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Angiogenesis is the process of developing vascular sprouts from existing blood vessels.
Luminal endothelial cells convert into “tip” cells that contribute to the development of a
multicellular stalk, which then undergoes lumen formation. In this review, we consider a
variety of cellular and molecular pathways that mediate these transitions. We focus first on
Notch signaling in cell fate determination as a mechanism to define tip and stalk cells. We
next discuss the current models of lumen formation and describe new players in this
process, such as chloride intracellular channel proteins. Finally, we consider the possible
medical therapeutic benefits of understanding these processes and acknowledge potential
obstacles in drug development.

NOTCH SIGNALING: PERSPECTIVE
AND MECHANISM

The Notch gene was first described in 1917
when Thomas Hunt Morgan isolated a

mutant allele in Drosophila melanogaster that
caused a characteristic notching of their wings
(Morgan 1917). Since then, Notch, and the
signaling pathway to which it lends its name,
has been shown to be a highly conserved me-
chanism of cell fate determination and differen-
tiation, involved in processes as diverse as
neurogenesis (de la Pompa et al. 1997), limb
development (Jiang et al. 1998), and arterio-
venous specification (Lawson et al. 2001;
Zhong et al. 2001; Shawber et al. 2003). Notch

signaling involves interactions between adjacent
ligand- and receptor-expressing cells, and the
juxtacrine nature of this interaction allows
Notch to stimulate different processes in neigh-
boring cells, a difficult distinction to make with
soluble ligand gradients or other common sig-
nal archetypes.

Notch encodes a single-pass transmembrane
receptor, which is processed posttranslationally
by furin-like proteases (Weinmaster 1998)
before being expressed on the cell surface as a
heterodimeric, noncovalent coupling of extra-
cellular and intracellular domains. The extracel-
lular domain consists of 36 EGF-like repeats,
which interact with similar EGF-like repeats
on Notch ligands (Wharton et al. 1985; Vässin
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et al. 1987; Thomas et al. 1991). Though Notch
ligands are also single-pass transmembrane pro-
teins, they lack a substantial intracellular do-
main, and evidence for autonomous signaling
in ligand-expressing cells remains controversial
(Hoyne et al. 2010). The Drosophila genome
contains a single Notch receptor gene and two
genes encoding Notch ligands Delta and Ser-
rate. Mammals possess four Notch homologs,
named Notch 1 through 4, and five ligands,
some of which are similar to Delta (Delta-like
1, 3, and 4), and some of which resemble Serrate
(Jagged 1 and 2) (Weinmaster et al. 1991;
Weinmaster et al. 1992; Lardelli et al. 1994; Bet-
tenhausen et al. 1995; Lindsell et al. 1995;
Shawber et al. 1996a; Uyttendaele et al. 1996;
Dunwoodie et al. 1997; Gallahan and Callahan
1997).

Notch signaling is initiated when a Notch
family receptor binds one of its ligands. The
ligand’s membrane-bound localization is a
core concept of Notch signaling, and although
free ligand has been suggested to stimulate
Notch signaling (Hicks et al. 2002), soluble
forms of Notch ligands have been shown to
competitively inhibit signaling by sequestering
Notch receptors (Small et al. 2001; Dikic and
Schmidt 2010). There is even some suggestion
that exosomal release of free Notch ligands
may function in a physiological setting to
inhibit Notch signaling and stimulate blood
vessel outgrowth (Sheldon et al. 2010).

Ligand binding results in double cleavage of
the Notch receptor by ADAM-family proteases,
such as ADAM10 or ADAM17 (Brou et al. 2000;
Hartmann et al. 2002; Bozkulak and Weinmas-
ter 2009), and by the g-secretase/presenilin
complex (reviewed in Fortini 2001). This cleav-
age untethers the Notch intracellular domain,
which translocates to the nucleus and converts
the transcriptional repressor complex CSL to a
transcriptional activator (Jarriault et al. 1995;
Weinmaster 1998; Lai 2002). The Notch/CSL
complex in turn up-regulates the expression of
gene targets such as Hair/Enhancer of Split
(HES) and HES-related genes (Jarriault et al.
1995). Additionally, studies comparing the
effects of CSL-disabling mutations to those of
Notch receptor deletion have suggested a role

for a CSL-independent pathway of Notch activ-
ity that operates through a distinct set of mole-
cules, such as the transcription factor Deltex
(Shawber et al. 1996b; Matsuno et al. 1997; Nof-
ziger et al. 1999; Martinez Arias et al. 2002).
Although the physiological significance of this
noncanonical Notch signaling is unclear, it is
important to keep in mind when interpreting
data from experiments that employ mutation
of CSL components (such as CBF1/RBP-J k)
as a proxy forcomplete Notch signaling ablation.

