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Glossary

Angiogenesis: the formation of new blood vessels from pre-existing vessels by

vessel sprouting (sprouting angiogenesis) or splitting (intussusception).

Endothelial cells (ECs): cells that line the interior surface of blood and

lymphatic vessels.

Lateral inhibition: an event in which a cell adopts a particular phenotype and

prevents its immediate neighbor from acquiring the same phenotype through

Notch-mediated signaling.

Morphogen: a signaling factor that elicits different cellular responses in

responding cells depending on its concentration. During early development,

morphogen gradients generate different cell types in a distinct spatial order

and pattern in embryos and/or tissues.

Mural cells: cells covering the endothelial cell tube. Mural cells stabilize

nascent vessels, provide support, and guide remodeling. Pericytes are the

mural cells in the microvasculature, whereas vascular smooth muscle cells

cover larger vessels.

Nonsynchronized oscillatory expression: occurs when cells in a tissue exhibit

oscillatory gene expression (e.g., HES1 or ID), but the individual cells are in

different phases of their cycle. These nonsynchronous oscillations permit

differential cellular responses and behavior in a population of cells that is

exposed to the same stimulus.

Phalanx cell: quiescent EC.

Somite: segmental axial structures in the embryo that give rise to the vertebral

column, ribs, skeletal muscles, and dermis.

Stalk cell: the ECs that trail behind the tip cell. These follower cells proliferate,

extend the sprout, and form the lumen in nascent vessels.

Tip cell: this leader EC extends filopodia and is migratory and polarized. The tip

cell pulls the stalk cells into the emerging sprout and guides the sprout.
Vascular patterning involves sprouting of blood vessels,
which is governed by orchestrated communication be-
tween cells in the surrounding tissue and endothelial
cells (ECs) lining the blood vessels. Single ECs are se-
lected for sprouting by hypoxia-induced stimuli and
become the ‘tip’ or leader cell that guides new sprouts.
The ‘stalk’ or trailing ECs proliferate for tube extension
and lumenize the nascent vessel. Stalk and tip cells can
dynamically switch their identities during this process in
a Notch-dependent manner. Here, we review recent
studies showing that bone morphogenetic protein
(BMP) signaling coregulates Notch target genes in
ECs. In particular, we focus on how Delta-like ligand
4 (DLL4)–Notch and BMP effector interplay may drive
nonsynchronized oscillatory gene expression in ECs es-
sential for setting sharp tip–stalk cell boundaries while
sustaining a dynamic pool of nonsprouting ECs. Deeper
knowledge about the coregulation of vessel plasticity in
different vascular beds may result in refinement of anti-
angiogenesis and vessel normalization therapies.

Development of a branched vascular tree
The proper formation of blood vessels is critical for devel-
opmental growth as well as for tissue growth and physiol-
ogy beyond birth. The blood vessel circulatory system
comprises arteries, capillaries, and veins, and it fuels
nearly every tissue with oxygen and nutrients, clears
tissues of metabolic waste, and transports liquids and cells.
Failure to establish a hierarchical branched vessel net-
work leads to embryonic lethality, whereas deregulation of
vessel patterning after birth contributes to the develop-
ment of cancer and to chronic and inflammatory diseases.

Blood vessel networks form through vasculogenesis, a
de novo assembly process, as well as through angiogenesis,
which is the coordinated expansion of a pre-existing vas-
cular network [1] (see Glossary). New blood vessels form by
angiogenesis through the splitting of pre-existing vessels
(intussusceptions) or through sprouting [1]. We focus here
on the morphologically and molecularly best-understood
process, sprouting angiogenesis. This highly orchestrated
multistep process initiates when ECs in vessels become
induced to form new sprouts that directionally migrate
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towards a hypoxic area; the process further involves
branch extension, acquisition of a lumen, new connection
formation (anastomosis), and vessel maturation. Vessel
maturation encompasses recruitment of mural cells,
strengthening of cell–cell junctions, and deposition of a
basement membrane. Excessive vessels can also be pruned
(vessel regression). Together, these processes lead to a
functional and hierarchical network of vessels that
remains adjustable, expanding or regressing depending
on the oxygen needs (reviewed in [1]). Efficient and robust
sprouting depends on induction of sufficient but not exces-
sive numbers of ECs to become tip cells. An unbalanced
ratio of tip:stalk cells results in excessive sprouting (hyper-
sprouting) or paucity of sprouting.

Two EC phenotypes play a prominent role during
sprouting angiogenesis: the tip cell and the stalk cell.
The tip cell is the leader selected to spearhead the emerg-
ing sprout. This cell extends filopodia, is migratory, polar-
ized, and pulls the stalk cells into the emerging branch.
Ultradian oscillatory expression: gene expression occurring in periods or

cycles that are repeated frequently (i.e., every 2 h) throughout a 24-h period.

Vasculogenesis: de novo formation of blood vessels from the local differentia-

tion of ECs.
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The stalk or follower cells trail the tip cell; they proliferate,
extend the sprout, and form the lumen in nascent vessels.
A third cell type, the phalanx cell, is a quiescent EC in a
stable vessel. Each of these cell types has specific features
and is enriched in a specific gene transcript repertoire [2,3].
Vascular endothelial growth factor (VEGF) is a potent pro-
angiogenic stimulus that induces the selection of single tip
cells by enrichment of membrane-bound DLL4, a ligand for
the receptor Notch, through activation of some of its recep-
tors, VEGFR2 and especially VEGFR3 [4,5]. This results in
activation of Notch-1 in adjacent ECs (Box 1), thereby
triggering the induction of the stalk-cell phenotype via
lateral inhibition in these cells (reviewed in [3]).

