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Abstract

Bone Morphogenetic Protein (BMP) signaling has been implicated in diverse biological processes.
Although how BMP signaling regulates behaviors of endothelial cells during angiogenesis are not
fully understood, increasing evidence indicate functions of BMP signaling components are
essential in developmental and pathological angiogenesis. Here we review recent advances in
delineating the functions of BMP signaling during angiogenesis. In addition, we discuss
downstream pathways that transduce BMP signaling in endothelial cells, and factors that modulate
BMP signaling response in endothelial cells. Finally, we provide recent insight on how BMP
signaling functions as a context dependent angiogenic cue.

1. Introduction

Bone Morphogenetic Protein (BMP) signaling is involved in diverse morphogenetic
processes during development including bone and cartilage formation, early embryonic
patterning along the dorsal-ventral axis, specification of endodermal organs [1], as well as
pathological situations. However, its function during angiogenesis, the process by which
new blood vessels form from pre-existing vessels, remains largely unknown. Although the
Vascular Endothelial Growth Factor (VEGF) signaling pathway is well established as a
major regulator of angiogenesis [2, 3], complex vascular networks require input from
multiple signaling pathways to pattern properly. Therefore, understanding the role of
additional regulators of angiogenesis, such as the Bone Morphogenetic Protein (BMP)
pathway, will help elucidate the complex mechanisms involved during angiogenesis.

2. Overview of BMP signaling cascade

BMP growth factors are members of the TGF- super-family [4]. BMP ligands dimerize and
bind to a tetraheteromeric receptor complex composed of two type | and two type || BMP
receptors. Additionally, Type Il receptors, such as Endoglin, can interact and modulate
ligand affinity for type | and type Il receptors. Once the signaling complex forms, the kinase
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domain of the type | BMP receptor phosphorylates and activates SMAD1, SMADS5, and
SMADS8 (R-SMADs). Activated R-SMADs bind SMAD4 (co-SMAD) and translocate to the
nucleus to initiate transcription of downstream target genes (Fig. 1). In addition to activating
the SMAD signaling cascade, BMP signaling can also act through SMAD-independent
mechanisms. For instance, BMP signaling can activate MAPK such as Erk and p38 [5].

3. Human pathological conditions caused by BMP signaling dysregulation

In humans, mutations of various BMP signaling components have been linked to various
pathological conditions affecting the vascular system. Mutations in the EAG gene and
ACVRL1, (ENG encodes for the type 111 receptor, Endoglin; and ACVRL1 encodes fora
type | receptor, ALK1) cause Hemorrhagic Hereditary Telangiectasia (HHT) 1 and HHT2
respectively [6, 7]. HHT is an autosomal dominant vascular dysplasia characterized by
recurrent nose bleeds, mucocutaneous telangiectases (small dilated blood vessels), and
arteriovenous malformations (AVMs) [8]. Similarly, genetic manipulation of Endoglin and
ALKZ1 in mice replicates many of the characteristics of HHT [9-13].

In addition, several components of BMP signaling pathway have been linked to pulmonary
arterial hypertension (PAH) in humans. PAH is a progressive disorder thought to arise from
abnormal endothelial cell growth and maintenance. PAH causes an increase in arterial
pressure, occlusions in pulmonary arteries, and can even lead to heart failure. The primary
gene associated with PAH is BMPRZ2. However, mutations in ALKI,Endoglin, or SMAD8
have also been implicated in PAH [14-16]. Genetic manipulations in murine models also
recapitulate the pathological symptoms found in humans. Global deletion of one copy of the
BMPRII gene exhibited increased pulmonary vascular resistance and thickened arteries in
mice [17]. Interestingly, global reduction of BMPRZ2by shRNA transgene caused a mucosal
hemorrhages and incomplete mural cell coverage, phenotypes which are the common
characteristics of HHT [18]. This suggests that BMP signaling is critical in the
pathophysiology of PAH.

4. Ligand-receptor complexes

The BMP signaling pathway contains multiple BMP ligands which are subdivided in to
groups based on sequence and function [19]. BMP2 and BMP4 form the BMP2/4 subgroup;
BMP5, BMP6, BMP7, and BMP8 form the BMP7 subgroup; Growth Differentiation Factor
(GDF) 5, GDF6, and GDF7 form the GDF5 subgroup, and BMP9 and BMP10 form a fourth
subgroup.

BMP ligands, once secreted, readily form a homodimer via a disulfide bond and are
stabilized. Homodimers of various BMP ligands are capable of signaling. However, recent
studies suggested that heterodimeric BMP ligands can induce more robust downstream
activation than homodimeric BMP ligands. For instance, during zebrafish development,
Bmp2b/7 ligand is a more potent regulator for dorsoventral patterning than Bmp2b or Bmp7
homodimer [20].