NOTCH SIGNALING IN ANGIOGENESIS:
THE TIP/STALK MODEL

The role of Notch signaling in vessel sprouting
provides an elegant example of classical Notch-
mediated cell fate determination. The current
model of endothelial angiogenesis centers on
the interplay between “tip” and “stalk” cell char-
acters, and Notch signaling is central to the
establishment of these identities (Fig. 1). A
new angiogenic sprout begins when extracellu-
lar vascular endothelial growth factor A
(VEGF-A) binds VEGF receptor 2 (VEGFR-2)
on an endothelial cell, causing up-regulation
of the Notch ligand Delta-like 4 (Dll4). Mem-
brane-bound Dll4 interacts with Notch1 recep-
tors on adjacent endothelial cells. This leads to
the down-regulation of VEGFR-2 in those cells,
creating a situation in which one cell expresses
high VEGFR-2 levels and its neighbors are
rendered less sensitive to VEGF-A signaling
(Jakobsson et al. 2010). In addition, Notch
receptor signaling also drives greater expression
of VEGFR-1, which is a high-affinity, low-activ-
ity receptor that serves as a competitive inhibi-
tor of VEGF signaling (Funahashi et al. 2010),
further widening the VEGF response gap
between neighboring cells.

The cell expressing VEGFR-2 and Dll4
becomes a nonproliferative “tip” cell. It produc-
es filopodia that extend into the environment,
and the tip cell undergoes chemotaxis toward
angiogenic factors. The Notch-expressing neigh-
bors of the tip cell become “stalk” cells that
proliferate and contribute to the elongation of
the nascent sprout. These stalk cells will ulti-
mately lumenize to form a functional blood

J.J. Tung et al.
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vessel, a process that we will discuss in more
depth. Perivascular cell recruitment is the last
step in creating a fully functional blood vessel.
Recently, a combination of genetic and compu-
tational models has revealed that competition
for tip cell identity is a dynamic process in
which cells transition between tip and stalk
cell identities throughout the growth of the ves-
sel (Jakobsson et al. 2010).

MECHANISMS OF ENDOTHELIAL LUMEN
FORMATION

An essential step of vasculogenesis and angio-
genesis is tubulogenesis, the process of lumen
formation. Without tubulogenesis, endothelial
cords would fail to transport fluid and key com-
ponents of blood. Although it is accepted that
endothelial tubulogenesis involves the estab-
lishment of apicobasal polarity, interactions
with the extracellular matrix, and cytoskeletal
reorganization, the underlying mechanisms
of tubulogenesis are still unclear (Hogan
and Kolodziej 2002; Lubarsky and Krasnow
2003; Dejana 2004; Bryant and Mostov
2008; Iruela-Arispe and Davis 2009; Zeeb et al.

2010; Datta et al. 2011). Recent studies have
implicated a broad array of cell surface and sig-
naling proteins in tubulogenesis, and several
models have been proposed to explain the
mechanics of tubulogenesis.

An initial model for endothelial tubulogen-
esis, referred to as “cell hollowing,” involves the
coalescence of pinocytic vesicles to generate
lumens (see Fig. 2) (Wolff and Bar 1972; Folk-
man and Haudenschild 1980; Davis and Cama-
rillo 1996; Kamei et al. 2006; Davis et al. 2007).
This model emphasizes the importance of vesic-
ular and vacuolar development and movement
within the endothelial cell. By cell hollowing, a
single endothelial cell creates a de novo lumen
through the coalescence of vesicles/vacuoles
intracellularly while cell invasion into the sur-
rounding stroma occurs. These vesicles carry
apical markers to distinguish the future lumenal
membrane from the basal membrane of the
endothelial cell, and this process occurs without
cell loss (Wolff and Bar 1972). Once the cell is
“hollowed,” the lumen contained within the
cell opens on either end through intercellular
vacuolar fusion by exocytosis to form a “seam-
less vessel” without junctions (Kamei et al.