The plasticity of ECs is extraordinary; individual ECs
have the intrinsic capacity to become tip, stalk, and phal-
lanx cells in a context-dependent manner. Furthermore,
tip and stalk cells have been demonstrated to shuffle and
actively take over the position and identity of the other,
which requires the swift induction and repression of tran-
scripts specific for either phenotype. The competition in the
rush for the tip cell position depends on relative DLL4–
Notch signaling levels that control expression levels of
VEGFR1, VEGFR2, and VEGFR3 [5,6]. It appears that
ECs dynamically re-evaluate their neighbors by interpret-
ing numerous extracellular pro- and anti-angiogenesis and
vascular guidance cues provided by the surrounding tissue,
as well as signals that emanate in the ECs, and then use
this information to respond to their environment. VEGF
not only is a crucial inducer of the tip cell phenotype and
migration, but also regulates stalk cell proliferation,
whereas DLL4–Notch signaling and its crosstalk to VEGF
Box 1. The Notch signaling cascade in endothelium

Notch-mediated signaling is a highly conserved signaling system

that controls many differentiation processes during development

(Box 2) [34]. The principal roles of Notch signaling in endothelium

are arterial specification, lateral inhibition of new sprout formation

during angiogenesis, and control of blood vessel quiescence.

Studies from mouse retina models and in zebrafish embryos, tumor

models, and cell culture 3D sprouting assays have established that

DLL4–Notch signaling serves as a negative regulator of VEGF-

induced angiogenesis, and that inhibition of the Notch pathway

leads to excessive sprouting (hypersprouting) of blood vessels [7–

9]. Endothelium expresses mainly Notch1 and Notch4 receptors,

which become activated in the signal-receiving EC by membrane-

embedded DLL4 or JAG1 ligands presented by adjacent signal

sending cells. This leads ultimately to cleavage of the Notch

receptor at the juxtamembrane domain by g-secretase to release

the NICD, which translocates into the nucleus where it is recruited to

target genes via interaction with the DNA-binding protein CSL/RBPJ/

CBF1 (see Figures 1 and 2a in main text) [34]. This complex recruits

additional transcriptional activators and induces target genes, such

as Hes1 and Hey, forming the Notch–CSL–Hes axis (Box 2). HES1

and HEY/HERP belong to families of unstable bHLH transcriptional

repressors that function in maintaining progenitor cells (including

adult stem cells) and regulate binary cell fate decisions [86]. HES

proteins are class C transcriptional repressors, binding not only to

class C sites (CACGNG) and N-box sequences (CACNAG), but also

class B sites. The HERP family of bHLH proteins binds both class B

and C sites [87,88]. HES proteins have been documented to repress

transcriptionally several genes known to control EC phenotypes and

tip–stalk cell selection (e.g., VEGFR2 and -3, DLL1, DLL4, and JAG1)

[54,66,89]. Heterozygous Dll4 gene deletion in mice or inhibition of

Notch1 cleavage with g-secretase inhibitors results in excessive

sprouting of the developing vascular network [65].
balances the tip:stalk cell ratio. Several excellent and
comprehensive reviews are dedicated to more in-depth
discussion on the tight link between VEGF and Notch
signaling in vascular development [7–9]. Here, we discuss
recent studies that show that another signaling pathway,
elicited by BMPs, collaborates with DLL4–Notch signaling
to balance the tip:stalk cell ratio, and that tip and stalk cell
competence critically depends on nonsynchronized oscil-
latory levels of BMP–SMAD and Notch signaling effectors.

An introduction to BMP signaling
BMPs are secreted ligands of the transforming growth
factor b (TGF-b) family, which also includes TGF-b, BMPs,
growth, and differentiation factors (GDFs), activins, and
nodal. The BMPs can be subdivided based on their struc-
tural properties and documented ligand–receptor interac-
tions into four groups: (i) the BMP2 and -4 subgroup; (ii) the
growth and differentiation factor (GDF)5, -6, and, -7 group;
(iii) the BMP5, -6, -7, and -8 group; and (iv) the BMP9 and -
10 group (reviewed in [10]). BMPs were first identified as
potent inducers of ectopic bone formation when implanted
subcutaneously on appropriate carriers [11,12], and recom-
binant BMPs are being used in the clinic to treat nonunion
bone fractures and kidney disorders. However, BMPs
turned out to be far more versatile than their name sug-
gests. They regulate a multitude of functions at the cellular
level, such as pluripotency, cell-type specification and
differentiation, proliferation and migration, and apoptosis
(reviewed in [10,13]). Altogether, multitasking BMPs are
critical for the embryonic development of many organs and
adult tissue homeostasis, and hence, it has been suggested
that BMPs be renamed ‘body morphogenetic proteins’ [13].