There are at least four type | receptors and three type Il receptors that BMP ligands can
interact with; Alk1, Alk2, Alk3, and Alk6 are the type | receptors, and BMP receptor type Il
(BMPRII), Activin Receptor type 1A and B (ACTRIIA, and ACTRIIB) are the type Il
receptors. Additionally, Type 111 receptors, such as Endoglin, can interact and modulate
ligand affinity for its type I and type Il receptors.

The sequence in which BMP ligands bind type | and type Il receptors depends on the
relative binding affinity. BMP2 and BMP4 have a high affinity for Alk3 and Alk6 type |
receptors which recruit BMPRII/ActRII and ActRIIB type Il receptors [21, 22]. BMP6 and
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BMP7 interact with ActRII/ActRIIB and recruit Alk2, Alk3 and Alk6 [22-24]. GDF5 and
GDF6 interact with Act RIl, Act RIIB and BMP RII and Alk6 [25, 26]. BMP9 and BMP10
interact with ALK1 and BMPRII/ActRII [27, 28]. The composition of the Bmp signaling
complexes likely underlies the diverse effects observed through BMP signaling (Fig. 1).

In the mammalian system, there are at least 20 BMP ligands present. During development,
diverse BMP ligands are widely expressed and many of them show overlapping yet distinct
pro- and/or anti-angiogenic properties.

Multiple /in vivo studies have analyzed the affects of BMP2 and BMP4 on angiogenesis.
BMP-2 induces blood vessel formation in tumors formed from A549 cells and enhanced
angiogenesis in Matrigel plugs containing these cells [29]. Other study independently
showed that BMP2 overexpression in MCF-7 breast cells also induced vessel formation in
tumors, demonstrated that BMP2-induced vessel formation in the mouse sponge assay [30].

In vitro, BMP2 stimulates proliferation of human aortic endothelial cells (HAEC) [29] and
pulmonary aortic endothelial cells (PAEC) [31]. BMP2 increases the migration of
microvascular endothelial cells (HMEC) [32], and increases tube formation in human aortic
endothelial cells (HAEC), human umbilical vein endothelial cells (HUVEC) [29] and
HMECs [32].

Over-expression of BMP4 in the paraxial or lateral plate mesoderm [33] and grafts of
BMP-4 beads in the paraxial mesoderm of quail embryos induced ectopic vessel formation
[34]. In addition, BMP4 stimulus induced angiogenesis in the chicken chorioallantoic
membrane (CAM) assay [35].

BMP4 induced the proliferation of mouse embryonic stem cell-derived endothelial cells
(MESEC) and HMECs [36]. BMP4 increased cell migration in quail embryonic endothelial
cells (QEECs), HUVECs, [33], HMECs [32], and MESECs [36]. Bmp4 increased tube
formation of HMEC [36] and mouse aortic endothelial cells (MAEC) [35].

BMP6 induced microvessel outgrowth in aortic rings [37], proliferation in mouse embryonic
endothelial cells (MECs) [37], migration in bovine aortic endothelial cells (BAEC) [38] and
MECs [37], and tube formation in BAECs [38]. Similarly, BMP7 induced angiogenesis in
the CAM assay [39].

GDF5 increased vessel formation in the CAM assay and in the rabbit cornea assay and
increased migration of BAECs [40].

BMP9 inhibited vessel growth in the mouse sponge assay [41] and blocked new vessel
growth in a metatarsal angiogenesis assay [42]. Bmp9 inhibited proliferation and migration
of BAECs [42]. BMP9 and the closely related BMP10 inhibit the proliferation and migration
of HMECs [28].
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6. Receptors

Similar to BMP ligands, both BMP Type I and Type Il receptors are widely expressed in
vertebrate embryos during development, and many of them modulate angiogenesis.

Type | receptors

The majority of type | receptors of BMP signaling appear to have pro-angiogenic functions.
Constitutively active forms of ALK2, ALK3 and ALK6 promoted endothelial cell migration
and tube formation in BAECs [38].

Interestingly, the function of ALK1, another type | receptor, appears to be more
complicated. Lesions in the zebrafish a/kZ gene caused an increase in endothelial cell
number and dilated cranial vessels, indicating that ALK1 in this setting may inhibit certain
aspects of angiogenesis [43]. Similarly, expression of constitutively active ALK1
(ALK1CA) inhibited endothelial sprouting from embryoid bodies [44], and inhibited
proliferation and migration of HMECs and HUVECs [45]. However, ALK1CA over-
expression increased the cell migration of MEECs [46]. Given that ALK1 can associate with
multiple TGF-B/BMP ligands and receptors, it is likely that different associations may
account for complex ALK1 deficient phenotypes and inconsistencies between these studies.