VEGFR-2

Tip cell Stalk cell
CSL
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Notch
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proteases
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VEGFR-1 VEGFR-2

VEGF-A

Figure 1. Notch and VEGF signaling regulate endothelial tip cell formation. In future tip cells, VEGF-A signaling
via VEGFR-2 causes up-regulation of Dll4. Dll4 binds Notch molecules on the membranes of adjacent endothe-
lium and facilitates receptor cleavage by ADAM and g-secretase/presenilin. Cleavage untethers the Notch
intracellular domain (NICD) from the membrane, which then translocates to the nucleus and complexes
with CSL, turning the erstwhile transcriptional repressor into a transcriptional activator. This has a number
of downstream effects, including the creation of a positive feedback loop via increased Notch expression, inhi-
bition of VEGFR-2 expression, and up-regulation of VEGFR-1, a receptor with high affinity for VEGF-A but low
signaling activity. Thus, endothelial cells adjacent to tip cells have greatly reduced sensitivity to VEGF-A, and
adopt a stalk cell character.
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2006). Evidence for this model is found most
notably in vitro and by analysis of zebrafish
intersomitic vessel sprouting (Folkman and
Haudenschild 1980; Davis and Camarillo
1996; Kamei et al. 2006).

An alternative model for endothelial tubu-
logenesis, known as “cord hollowing” and sche-
matized in Figure 2, emphasizes the importance
of endothelial cell–cell junctions and the estab-
lishment of apicobasal polarity (Pollack et al.
1998; Parker et al. 2004; Jin et al. 2005; Wang
et al. 2010). In this model, a polarized multicel-
lular endothelial cord migrates into the sur-
rounding stroma and loses its apicobasal
polarity. During this step, cell junctions in the
cord break and the cord thickens to roughly
two or three cells. A de novo lumen is formed
extracellularly without cell loss when an external

cue signals for repolarization, and surfaces in
contact with the extracellular matrix accrue
basal markers whereas apical markers target
endothelial cell–cell junctions at the central
axis via vesicles. Apical vesicles then fuse at the
central axis, separating the cell surfaces with
fluid-filled pockets of what will ultimately be a
lumen continuous within itself and the parent
vessel. Studies using Caenorhabditis elegans
and zebrafish provide notable data supporting
this model (Leung et al. 1999; Parker et al.
2004; Jin et al. 2005; Wang et al. 2010).

In both the cell hollowing and cord hollow-
ing models, vesicular trafficking plays a role
(Folkman and Haudenschild 1980; Davis and
Camarillo 1996; Iruela-Arispe and Davis
2009). The origin and purpose of these vesicles
remains under contention, but one family of