BMPs signal via binding to heteromeric combinations of
type I and II transmembrane serine/threonine kinase type
receptors (Figure 1). Most receptors display a broad BMP
specificity, which results in a great combinatorial complex-
ity of ligand–receptor partners [14]. An interesting excep-
tion is the activin receptor-like kinase 1 (ALK1), which is a
type I receptor largely confined to endothelium that exhi-
bits striking selectivity for BMP9 and BMP10. Likewise,
BMP9 and -10 appear to signal almost exclusively via this
type I receptor in ECs [15–17]. BMP–receptor binding
triggers phosphorylation of the receptor-regulated SMADs
(R-SMADs), SMAD1, -5 and -8, in their C-terminal seg-
ment, initiating the canonical or SMAD-mediated path-
way. In many cell culture systems and in the mouse
vasculature, SMAD1 and -5 function redundantly [18–
20], although they are each essential during early mouse
development [21]. SMAD8 is, unlike SMAD1 or -5, dispens-
able during development [21]. Interestingly, recent studies
showed a nonredundant function of SMAD8 in miRNA
processing required for BMP-induced growth suppression
[22], and association of SMAD8 mutations with pulmonary
arterial hypertension [23,24]. Other SMADs that partici-
pate in BMP signaling include the common-mediator
SMAD (co-SMAD) SMAD4 and the inhibitory SMADs (I-
SMADs), SMAD6 and SMAD7 [25,26] (Figure 1).

Once activated, phosphorylated (P)SMAD1, -5, and -8
form hetero-oligomeric SMAD complexes with SMAD4
that accumulate in the nucleus, where they positively or
negatively regulate transcription of target genes [27]
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Figure 1. BMP–SMAD and Notch signaling pathways converge in endothelial cells (ECs). Schematic layout of BMP–SMAD and DLL4–Notch mediated signaling pathways

and their integration. The BMP–SMAD signaling pathway is represented in greater detail; the asterisks (*) indicate pathway components shown to be functional in ECs. BMP

ligands can be categorized in four groups, based on their structural and functional features. Different homo- and heteromeric BMP ligands have different affinities for

different receptors complexes. Major BMPs in endothelium are BMP2, -4, -6, -7, -9, and -10. BMP ligands signal through their interaction with a tetrameric receptor complex

comprising two type I and two type II serine/threonine kinase receptors. BMPR2, ActRII, and ActRIIB are type II receptors that bind BMP ligands, whereas ALK1, -2, -3, and -6

are BMP type I receptors [90,91]. Unlike most BMPs that have pleiotropic functions in different cell types and interact with different receptor complexes, the BMP9 and -10

ligands interact almost exclusively with EC-specific ALK1-encompassing receptor complexes. BMP9 and -10 are involved in maintenance of quiescence, whereas BMP2, -4, -

6, and -7 are implicated in migration and angiogenesis [36]. Type III receptors are auxiliary coreceptors that can modify ligand–receptor affinities. Endoglin/CD105 can

modulate BMP–ALK1 effects in ECs, but activin and TGFb1 and -3 have also been shown to bind endoglin in combination with other type I receptors. ALK1, BMPR2, and

endoglin are critical BMP receptors in ECs. Type II receptors are constitutively active kinases that phosphorylate the GS box (SGSGSG-motif) of type I receptors upon ligand

binding. This activates the kinase activity of the latter and exposes a binding site for its main substrates, the R-SMADs. BMP-receptor binding triggers C-terminal

phosphorylation of R-SMADs (canonical signaling) or nonSMAD-mediated signaling (reviewed in [92–94]); the latter mode of signaling is not further detailed here because

their role in vascular development is largely unclear and there is no obvious link between nonSMAD and Notch signaling. SMAD1, -5, and -8 mediate BMP signaling,

whereas SMAD2 and -3 (not pictured) are R-SMADs specific for TGFb–nodal–activin signaling. Phosphorylated R-SMADs form complexes with SMAD4 and translocate into

the nucleus, where they can interact with different co-activators, repressors, and eventually transcription factors. Examples of BMP–SMAD target genes in ECs are listed.

Several genes, including well-known Notch target genes, have been demonstrated to be directly induced by BMP–SMAD ECs (reviewed in [27]). Indirect regulation of

transcription occurs through interaction with DNA-binding transcription factors and histone modifying factors and/or complexes [27]. Notch receptors become activated in

the signal receiving EC by membrane-embedded DLL presented by adjacent signal sending cells. This leads to proteolytic cleavage of the Notch receptor and release of the

NICD, which translocates to the nucleus, where it is recruited to target genes via interaction with the DNA-binding protein CSL/RBPJk/CBF1. This complex recruits additional

transcriptional activators and induces target genes, such as HES and HEY bHLH transcriptional repressors, forming the Notch–CSL–HES axis. There is compelling evidence

that Notch and BMP–SMAD cascades cooperatively induce in ECs HES1, HEY1, HEY2, JAG1, and the gene encoding N-cadherin (CDH1) [20,38,49–51,56], whereas BMP–

SMADs induce ID, SMAD6, and -7 in an NICD-independent fashion. Expression of the gene encoding ephrin-B2 (EFNB2) has been shown to be dependent on ID-mediated

BMP9–ALK1 signaling [95] and is also induced by VEGF–DLL4–Notch; therefore, it is classified here with the Notch and BMP–SMAD-dependent target genes. Remarkable

few genes have been reported in ECs to be repressed by BMP–SMADs; it remains to be resolved how BMP–SMAD-mediated repression of the gene encoding apelin (APLN)

occurs [38,96]. BMP transcription is under direct autoregulation (feedforward regulation), and BMP signaling also induces positive and negative feedback mechanisms via

the induction of the inhibitory SMADs (SMAD6, and -7) and extracellular antagonists, such as BMPER, respectively. SMAD6 and -7 inhibit the BMP–SMAD and TGF–SMAD

axes, respectively. Recently, SMAD8 has been demonstrated to also control miRNA processing [22], but this novel activity is not represented here. Abbreviations: ActR,

activin receptor; ALK1, activin receptor-like kinase 1; (b)HLH, (basic) helix–loop–helix; BMP, bone morphogenetic protein; BMPR2, BMP receptor 2; BMPER, BMP binding

endothelial regulator; CBF1, C promoter-binding factor 1; CDH1, N-cadherin; CoA, co-activators; CoR, co-repressors; Co-SMAD, common-mediator SMAD; CSL, CBF1/Su(H)/

