, previous studies showed

that the expression of furin, responsible for converting
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Figure 8 e Inhibition of A-498 tumor growth by BMP9 neutralization is associated with an increase in NG2 positive cell coverage of tumor vessels

and reduced penetration of omalizumab-Alexa 647 into tumor tissue. (A) Representative images of IF stained tumor sections and quantification of

vessel coverage calculated as the percentage of desmin, a-SMA or NG2 positive vessels in relation to lectin-perfused endothelial cells in five

random regions of 2000 3 1000 mm per tumor slide. Anti-BMP9 mAb BMP9-0093 treated tumors showed increased vessel coverage by NG2

positive perivascular cells (n[ 5 mice per group, *p[ 0.01 versus control). Scale bars: 100 mm. Tumors were collected 7 days after last dosing. (B)

Representative antibody penetration maps after intravenous injection of omalizumab-Alexa 647 and lectin-Alexa 750. Scale bars: 100 mm. (C)

Penetration profile of omalizumab-Alexa 647 from tumor vessel border to surrounding A-498 tumor tissue (n [ 5). (D) Total amount of antibody

signal calculated as area under the curve of the penetration profile (n [ 5, *p [ 0.03 versus control).
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precursor BMP9 into the active BMP9�pro-domain variant, is

elevated in tumors (Cheng et al., 1997; Khatib et al., 2001;

Bassi et al., 2001), suggesting a rapid activation of inactive pre-

cursor BMP9 in tumor tissue.
Elevated levels of BMP9 in cancer patients, specifically in

RCC, prompted us to evaluate the potential of anti-BMP9 can-

cer therapy. We generated a BMP9-selective monoclonal anti-

body, anti-BMP9 mAb BMP9-0093, that targets all of the

http://dx.doi.org/10.1016/j.molonc.2016.10.002
http://dx.doi.org/10.1016/j.molonc.2016.10.002
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different BMP9 variants (BMP9 precursor protein, pro-domain

complexed BMP9, and themature BMP9 cytokine) but does not

bind to BMP10. The neutralizing potency of anti-BMP9 mAb

BMP9-0093 was demonstrated in multiple biochemical and

cellular in vitro assays. Furthermore, treatment with mAb

BMP9-0093 significantly reduced tumor growth (40%) of A-

498 RCC xenografts.

To our surprise, selective BMP9 neutralization had no effect

on endothelial cells in vivo. We detected no significant

decrease in microvascular density (MVD), and further investi-

gations revealed that the vascular architecture remained un-

affected by treatment with mAb BMP9-0093 with no effects

on vessel length and diameter as well as on vessel perfusion.

In contrast, dual neutralization of BMP9/BMP10 by ALK1-Fc

(Cunha et al., 2010; Hawinkels et al., 2016; Wang et al., 2016)

or ALK1-targeting by a monoclonal antibody (Hu-Lowe et al.,

2011) led to tumor growth inhibition associated with a reduc-

tion in MVD in several xenograft models. Given the strong

angiogenic link for ALK1 signaling in developmental angio-

genesis (Johnson et al., 1996), further studies are needed to

determine if our results argue for a compensation of BMP9

by BMP10 during tumor angiogenesis, as observed during em-

bryonic vascular development (Ricard et al., 2012; Levet et al.,

2013), or if selective BMP9 inhibition simply has no effect on

endothelial cells in vivo.

Further analyses revealed that the tumor vessels present in

the mAb BMP9-0093 treated tumors exhibited increased

numbers of NG2 positive pericytes, while these cells were ab-

sent or loosely associatedwith the endothelial cells in the con-

trol group. Interestingly, we detected no change in the number

of desmin positive cells and only a slight but insignificant

change in the number of a-SMA positive cells associated

with vascular endothelial cells in mAb BMP9-0093 treated

mice. Noteworthy, the observed change in NG2 positive vessel

coverage was accompanied by a reduction in vessel leakiness,

arguing for a functional role of NG2 positive cells in vascular

permeability and possibly maturation. A decrease in vessel

leakiness may counteract the development of metastasis

(Kienast et al., 2013). Unfortunately, the tumor model used

here only rarely results in spontaneousmetastases. A recently

published study on ALK1-Fc in breast cancer however indeed

showed an effect on metastasis formation and defines endo-

thelial expression of ALK1 as an independent and highly spe-

cific prognostic factor for metastatic manifestation (Cunha

et al., 2015). EMT is an importantmechanism related to cancer

invasion and metastasis (Yang and Weinberg, 2008). Interest-

ingly, we detected BMP9-mediated induction of EMT in vitro,

previously also shown in HCC cells (Li et al., 2013). We howev-

er observed only a small but not significant trend towards a

decrease in Snail expression in mAb BMP9-0093 treated A-

498 tumors, underscoring the complexity of EMT and raising

the question, if prevention of EMT in vitro may be more effec-

tive than blockade of EMT that has already taken place in vivo.