Nucleus

Vesicular fusion

Vesicular fusion

Vacuolar fusion

Vacuolar fusion

Exocytosis

Luminal expansion
Luminal expansion

Cytoplasm

Pinocytosis

Cord hollowing

Beginning repolarization

Cell hollowing

ECM

Figure 2. Cell hollowing and cord hollowing models for tubulogenic mechanisms. In this depiction, green shad-
ing represents the basal domain of the cell whereas red shading represents the apical domain. (Center panel) Rep-
resentation of the process of pinocytosis. (Left panel) Cell hollowing begins with a cord of endothelial cells
undergoing pinocytosis. The resultant pinocytic vesicles then fuse intracellularly to form vacuoles, which further
fuse. Apical markers on the vacuolar membrane target the vacuoles to the site of the future lumen while the
vacuoles continue to fuse, creating a membrane bound lumen. The lumen of this “hollowed cell” then fuses
intercellularly with surrounding hollowed cells by exocytosis of vacuoles to form a continuous lumen. A cross
section of a vessel formed in such a manner would reveal a vessel without cell junctions, or a “seamless vessel.”
(Right panel) During invasion by an endothelial cord into the surrounding extracellular matrix, the endothelial
cells lose their apicobasal polarity in the cord-hollowing model. An external cue then triggers repolarization and
membranes contacting the extracellular matrix accumulate basal markers while pinocytic vesicles carrying apical
markers fuse at the site of the future lumen. Vesicles continue to fuse at the apical domain creating “pockets of
lumen” that eventually merge to become a continuous lumen.
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proteins has recently been implicated as having
a role in this process: chloride intracellular
channels (CLICs). CLICs are putative ion chan-
nels belonging to the p64 gene family and are
distantly related to GSTs. They exist as both
soluble cytoplasmic proteins and membrane
bound channel proteins with a putative trans-
membrane domain near the amino terminus,
making them unique as mammalian ion chan-
nels (Redhead et al. 1997; Berry and Hobert
2006). Of the six known mammalian CLICs,
only CLIC1 and CLIC4 are expressed highly in
endothelial cells (Suh et al. 2005; Money et al.
2007; Suh et al. 2007; Ulmasov et al. 2007;
Tung et al. 2009; Tung and Kitajewski 2010;
Wegner et al. 2010). In addition, CLIC5 levels
are found to be low in placental endothelial cells
(Money et al. 2007) and high in glomerular
endothelial cells (Wegner et al. 2010). CLIC1,
CLIC4, and CLIC5 are also regulated by F-actin
when reconstituted in planar lipid bilayers
(Singh et al. 2007), suggesting a potential role
in cytoskeletal reorganization.

Little attention has been given to CLIC5 as a
regulator of tubulogenesis thus far, but there is
increasing evidence for a role for CLIC4 in
lumen formation. CLIC4 has been found to be
localized to vesicles in human umbilical vein
endothelial cells (Bohman et al. 2005) and large
vacuoles in mouse heart endothelial cells
(Ulmasov et al. 2009). In vitro, CLIC4 promotes
endothelial proliferation, network formation,
capillary-like sprouting, and lumen formation
(Tung et al. 2009). Analyses of retinal vascula-
ture in developing mice, and in adult mice chal-
lenged by an oxygen toxicity assay, reveals
stunted vascular development in clic42/2

mice (Ulmasov et al. 2009). CLIC4 may also
influence vacuolar formation in endothelial
cells by regulating pH (Ulmasov et al. 2009).
Furthermore, CLIC4 localizes to the midbody
and centrosome of cultured bovine aortic endo-
thelial cells and is enriched at cell–cell junctions
in choriocarcinoma cells (Berryman and Gold-
enring 2003), suggesting a role in establishing or
maintaining cell polarization. CLIC4 is also
RhoA-regulated in a variety of cells (Ponsioen
et al. 2009). On G13-coupled Rho-A activating
receptor stimulation, CLIC4 translocates to

the plasma membrane but does not modulate
chloride currents, implying a hitherto unknown
function of CLIC4 in the cell. Although not nec-
essarily an effector of tubulogenesis, CLIC1 is
also receiving attention as being a potential reg-
ulator of angiogenesis. In vitro CLIC1 plays a
role in endothelial cell migration, proliferation,
and branching morphogenesis; however, no
notable effect on lumen formation results
from knocking down CLIC1 levels (Tung and
Kitajewski 2010). CLIC1 may also affect apical
membrane recycling as it is localized to the api-
cal domain in several columnar epithelia
(Ulmasov et al. 2007).

In addition to the cell hollowing and cord
hollowing models, other models of tubulogen-
esis have been proposed. Each model has sup-
porting evidence and utility in explaining the
mechanics behind endothelial tubulogenesis.
One recent study of the developing mouse aorta
proposes a mechanism by which lumens are
formed extracellularly when VEGF-A activates
a chain of events leading to F-actin rearrange-
ments that ultimately separate two contacting
endothelial cells (Strilic et al. 2009). This proc-
ess involves Rho-dependent kinase and is not
known to invoke vesicular trafficking. Another
model, termed “selective sprouting,” is sup-
ported by studies in the developing zebrafish
cardinal vein (Herbert et al. 2009). The selective
sprouting model stipulates that venous endo-
thelial cells migrate from the dorsal aorta to
surround erythrocytes and are retained by
VEGF-A/VEGFR-2 signaling, a process analo-
gous to vasculogenesis during embryogenesis.