Lag-1 family transcription factor complex; DLL4, delta-like 4; EC, endothelial cell; HES1, hairy and enhancer of split 1; GDF, growth/differentiation factor; HEY, hairy/

enhancer-of-split related with YRPW motif; ID, inhibitors of differentiation or inhibitor of DNA-binding proteins; I-Smad, inhibitory SMAD; JAG1, jagged 1; LIMK, LIM

domain kinase; MAPK, mitogen-activated kinase; NICD, Notch intracellular domain; PI3K, phosphoinositide 3-kinase; P-SMAD, phosphorylated SMAD; RBPJk,

recombination signal binding protein for immunoglobulin kappa J region; R-SMAD, receptor-regulated SMAD; TF, transcription factor; TGF, transforming growth

factor; Tmem100, transmembrane protein 100; VEGF(R), vascular endothelial growth factor (receptor).



Box 2. Synchronized and nonsynchronized HES1 oscillatory

gene expression

During development, Hes1 expression oscillates in many cell types,

such as fibroblasts, myoblasts, and neural stem or progenitor cells

with a periodicity of approximately 2 h [64,97]. The rhythmic

expression of Hes1 depends on HES1 repressing its own expression

through direct binding to the N-box located in the promoter region

of HES1 [87,88]. This negative feedback leads to the disappearance

of Hes1 mRNA. HES-mediated Notch signaling regulates many

dynamic processes via synchronized and nonsynchronized oscilla-

tory gene expression. One example of a Notch-mediated dynamic

process in the embryo is the rhythmic development of somites,

which depends on synchronized oscillatory expression of the Notch

effector gene Hes7 determining when presomitic mesoderm

becomes segmented; this is called the segmentation clock [74].

High levels of Wnt and FGF signaling are required for segmentation

clock activity. In mouse, a new somite pair forms every 2 h, whereas

it takes only 90 and 30 min in chicken and zebrafish, respectively,

demonstrating that the oscillation period of the clock is species

specific despite the conservation of the Notch signaling cascade and

Hes oscillations. Indeed, researchers [75] recently compared mouse,

chicken, and zebrafish oscillatory presomitic mesoderm transcrip-

tomes. These networks of cyclic genes mostly involved Notch, Wnt,

and FGF signaling components; however, the identity of individual

cyclic genes was surprisingly different among the three species,

illustrating a remarkable evolutionary plasticity of segmentation

networks.

Nonsynchronous oscillatory gene expression

Hes-mediated Notch signaling has been shown to play an

important role in neuronal differentiation and the maintenance of

neural stem or progenitor cells [34,98,99]. Oscillations of HES1

levels control the expression levels of the Notch ligand DLL1 and

proneural genes, such as that encoding neurogenin2 (Ngn2) [98].

Intriguingly, not all cells in the developing brain express Hes1 in an

oscillatory manner; cells in the roof plate, floor plate, and boundary

regions, such as the isthmus, exhibit sustained elevated Hes1

expression. These cells are either dormant, quiescent, or proliferate

slowly, and do not give rise to any neurons, probably because high

levels of Hes1 constitutively repress the expression of proneural

genes and cell cycle regulators [70]. Altogether, this illustrates that

the regulation and function of HES proteins in the embryonic and

adult contexts is versatile and may involve diverse mechanisms.
(Figure 1). DNA-binding cofactors strengthen the SMAD–
DNA interaction, and interaction with coactivators and/or
corepressors may affect the affinity and regulation of
SMAD-responsive target genes (Figure 1). The diversity
of the SMAD-interacting proteins and/or transcriptional
binding partners [26] enables crosstalk between BMP and
many other signaling pathways, including the Notch path-
way [28,29]. BMP-responsive elements (BREs) typically
contain a GC-rich sequence (GC-rich SMAD-binding ele-
ment) and a GTCT motif that bind P-SMAD1, -5, and -8 and
SMAD4, respectively. The genes encoding inhibitors of
differentiation or inhibitors of DNA binding proteins
(IDs) are among the best-documented target genes for
BMP–SMADs. These helix–loop–helix (HLH) proteins neg-
atively regulate cell differentiation and stimulate cell cycle
progression [30,31].

The duration and intensity of BMP signaling activity is
exquisitely (auto-)regulated by several extra- and intracel-
lular fine-tuning modulators and feedback mechanisms
[29,32], which help shape gradients of BMP activity in
areas of uniform ligand expression. Noggin, BMP binding
endothelial regulator (BMPER; cv-2 in invertebrates),
BMP and activin membrane-bound inhibitor homolog
(BAMBI), and inhibitory SMADs (SMAD6 and SMAD7)
are examples of BMP signaling modulators expressed in
ECs [33].