Type Il receptors

In humans and mice, lack of BMPR2 caused aberrant growth of endothelial cells in
pulmonary vessels and increased arterial pressure, symptoms frequently found in PAH. In
zebrafish, two BMPR2 orthologs, Bmpr2a and Bmpr2b, have been identified. The
morpholino-mediated knockdown of either of these genes inhibited angiogenesis [47].

Additional receptor regulation

BMP receptor complexes can exist as preformed complexes (PFC), which become activated
upon ligand binding. Alternatively, BMP receptor complexes can be induced by ligand
binding to a single receptor, which recruits other subunits of BMP receptor complexes,
forming a BMP induced signaling complex (BISC). While PFC is internalized by Clathrin
mediated endocytosis and preferentially activate SMAD pathway, BISC is internalized by
caveosome and activates the Mitogen Activated Protein Kinase (MAPK) pathway [48-50].

Bmp receptors also interact with a number of co-receptors ranging from GPI-anchored
proteins to receptor tyrosine kinase (RTK) [51-55]. Co-receptors such as Dragon (a member
of repulsive guidance molecules) and c-Kit (a well characterized RTK) can enhance Bmp
signaling by physically binding to Bmp ligands and receptors simultaneously. Others
receptors that signal through Bmp receptors include the RTKs TrkC and Ror2, and decoy
receptor Bambi. Bambi can attenuate Bmp signaling by competing with Bmp type | receptor
[56].

Unlike other TGF-B receptors, BMPRII has a long carboxy terminal tail, which is regulated
independent of type I receptors. The BMPRII cytoplasmic tail has been implicated in
regulating many processes by directly interacting with many factors including LIMK1, (a
kinase which regulates of actin dynamics) [57], Tctex-1 (a light chain of dynein) [58], c-Src
(a tyrosine kinase) [59], and Jiraiya (a membrane protein) [60]. Therefore, the carboy
terminal of BMPRII may play a critical role in regulating angiogenesis independent of the
heteromeric receptor complex.
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7. Antagonists

Several secreted proteins that function as antagonists of BMP signaling have been identified.
Like BMP ligands, these proteins contain multiple Cysteine residues used to form disulfide
bonds with BMP ligands, which in turn interfere with the ligand-receptor recognition [61].
Based on the number of the Cysteine residues and the size of the resulting Cystine-knot
structure, BMP antagonists can be divided into three main subgroups. Members of
differential screening-selected gene aberrative in neuroblastoma (DAN) family of BMP
antagonists include Cerberus [62, 63], Gremlin [64], and Sclerostin [65], and a have eight-
membered ring Cystine-knot. Proteins related to Twisted gastrulation [66] have a nine-
membered ring Cystine-knot, and Chordin [67]and Noggin [68] have a ten-membered ring
Cystine-knot [61]. Members within each subgroup appear to be more phylogenetically
related, suggesting that each subgroup of BMP antagonists is evolutionarily distinct [69].
While most of BMP antagonists function as homodimers rings [61], recently identified BMP
antagonists, Sclerostin and related Uterine Sensitization Associated Gene-1 (USAG-1),
function as monomers [70, 71].

Bmp antagonists appear to play a pivotal function during angiogenesis. Recent studies have
demonstrated that the area near the midline of embryos remains avascular since the nearby
notochord inhibits the migration of endothelial cells by secreting two main BMP
antagonists, Noggin and Chordin [72, 73]. Furthermore, Noggin and Chordin also appear to
be critical for regulating the fusion of the developing dorsal aorta in avians [74].

One BMP antagonist, Crossveinless-2 (Cvl2), also known as Bmper [75, 76], is selectively
express in an endothelial specific manner during development [75]. Interestingly, unlike the
majority of BMP antagonists, CvI2 can function as a BMP agonist and/or antagonist in a
context dependent manner [77-79]. A lower concentration of CvI2 can facilitate
phosphorylation of SMAD-1/5/8, while a higher concentration attenuates the efficacy of
BMP signaling[80]. Accordingly, in developing vessels, lower concentration of CvI2
activates sprouting and angiogenesis, while higher concentration inhibits this process [78].
By investigating the effects of Cvl2 on BMP4 signaling, Kelley and colleagues have shown
that Clv2 can directly bind to BMP4 and can interfere with its interaction with BMP Type Il
receptor. This leads to decreased Clathrin-mediated internalization of BMP ligand-receptor
complexes [78]