Although these models for tubulogenesis
may emphasize the importance of different cel-
lular and molecular components, several ele-
ments are integral and common. For instance,
most models include the establishment of
apicobasal polarity and cytoskeletal reorgan-
ization. The basal domain of the cell is defined
as the domain that contacts the extracellular
matrix, whereas the apical domain marks the
location of lumen formation. The formation
of polarized cells has been well studied and
reviewed in detail (Hogan and Kolodziej 2002;
Lubarsky and Krasnow 2003; Macara 2004;
Goldstein and Macara 2007; Bryant and Mostov
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2008; Zeeb et al. 2010). We will briefly cover sev-
eral endothelial polarity proteins implicated in
tubulogenesis: Cdc42, the Par3/6/aPKC com-
plex, and F-actin. These proteins are integral
in establishing polarity reorientation during
cell division and directed cell migration
(Etienne-Manneville 2004; Osmani et al.
2010). Cdc42 is critical for the tubulogenic
process (Bayless and Davis 2002; Davis et al.
2007; Koh et al. 2008) when assayed using cul-
tured endothelial cells. Furthermore, Cdc42
expression in vacuolated endothelial cells is
expressed in a polarized perinuclear and peri-
centrosomal fashion (Koh et al. 2008). The
Cdc42-dependent polarity pathway involves
established polarity proteins Par3, Par6, and
aPKC, which are known to contribute to endo-
thelial tubulogenesis (Joberty et al. 2000; Davis
et al. 2007). Evidence for a Cdc42 requirement
in tubulogenesis has been shown in vitro and
in vivo (Kamei et al. 2006; Koh et al. 2008; Kesa-
van et al. 2009); however, a recent study suggests
a VE-cadherin-dependent mechanism for
establishing polarity (Strilic et al. 2009) and
reports cell polarization in the developing
mouse aorta without Cdc42 effector activation.
Instead the authors propose that F-actin is
recruited in a VE-cadherin-dependent manner
to the luminal surface to establish polarity.
F-actin is apically localized during cat corneal
endothelial wound healing (Petroll et al.
1995), and altering F-actin results in erratic
vascular lumenization (Cattelino et al. 2003),
which supports the role of cytoskeletal reorgan-
ization in forming and maintaining angiogenic
sprouts (Bayless and Johnson 2011). Proper
microtubule architecture is also necessary for
maintaining capillary-like tubes in vitro (Con-
nolly et al. 2002; Bayless and Davis 2004).

Endothelial cell association with the extra-
cellular matrix is an important component in
tubulogenesis (Stupack and Cheresh 2002).
Integrins have been implicated in tubulogenesis
as they regulate cell morphology and interact
with both the cell cytoskeleton and extracellular
matrix. Several integrins expressed in endothe-
lial cells function in angiogenesis including
a1b1, a2b1, a4b1, a5b1, a6b1, a6b4, a9b1,
avb3 and avb5 (Rupp and Little 2001; Stupack

and Cheresh 2004; Avraamides et al. 2008;
Garmy-Susini and Varner 2008). In particular,
the b1 integrin subunit functions in establish-
ing arteriolar polarity of midsized arteries dur-
ing lumen formation and acts upstream of Par3,
but not Par6 and aPKC (Zovein et al. 2010). It
should be noted that b1 ablation does not affect
tubulogenesis in single-cell capillaries, nor does
it affect vasculogenesis (Tanjore et al. 2008;
Zovein et al. 2010). In vivo, quails injected
with b1-blocking antibody fail to form proper
dorsal aortas (Drake et al. 1992), and injection
ofavb3 integrin antibody into developing quail
embryos blocks lumen formation (Drake et al.
1995). b3 integrin-null mice show disrupted
vacuolar patterning and atypical lumenization
in their coronary capillaries (Weis et al. 2007).
Focal adhesion kinase (FAK) associates with
both integrins and growth factor receptors, and
clearly plays a role in establishing cell polarity
(Lim et al. 2010).