DLL–Notch and BMPs in vascular development
Activation of Notch by cell-bound ligands, such as DLL4 in
ECs, results in proteolytic cleavage of the Notch intracel-
lular domain (NICD) and its translocation to the nucleus,
where it is recruited to target genes via interaction with
the DNA-binding protein CSL/RBPJ/CBF1 [34]; Box 1;
Figure 1). This complex recruits additional transcriptional
activators and induces target genes, such as those encoding
hairy and enhancer of split (HES) and hairy/enhancer-of-
split-related with YRPW motif (HEY), forming the Notch–
CSL–HES axis. Rhythmic expression of Notch intracellu-
lar effector proteins drives many biological events (Box 2).

The DLL–Notch pathway elicits short-range, binary ‘on/
off’ switch mode responses between signal-sending and
receiving cells in direct physical contact. This is unlike
BMP morphogens that may evoke different concentration-
dependent responses in a responsive tissue, even at a
distance. The best-documented BMPs with functions in
endothelium are BMP2, -4, -6, -7, -9, and -10 [33,35,36].
BMPs can be induced locally, for example by an injured
and/or hypoxic tissue to promote angiogenesis (BMP2, -4, -
6, and -7), whereas other BMPs can circulate in high
concentrations in blood (BMP4, -9, and -10) in humans
or rodents, suggesting that they play a role in maintaining
normal vascular homeostasis [33,37,38]. Indeed, in vitro
studies indicate that BMP9 inhibits angiogenesis induced
by basic fibroblast growth factor 2 (bFGF) and VEGF
[15,16]. In addition to the diverse functions of BMPs in
ECs, several BMPs also regulate smooth muscle cell pro-
liferation and inhibit their differentiation [35].

The distinct functional properties of BMPs in different
vascular beds and cells derived thereof, as well as
the dynamic and complex fine-tuning of the BMP
pathway (reviewed in [29]), has hampered the functional
and mechanistic dissection of this signaling cascade in
vascular development and homeostasis. However, there
is evidence that BMP signaling plays (a) critical role(s) in
regulating these processes based on studies in patients
with rare hereditary vascular diseases that carry hetero-
zygous mutations in genes encoding the BMP (co)-recep-
tors endoglin, ALK1, and BMP receptor type II (BMPR2),
which were discussed recently in excellent reviews
[33,35,39]. In addition, vascular injury, hypertension, ath-
erosclerosis, vascular calcification, and tumor angiogenesis
have been related to aberrant production of BMPs or BMP
signaling modulators [33,35,40].

Different loss-of-function approaches in zebrafish and
mouse models have appeared powerful in untangling the
context-dependent signaling by different BMP family
members (BMP2, -4, -6, and -7 versus BMP9 and -10). It
was recently reported that BMP signaling regulates the
initial sprouting steps from the axial vein but not from the
dorsal aorta in zebrafish embryos [41]. Axial vein sprouting
largely depends on BMP2-related pro-angiogenic signaling
through ALK3–ALK6–BMPR2 receptor complexes and
requires Disabled homolog 2 (Dab2)-mediated endocytosis
of the BMP2 ligand–receptor complex [42]. Several other
studies in mouse and zebrafish suggest an important role



for ALK1-mediated BMP signaling in arterial sprouting
and morphogenesis, and in the interpretation of hemody-
namic forces necessary for vessel caliber control [20,33,43–
46]. Importantly, overexpression of a BMP antagonist such
as Noggin will interfere with venous sprouting [41], but
will not antagonize BMP9, -10 and/or TGFb induced ALK1
signaling [47,48] in arterial endothelium.

The cooperation between BMP and Notch signaling is
best documented in arterial endothelium. Here, we sum-
marize recent evidence of dynamic crosstalk between
Notch and BMP–SMAD-mediated signaling in the devel-
oping mouse vasculature [20,38,49,50]. The cooperation
between BMP and Notch signaling is best documented
in arterial endothelium, which is characterized by
active Notch signaling and BMP9 and/or -10 induced
ALK1 signaling. Synergy and subsequent antagonism of
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HEY1 antagonizes BMP/ID1-induced migration of ECs by
promoting ID protein degradation, and hence Notch
antagonizes BMP signaling [51]. Recently, ChIP and
ChIP-Seq studies in BMP-stimulated ECs showed that
Notch target genes, including HEY1 and those encoding N-
cadherin (CDH1), and jagged 1 (JAG1) are direct targets of
BMP–SMADs [50,56] (Figure 2a), which further sub-
stantiates the interdependence of these pathways.