8. Downstream signaling cascade and cross-talk with other pathways

Binding to BMP ligand to heteromeric BMP receptor complexes trigger activation of diverse
downstream signaling cascades, resulting in transcriptional activation of target genes. For
instance, BMP6 transcriptionally activated ID1 through the SMAD signaling cascade. Over-
expression of ID1 induced EC migration and tube formation in BAECs, mimicking the
affects of BMP6 [38]. Microarray analysis found that treating MECs with BMP6 caused a
transcriptional increase in Cox2 (a gene that catalyzes the conversion of Arachidonic acid to
Prostaglandins) and MyoX (an atypical myosin critical for filopodial formation). Cox2
mediated BMP6-induced proliferation, migration, and network assembly of MECs as well as
microvessel outgrowth in aortic rings [37]. In addition, MyoX induction through BMP6 is
necessary for filopodial formation, cell alignment, directed migration, and tube formation in
MECs [81].

BMP signaling also stimulates MAPK pathways such as, ERK, JNK, p38 [82]. BMP4-
induced HUVEC sprouting is dependent on ERK [83]. In addition, small molecule inhibitors
demonstrated that Bmp2-mediated angiogenesis in zebrafish requires both Smad and Erk
activation.
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Furthermore, the Wnt pathway appears to interact with BMP signaling. Active Wnt
signaling inhibits GSK3 which allows the accumulation of p-catenin and downstream gene
activation. MAPK and GSK3 phosphorylate the SMADZ1 linker region leading to the
polyubiquitinylation and degradation of SMAD1 [84]. BMP2 signaling through BMPRI|I
inhibited GSK3-8, which lead to increased PAEC survival and proliferation. In addition,
BMP2 signaling recruited Disheveled (a noncononical Wnt receptor) which promoted
RhoA-Racl signaling and PAEC motility [31].

BMP signaling also cooperates with VEGF-A signaling (Fig. 2). The over-expression of
BMP2, BMP4, BMP6, and BMP7 increased VEGF-A transcription in various cell types
[85-87]. VEGF-A neutralizing antibodies inhibited the BMP mediated angiogenic responses
in preosteoblast-like cells and in fetal metatarsal assay [85]. However, brmp2b over-
expression in zebrafish induced a robust angiogenic response that is not affected by
morpholino inhibition of VVegf-A signaling [47]. Furthermore, the interactions between BMP
and VEGF signaling appear to go beyond transcriptional regulation. Dorsomorphin is a
small molecule inhibitor that was first reported to be a selective inhibitor of BMP signaling
by inhibiting BMP type | receptors and was later shown to also be a potent inhibitor of
VEGEF signaling by inhibiting the VEGFR2 function [88]. The ability of dorsomorphin to
interact and inhibit both type | BMP receptors and VEGF receptors suggests that they might
share structural similarities.

9. Arterial and venous differences in BMP signaling

Both human vascular diseases associated with BMP signaling, HHT and PAH, affect a
distinct subset of endothelial cells. PAH selectively affects the arteries connecting the lungs
to the heart. The HHT pathology causes aberrant vascular growths that fail to form proper
arterial and venous connections (AVMs) in the skin, digestive tract, lungs, liver and brain.
ALKT1 linked to both of these vascular disorders [6, 14]. Interestingly, ALK is selectively
expressed in arterial endothelial cells during murine development and is highly expressed in
the lung endothelium of adults [89]

During mammalian eye development the the pupillary membrane regresses and capillaries in
this tissue undergo apoptosis (programmed capillary regression) [29]. BMP4 induces
endothelial cell apoptosis during programmed capillary regression in rats [90]. While
capillary and venous endothelial cells were responsive to BMP4-induced apoptosis, arterial
endothelial cells were resistant to BMP4-induced apoptosis. This differential responsiveness
to BMP4-mediated apoptosis was shown to be caused by the increased arterial expression of
inhibitory SMADs (SMAD6 and SMAD7) [90]. Arterial endothelial cells experience higher
levels of shear stress than venous endothelial cells. Fluid mechanical stimulation of cultured
endothelial cells induces I-SMAD expression [91], suggesting that shear stress may account
some BMP-responsive differences between arterial and venous endothelial cells.