Therefore, the role of BMP9 in EMT and metastasis warrants

further investigation.

Our present study corroborated the data obtained in previ-

ous studies, in which dual BMP9/BMP10 inhibition could also

increase pericyte coverage of tumor vessels (Cunha et al.,

2010; Hawinkels et al., 2016) and is in line with our in vitro

data, demonstrating a BMP9-induced decrease in pericyte
migration and attachment to endothelial cells that could be

reversed by mAb BMP9-0093 treatment. Interestingly, this

data adds to the growing body of evidence for a pleiotropic

role of BMP9 in development and disease. While a defective

paracrine signaling between endothelial cells and the neigh-

boring mural cells may be one of the underlying causes of

HHT (Thalgott et al., 2015), neutralization of BMP9 in tumor

angiogenesis may lead to opposing effects, as indicated by

increased numbers of pericyte covered tumor vessels.

To the best of our knowledge, we are the first to report a

direct effect of BMP9 on pericyte signaling and migration

in vitro. Here, we detected Smad 1/5/8 phosphorylation in peri-

cytes in response to BMP9, while in endothelial cells BMP-9

was capable of inducing both Smad 1/5/8 and Smad 2/3 phos-

phorylation, which is in line with previous findings (Upton

et al., 2009). The difference in Smad phosphorylation observed

is intriguing, as the expression pattern of all type I and II re-

ceptors is similar between endothelial cells and pericytes,

except for ALK2, which can be detected on pericytes, but not

on endothelial cells. RNAseq analysis demonstrated that

endothelial cells and pericytes were differentially regulated

by BMP9. In addition, we found that migration behavior of

pericytes but not HUVEC was influenced by BMP9. Further in-

vestigations are necessary to understand the significance of

this difference in phosphorylation pattern in endothelial cells

and pericytes.

While the functions of TGFb in carcinogenesis and tumor

progression have been intensely studied, the function of

BMP9 in cancer biology remains less understood (Wakefield

and Hill, 2013). TGFb serves as a tumor suppressor in prema-

lignant cells, whereas it functions as a tumor promoter in later

stages of cancer development. Bone morphogenic proteins

BMP4 and BMP7 were shown to participate in tumor progres-

sion (Guo et al., 2012; Lu et al., 2012), whereas BMP2was shown

to function in both pro- or anti-tumorigenic roles (Wen et al.,

2004; Qiu et al., 2010), similar to BMP9. In this way, BMP9 was

shown to provide tumor suppressor activity in prostate (Ye

et al., 2008) and breast cancer (Wang et al., 2011), but tumor

promoting activity in HCC (Li et al., 2013) and ovarian cancer

(Herrera et al., 2009), while its role in RCC remained unclear.

Our own data revealed a direct effect of BMP9 on A-498 and

other RCC tumor cells, demonstrated by time dependent

phosphorylation of Smad 1/5/8. These results were supple-

mented by a tumor cell protective effect of BMP9 in vitro as

well as an anti-proliferative and pro-apoptotic effect of BMP9

targeted therapy in vivo. Interestingly, we detected significant

lower levels of ET-1 ex vivo in tumor lysates of tumors treated

with mAb BMP9-0093 compared to control tumors. This may

be a first hint that the effect on proliferation of A-498 tumor

cells in vivo can be indirectly influenced by BMP9 through

other cells of the tumor stroma, e.g. endothelial cells of the tu-

mor vasculature.

Taken together, our findings implicate the BMP9/Smad

pathway as a potential promoter of tumor growth. Selective

anti-BMP9 treatment retards tumor growth in vivo and affects

tumor vessel associated perivascular cell attachment. The

concept of anti-angiogenic therapy has evolved from starving

tumors to normalization of tumor vasculature (Jain, 2014). An

increased vascular coverage and reduced vessel leakiness, but

lack of major vessel deprivation as observed with selective

http://dx.doi.org/10.1016/j.molonc.2016.10.002
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anti-BMP9 therapy in this study, is in support of this

hypothesis.
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