Given the redundant as well as nonredundant, and even
opposing functions of distinct BMPs in ECs [35,57], in vivo
studies have increasingly focused on investigating BMP
receptors or BMP–SMAD function. To monitor in vivo
spatiotemporally active BMP–SMAD signaling in endothe-
lium, nuclear localization of P-SMAD1, -5, and -8 is com-
monly used. However, this localization may not exclusively
report BMP signaling. Indeed, TGFb, which binds other
receptors and regulates target genes distinct from BMP
targets through activation of SMAD2 and -3, has been
shown to bind weakly the EC-specific type I receptor for
BMP9 and -10 (ALK1) in concert with the TGFb type II
receptor, and induce phosphorylation of SMAD1, -5, and -8
[58]. Likewise, the recently described BMP–SMAD activity
reporters (based on SMAD1, -5, and -8–SMAD4 binding
elements from Id1 or Xenopus Vent2) in mouse and zebra-
fish embryos [59–63] may also reflect signaling activity
from non-BMPs, whereas BMP non-SMAD signaling will
remain unnoticed using this read-out. Nonetheless, the
combination of monitoring P-SMAD1, -5, and -8 and re-
porter activity was instrumental in revealing nonsynchro-
nized BMP signaling in angiogenic endothelium and the
relevance of BMP–SMAD signaling for tip and stalk cell
selection and function. Indeed, nuclear localization of P-
SMAD1, -5, and -8 was detected throughout the vascula-
ture of an E9.5 developing mouse embryo, whereas the
activity of a BMP–SMAD signaling reporter based on the
BRE of Id1 and the distribution of ID proteins themselves
was restricted to nascent stalk cells flanking early tip cells
and scattered ECs in nonsprouting endothelium, but was
not detected in tip cells (Figure 2b) [20]. This differential
localization pattern suggests that P-SMAD1, -5, and -8
activate distinct target genes in tip and stalk cells and
implicates non-ID-dependent BMP–SMAD activities in the
regulation of tip cell polarity and directed cell migration
[20]. The scattered ID localization pattern could reflect a
snapshot of nonsynchronized oscillatory gene expression,
such as the nonsynchronized oscillation of Hes1 protein in
neural precursors in E14.5 mouse embryos (Box 2) [64].

The scattered ID localization in ECs in E9.5 embryos
suggests a dynamic role for IDs in Notch-mediated stalk
cell competence and specification, which was further sup-
ported by chimeric competition experiments with control
and SMAD1, and -5-knockdown ECs, or ECs that overpro-
duce IDs [20]. Importantly, EC-specific inactivation of
Smad1 and Smad5 causes a hypersprouting defect remi-
niscent of impaired Notch-mediated signaling in mouse
embryos [20]. Yet, IDs play only a permissive role in
Notch–HES1 signaling and stalk cell competence, because
inhibition of Notch signaling results in increased tip cell
formation [65], whereas the ID distribution expands in this
condition [20], indicating that ID proteins do not determine
the stalk cell phenotype per se. Stabilization of the ID
localization likely results from reduced HEY levels and
concomitant reduced ID degradation [51,66] (Figure 2a).

BMP–SMADS and IDs as essential components of the
HES1 molecular oscillator
The mutual interdependence between Notch and BMP–
SMAD cascades in ECs may result in dynamic amplifica-
tion and subsequent inhibition of downstream targets of
either cascade [51,67] (Figure 2a). It was proposed that the
resulting nonsynchronized oscillations of BMP–SMAD and
Notch effectors provide individual ECs stalk and tip cell
competence. In the absence of pro-angiogenic stimuli, ECs
become periodically competent to each phase [20]
(Figure 3a). The intervals between each competence phase
ensure that a sufficient pool of permissive nonsprouting
ECs is maintained when a group of cells becomes exposed
to pro-angiogenic stimuli. Only ECs that are in their tip
cell-competence phase, with sufficient low levels of the
transcriptional repressor HES1 and corresponding high
levels of DLL4, will instantly respond to pro-angiogenic
stimuli and become further enriched in DLL4, whereas the
prolonged absence or the lower levels of HES1 allow en-
richment of pro-tip cell genes (Figure 3b). The immediate
neighbors of the newly formed tip cell with the highest ID
levels will elicit the greatest Notch output, resulting in an
out-of-phase HES1 oscillation (Figure 3c). The increased
HES1 levels and/or the prolonged HES1 presence allow
efficient repression of not only DLL4, but also other pro-tip
cell genes, and activation of the stalk cell program. A sharp
boundary between the tip cell and stalk cell is thus estab-
lished. However, increasing HEY levels in the stalk cell
cause an amplified ID degradation (Figure 3c), which
gradually leads to the restoration of the oscillatory net-
work because the high instability of the HES1 protein will
progressively lead again to accumulation of DLL4 levels,
and lateral inhibition of the tip cell.

This nonsynchronized oscillation model of BMP–SMAD
and Notch effectors was fueled by the hypersprouting
phenotype in mouse embryos with an EC-specific inactiva-
tion of Smad1 and Smad5 and time-course transcriptional
analyses in ECs with gain-of-function of IDs (or HES1 or
NICD) or loss-of-function of BMP–SMADs [20]. Further-
more, waves of endogenous ID–HES1 and ID–HEY2 pro-
tein complexes were revealed by proximity ligation assays
[20]. Increased numbers of tip cell-like cells in the EC-
specific Smad1;Smad5 mutant embryos are associated
with absence of IDs, whereas DLL4 and nuclear NICD
localization patterns are expanded and no longer comple-
mentary. However, the expanded localization of NICD fails
to induce the stalk cell behavior, which is likely due to an
inability to accumulate sufficient HES1 levels to repress
DLL4 and tip cell-enriched genes in the stalk cell compart-
ment [20].