The fact that several models of endothelial
tubulogenesis are supported by a variety of
observations and experiments suggests that
the mechanism used for lumen formation could
be context-dependent. To further our under-
standing of tubulogenesis, scientists have devel-
oped several means for analyzing angiogenesis:
in vitro assays that mimic individual steps
of angiogenesis, ex vivo assays, and the utiliza-
tion of mice, C. elegans, zebrafish, and
D. melanogaster model organisms. In vitro, the
most modern and relevant assays strive to
mimic the entire vessel-building process. One
assay mimics capillary sprouting from endothe-
lial cells attached to dextran-coated Cytodex
beads (Nakatsu et al. 2003; Nakatsu et al.
2007), as shown in Figure 3. In this assay, the
endothelial cell–coated beads are embedded
in a fibrin clot with an overlaying monolayer
of fibroblasts. Capillary-like sprouts form and
migrate into the fibrin clot, ultimately elongat-
ing, anastomosing, and forming quantifiable
lumens (Nakatsu et al. 2003; Nakatsu et al.
2007). Another in vitro assay uses both pericytes
and endothelial cells to form a patent vessel in
collagen, with evidence of basement membrane
formation (Stratman et al. 2009). In this assay,
endothelial cells and pericytes are cocultured

J.J. Tung et al.
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in a three-dimensional collagen gel with special
medium. Endothelial cells migrate toward each
other and form de novo lumen-containing,
tube-like structures, and pericytes are recruited
to promote and stabilize these structures.

The C. elegans excretory canal and D. mela-
nogaster trachea are thought to develop lumens
in an analogous way to human blood vessels and
thus can be drawn on to help analyze angiogenic
phenotypes (Buechner 2002; Lubarsky and
Krasnow 2003; Sullivan and Bicknell 2003).
For in vivo analyses of angiogenic phenotypes,
one of the most common means of studying
angiogenic defects is to look at a transgenic
mouse retina. The mouse retina is thought
to recapitulate the sprouting process starting
from neovasculogenesis to the final recruitment
of mural cells. A clear advantage of the retina is
that different stages of angiogenic development
are well characterized and defined by time after
birth (Fruttiger 2002; Uemura et al. 2006; Stahl
et al. 2010). Like the mouse, developing zebra-
fish provide an excellent means of studying
angiogenesis as its subintestinal, intersomitic,
and brain vasculature development are very
well-characterized and thought to be analogous
to human blood vessel lumen formation (Ser-
bedzija et al. 1999). Indeed with further research

and advancing means for studying tubulogene-
sis, we may find that lumen formation results
from a combination of proposed models or
that the method for tubulogenesis depends on
vessel type and caliber.

NOTCH SIGNALING IN TUMOR
ANGIOGENESIS: BENEFITS AND
COMPLICATIONS

Since Judah Folkman first proposed the idea in
1971 (Folkman 1971), it has been increasingly
appreciated that tumor cells rely on the recruit-
ment of host vasculature to provide nourish-
ment and facilitate waste removal. These pro-
cesses are critical to the rapid proliferation
and dissemination characteristic of malignant
cancer, and because of this, induction of angio-
genesis is recognized as an important facet
of progression and metastasis in most solid
tumors.

Accordingly, a great deal of recent drug
development has been targeted at the disrup-
tion of angiogenesis. Unfortunately, the initial
efforts to treat human cancer with VEGF block-
ade, most notably employing the anti-VEGF-A
antibody bevacizumab (Avastin), have been
frustrated by the rapid evolution of resistance

Figure 3. Viewing vessel anatomy in a fibrin bead assay. Microscopic evaluation of a fibrin bead assay shows large,
continuous lumens (black arrows) in sprouts that have migrated out into the fibrin clot. Filopodia from the lead-
ing tip cell are also visible in this assay (white arrows).
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to the drug (Jain et al. 2006). There have been
some notable clinical successes attributed to
VEGF blockade, and Avastin is approved for
treatment of colon and renal cancers; however,
many cancers that clearly require vasculariza-
tion are highly resistant to VEGF-A blockade
from the start (Jain et al. 2006; Shojaei et al.
2007). In addition, many others acquire such
resistance, casting some doubt both on the ther-
apeutic benefit of VEGF-A blockade and on the
factor’s indispensability in angiogenesis. Drug
developers have more recently sought to target
other known angiogenic pathways, pursuing
therapies that might be useful independently
or in concert with VEGF blockade in the treat-
ment of cancer.