BMP signaling also differentially regulated arterial and venous angiogenesis during
zebrafish development. The vascular network of early zebrafish embryos contains a dorsal
aorta and an axial vein which extend angiogenic sprouts [92, 93]. This simple vascular
network is useful system for studying the arterial and venous differences during vertebrate
angiogenesis. Conditional over-expression of noggin3and morpholino inhibition of bmprZa
or bmpr2b selectively inhibited venous angiogenesis, while the overexpression of bmp2b
induced ectopic sprouts from the axial vein but not the axial artery (Fig. 3) [47]. Analogs of
dorsomorphin, DMH1 and DMH4, were created which selectively inhibited ALK2, ALK3
or VEGFR?2 function, respectively [88]. In accordance, DMH1 (a BMP inhibitor) selectively
inhibited venous angiogenesis while DMH4 (a VEGF inhibitor) selectively inhibited arterial
angiogenesis in zebrafish [47]. Most interestingly, BMP signaling can promote angiogenesis
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independent of VEGF-A signaling in zebrafish, and elicit distinct angiogenic responses.
Collectively, these findings support a model in which VEGF-A and BMP signaling
promotes angiogenesis from venous and arterial endothelial cells respectively (Fig. 4) [47].
The factor(s) which make(s) the axial vein responsive and the dorsal aorta refractory to
BMP stimulus during early zebrafish development remain to be identified. Discovering
these factors will help elucidate the function and relevance of BMP signaling during
mammalian angiogenesis.

10. Concluding Remarks

As discussed above, both pro-angiogenic and anti-angiogenic functions of BMP signaling
have been reported. Considering numerous pathway components, dynamic expression
pattern, as well as potential redundancies of BMP signaling, it is not surprising that BMP
signaling can elicit diverse responses from endothelial cells. Therefore, it is essential to
identify factors confers the context dependent pro- and/or anti-angiogneic effects of BMP
signaling and delineate cellular and molecular mechanisms that mediate BMP signaling
within endothelial cells to develop a consensus model for the role of BMP signaling in
endothelial cells.

Highlights

Function of Bone Morphogenetic Protein (BMP) signaling is essential in diverse
biological processes including angiogenesis. However, how BMP signaling modulates
angiogenesis are not fully understood. Here we review recent advances in the field to
provide a comprehensive picture of how BMP signaling regulates angiogenesis.
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Extracellular antagonists bind to BMP ligands and prevent the ligands from interacting with
receptors. BMP9 BMP10 bind to non-angiogenic heteromeric receptor complexes consisting
of BMPRII and ALKZ1, which may limit the availability of angiogenic ligand-receptor
complexes. In contrast, when angiogenic ligand-receptor complexes are formed, and
inhibitory BMP ligands are absent, co-SMAD is translocated into the nucleus and promotes
the transcription of BMP target genes within endothelial cells. Alternative signaling
pathways may also have important roles in regulating the intracelluar responses to BMP

stimulus.
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Figure 2.
VEGFA and BMP pathways have distinct as well as overlapping intracellular targets. The

VEGFA pathway is known to phosphorylate and activate, among other factors, MAPK

signaling cascades, which includes both p38 and ERK. Canonical BMP signaling activates
Smads however BMP stimulation has been shown to effectively activate MAPK signaling
cascades as well. During angiogenesis, BMP requires activation of ERK and not p38 [47].
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Figure 3.

Bmp signaling is necessary and sufficient for sprouting from the axial vein. Blood vessels in
wild-type (A, B), Tg(hsp70:noggin3) (C, D) and Tg(hsp70:bmp2b) (E, F) embryos in the
Tg(kdrl:GFP) transgenic background (A, C, E). The entire vascular network of 42hpf
embryos was analyzed using epiflourescent images; dashed boxes represent the trunk and
tail areas analyzed below. Z-stacks from the trunk and tail regions were used to make 3-D
color projections (A, C, and E), Filopodia formation of 7g(fli1:nGFP), Tg(kadrl:ras-mCherry)
embryos starting at 32hpf (B, D, and F). Arrows in panel c and d show sprouts from the
axial vein that fail to make connections in 7g(hsp70.noggin3) embryos. Arrowheads in
panel e and f point to ectopic sprouts that branch from the axial vein in 7g(hsp70:bmp2b)
embryos. Abbreviations: DA, dorsal aorta; V'V, ventral vein; DV, dorsal vein; NC, notocord,;
NT, neural tube; ISA, intersegmental artery.
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Figure 4.

Distinct angiogenic cues regulate arterial and venous angiogenesis during early zebrafish
development. VEGFA regulates sprouting from the Dorsal Aorta, while BMP signaling is
the predominate angiogenic cue during venous angiogenesis off the Axial Vein. VEGFA
expressed dorsally within somites attracts sprouts from the Dorsal Aorta. Meanwhile, ventral
expression of BMP regulates sprouting from the axial vein.
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