The mutual interdependence of BMP–SMAD and Notch
pathways was further supported by two independent stud-
ies [38,49]. One reported that blocking of ALK1 signaling
during postnatal development in mice leads to retinal
hypersprouting and arteriovenous malformations [49].
The authors showed that BMP9 and -10-induced ALK1-
dependent signaling synergizes through SMADs with
Notch signaling and co-induces expression of the Notch
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Figure 3. Nonsynchronous oscillations of BMP–SMAD and Notch effectors dynamically regulate EC competence. (a) The synergy and antagonism between BMP–Notch

pathways represented in Figure 2a suggest the presence of a tightly regulated molecular clock in endothelium that dynamically controls the phenotypic and behavioral

response capacities of single ECs. In the proposed model, the interplay between ultradian oscillations of BMP–SMAD and Notch effectors determines periodically the tip

versus stalk cell competence in the absence of an angiogenic stimulus. The competence of a cell will be determined by its relative HES1–DLL4 levels. The cell can be

triggered to become a tip cell at intervals of low HES1 levels and hence high DLL4 levels, whereas high levels of ID and HES1 provide a window in which the same EC can be

induced to become a stalk cell. Nonsynchronous oscillations in a population of cells permit differential responses when exposed to the same angiogenic stimulus. In all

models, the protein levels are arbitrarily drawn and oscillations for different effectors may have different amplitudes. (b,c) When a population of permissive ECs with

stochastic, nonsynchronous oscillatory levels of BMP–SMAD (ID) and BMP–SMAD–NICD (HES1 and HEY1 and -2) effector proteins is exposed to a pro-angiogenic stimulus

(ts), the cell with the lowest level of the repressor HES1 (b), and hence highest level of DLL4, will be best equipped to become further enriched in DLL4 by the increased

VEGFR-2 and -3 signaling. Hence, this cell (EC1) is selected as the tip cell. Prolonged absence of HES1 allows sufficient enrichment of DLL4 and induction of a repertoire of

pro-tip cell genes. The tip cell will establish a temporal boundary with its neighboring cells. (c) Of all the flanking cells of the tip cell, the cell with the highest levels of ID

(EC2) will yield the highest increase in Notch–HES1 output (lateral inhibition) and will hence acquire the stalk cell phenotype. A higher Notch output results in higher and/or

prolonged HES1 and HEY1 and -2 levels, causing prolonged DLL4 and pro-tip cell gene repression necessary to activate the stalk cell behavior. Increased HEY1 and -2 levels

subsequently trigger the abrupt degradation of ID proteins, which will contribute to the stalk cell progressively raising DLL4 levels again and becoming once more a

permissive EC that can eventually shuffle to the tip cell position. Indeed, the adjacent tip cell (b) will progressively undergo more DLL4–Notch signaling and HES1 will

become induced; at this stage, the tip cell position can be taken over or is lost upon anastomosis. Experimental data are still lacking that substantiate whether HES1 levels (i)

increase and raise the amplitude of the oscillation; (ii) prolong and result in lengthened wave periods; or (iii) a combination of both happens during tip and stalk cell

selection. Here, we postulate a combination of increased amplitude and wave period. In this model, the ID levels (which stabilize HES1 protein levels) make ECs dynamically

permissive to the stalk cell phenotype, whereas the HES1 and DLL4 levels will control the EC phenotype at any time. (d) Deficiency in BMP signaling component(s) resulting

in severely reduced ID levels in endothelium can be expected to impact all other components of the oscillatory network and the resulting EC competence. The interval of tip

cell competence will become expanded, with a consequent failure to establish a sharp tip–stalk cell boundary due to insufficiently high differential HES1 protein levels

between the early tip and the neighboring cells. Furthermore, the pool of nonsprouting ECs will decrease. This hypothetical model is based on gene transcription studies in

ECs with loss-of-function of BMP signaling components, which resulted in reduced levels or absence of P-Smad1, -5, and -8, ID, and Notch effectors, and phenotypic

observations in mice with (endothelial-specific) deficiency in SMAD1 and -5, ALK1, or BMP9 and -10 [20,38,49]. These mouse models all developed vascular hypersprouting

defects with excessive tip cell-like cells. Abbreviations: ALK1, activin receptor-like kinase 1; BMP, bone morphogenetic protein; DLL4, Disc-like ligand 4; EC, endothelial cell;

HES1, hairy and enhancer of split 1; HEY, hairy ears, Y-linked; ID, inhibitors of DNA-binding proteins; NICD, Notch intracellular domain; VEGFR, vascular endothelial growth

factor receptor.
targets HEY1 and HEY2, thereby repressing VEGF sig-
naling and tip cell formation. Mosaic bead-sprouting
assays with ALK1-, SMAD4-, or HEY2-knockdown ECs,
showed their enrichment at the tip cell position, which was
in line with similar experiments using SMAD1 and -5
knockdown ECs [20]. Additionally, the BMP9 and -10
study showed that BMP–ALK1-induced BMP–SMAD sig-
naling can induce HEY1 and HEY2 independently of ca-
nonical Notch activation [49].

A second group showed that mice deficient in BMP9 (the
major circulating ligand thought to activate ALK1) are
surprisingly viable with normal retinal vasculature [38].



However, the additional injection of neutralizing antibo-
dies against BMP10 resulted in impaired postnatal vascu-
lar remodeling of the retina, illustrating that BMP10 can
substitute for BMP9. Furthermore, BMP9 or BMP10 sig-
naling results in transient increased expression of Notch
effectors (JAG1, HES1 and HEY1 and -2), brief induction of
DLL4 with subsequent DLL4 suppression below baseline
levels, and decreased expression of the gene encoding
apelin (APLN) in ECs in culture, compatible with a loss
of tip cell behavior.

Collectively, these results identify BMP–SMADs and
IDs as crucial dynamic regulators of the HES–HEY molec-
ular oscillator, and the BMP9 and -10!ALK1!BMP–
SMAD pathway as an integral player in priming vessel
plasticity. We propose that significantly reduced levels of
IDs in these mutants will affect the other components of
the oscillatory network, resulting in expansion of the tip
cell competence phase and a hypersprouting defect
(Figure 3d). This model is in agreement with the hyper-
sprouting defect observed in Dll4 heterozygous mice [65],
which results from insufficient Notch signaling in the
signal receiving cells (the tip neighbors) and concomitant
insufficient high and/or long (out-of-phase) increase in
HES1 levels to trigger a robust stalk cell behavior. De-
creased HEY-mediated degradation of IDs could lead to
more widespread ID localization in such conditions.

Concluding remarks
Dynamic nonsynchronized oscillatory networks of BMP–
SMAD and Notch intracellular effector proteins may es-
tablish rapid and robust tip–stalk cell selection. This model
is compatible with tip and stalk cells being in continuous
flux, the shuffling of tip and stalk cell position, and Notch-
mediated macrophage-assisted anastomosis [68,69]. Nota-
bly, this cross-signaling also leads to maintenance of a
dynamic pool of permissive, nonsprouting ECs. Similar to
the cells in the roof plate and floor plate of the neural tube
and boundary regions in the central nervous system, which
express Hes1 in a sustained manner [70], HES1 levels are
likely to be more stable and persist longer in quiescent or
slowly proliferating endothelium (phalanx cells), but how
this is regulated remains elusive.

Waves of SMAD1, -5, and -8 phosphorylation are
reported to result from the (periodic) induction of inhibito-
ry SMADs in fibroblasts [71], a feedback loop that can also
contribute to BMP and/or Notch effector oscillations in ECs
(Figures 1a and 2a), but other fine-tuning mechanisms may
contribute equally to periodic regulation of SMAD1, -5, and
-8 phosphorylation (reviewed in [29]). The relative protein
levels of phosphorylated BMP–SMADs, ID, I-SMAD, HES,
and HEY, their distinct protein:protein and protein:pro-
moter binding affinities, and their respective protein sta-
bilities may result in oscillatory waves of different
magnitude that dynamically determine differential target
gene regulation and EC behavior.

Oscillatory levels of IDs also likely (in)directly affect
oscillators other than HES1. It is noteworthy that p53
levels also oscillate [72] and that IDs act in ECs as pro-
proliferative factors that antagonize p53-mediated cell
cycle regulation [73]. Conversely, hedgehog, FGF, Wnt,
and Janus kinase–signal transducers and activators of
transcription (JAK–STAT) signaling have been shown to
coregulate oscillations of HES1 activity in other cell types
[71,74,75] and may also impinge on BMP- and Notch-
coregulated HES1 oscillations in ECs. Integrin receptors
for basement membrane proteins likely also function as
nodes in BMP- and Notch-coregulated tip versus stalk cell
selection. Integrins are differentially regulated by BMPs
and TGFb and they play a crucial role in controlling EC
proliferation and migration. Recent reports have shown
that specific laminin and integrin-induced signaling reg-
ulates sprouting angiogenesis by inducing DLL4–Notch
signaling [76,77]. Furthermore, fibronectin and a5b1
integrin increase TGF-b1 and BMP9-induced Smad1, -5,
and -8 phosphorylation in an endoglin- and ALK1-depen-
dent manner [78], in turn affecting Notch signaling.

Although the overall emerging picture of Notch and
BMP–SMAD cooperation and the concept of nonsynchro-
nized oscillatory gene regulation regulating EC compe-
tence and behavior are taking shape, important pieces of
this puzzle are still missing. The current review has
zoomed in on the link between Notch and BMP9 and -10
induced Smad1 and -5 mediated ALK1 signaling in ECs
during (arterial) sprouting angiogenesis, but has disre-
garded thus far (for reasons of simplicity) the link between
Notch and Smad2 and -3 mediated TGFb signaling, or the
mural cell component of the vessel wall [48]. However,
receptor-activated SMAD2, -3- and SMAD1, -5, -8–SMAD4
complexes both stabilize cerebrovascular EC-pericyte
interactions by regulating expression of the gene encoding
N-cadherin (CDH1) in a SMAD- and NICD-dependent
fashion [50]. Furthermore, the intracellular domain
(ICD) of DLL1 has been shown to mediate TGFb signaling
through binding to SMAD2 and -3 and enhancing SMAD-
dependent transcription, indicative of an important role for
bidirectional Notch–DLL signaling in neural stem cells
[79–81]. Although DLL4–ICD interactions with BMP–
SMADs have not yet been reported, it is tempting to
postulate a similar role for DLL4–ICD and BMP–SMADs
that may function independently of IDs in tip cells.

Little is known about how specific BMP ligands and
Notch–BMP–SMAD cooperation could act as organ-specific
signals regulating particular steps of angiogenesis in dif-
ferent vascular beds. This is partly because the BMP
receptor distribution is poorly documented in different
types of EC in vivo. It is however tempting to speculate
that Notch and BMP–SMAD effectors may regulate oscil-
latory gene networks in the lymphatic system, because
blocking ALK1 signaling results in severe defects in mouse
neonates in lymphatic development in multiple organs
[82], and DLL4–Notch signaling controls lymphatic sprout-
ing and direct stalk cell specification in lymphatic ECs [83–
85]. Exploring this hypothesis and continuing to investi-
gate the molecular mechanisms that coregulate vessel
plasticity and patterning in different vascular beds may
result in refinement of combinatorial anti-angiogenesis
and vessel normalization therapies.
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