Notch signaling has attracted interest as a
therapeutic target in cancer for several distinct
reasons. Initially, Notch signaling was suggested
to be important as a survival factor in cancer
stem cells, and combination treatment with
ionizing radiation and Notch inhibition has
shown some promise as a method for destroy-
ing tumor mass while inhibiting its regrowth.
Modulation of Notch as a means of targeting
cancer stem cells is well reviewed (Rizzo et al.
2008). In addition, oncogenic mutation of
Notch has been recognized as a key event in
the pathogenesis of certain cancer types, nota-
bly T-cell acute lymphoblastic leukemia
(T-ALL) (Weng et al. 2004; Palomero et al.
2006). Though Notch signaling modulation
may be an effective tool in all of these scenarios,
this article will focus on the involvement of
Notch in tumor angiogenesis, and efforts
directed at inhibiting this facet of its activity.

The Notch pathway was implicated in
tumor angiogenesis when the human Notch
ligand Delta-like 4 (DLL4) was found to be
up-regulated in tumor blood vessels in several
types of cancer (Mailhos et al. 2001; Patel
et al. 2005; Patel et al. 2006). Given the Notch
pathway’s close association with the VEGF
pathway, it was thought that this up-regulation
might somehow contribute to VEGF-inde-
pendent angiogenesis, and several groups
subsequently investigated the effects of Dll4
inhibition on physiological angiogenesis in
mouse models. They found that its effects

matched those predicted by the tip/stalk model
(Noguera-Troise et al. 2006; Ridgway et al. 2006;
Scehnet et al. 2007). When Dll4 is sequestered,
Notch signaling in all endothelial cells remains
low, as do VEGFR-1 levels. This results in
many VEGF-A-sensitive cells that can adopt
“tip” cell character and leads to a characteristic
hypersprouting and overproliferation of endo-
thelial cells. Paradoxically, this does not lead
to greater perfusion, but rather to tissue ische-
mia. By inhibiting Notch signaling, the entire
process of blood vessel formation is disrupted
such that although there are more endothelial
branches, the vessels formed are friable, weak,
and do not function properly (Noguera-Troise
et al. 2006; Ridgway et al. 2006; Scehnet et al.
2007; Thurston et al. 2007). Initial studies
have indicated that combination VEGF-A and
Dll4 blockade may have synergistic effects in
the treatment of some tumors (Ridgway et al.
2006; Li et al. 2007), and investigation in this
field is ongoing.

Although Notch is vital in angiogenesis, ini-
tial investigation of Notch signal inhibition has
highlighted a number of side effects that may
limit its potential as a therapeutic target. Long-
term blockade of Dll4 in several mammalian
models was found to cause hemorrhage-prone
liver hemangiomas (Li et al. 2010; Yan et al.
2010; Ryeom 2011), likely because of develop-
ment of the same overproliferated, delicate ves-
sels seen elsewhere. Although angiogenesis is
not widespread in adults, the liver is a highly
vascular organ that regenerates frequently, so
it is not surprising that it is impacted by angio-
genic dysfunction. Pathological changes were
detected in the liver by as little as 8 weeks of
treatment (Yan et al. 2010). Dll4 blockade
may therefore be useful only as a short-term
treatment regimen. Notch blockade via systemic
treatment with g-secretase inhibitors such as
dibenzazipine (DBZ) causes dose-dependent
intestinal metaplasia in animal models (Milano
et al. 2004). Intestinal crypt stem cells rely
on Notch signaling to govern daughter cell
fate determination (Searfoss et al. 2003), and
disruption of Notch in this context leads to
overpopulation with mucus-secreting goblet
cells, leading to malnutrition and diarrhea.

J.J. Tung et al.

8 Cite this article as Cold Spring Harb Perspect Med 2012;4:a006601

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


g-secretase inhibition affects many different
pathways; however, it has been shown that spe-
cific Notch inhibition can also cause this phe-
notype in certain circumstances (Wu et al.
2010). Future efforts to disrupt Notch signaling
must seek to circumvent this side effect.

The future of Notch inhibition as a weapon
against tumor angiogenesis is promising, and
refinements in several aspects of drug function
and delivery may help to alleviate the problems
that have prevented its successful clinical appli-
cation thus far. First, the exact nature of the role
of Notch in angiogenesis is still being deter-
mined. Although we have a reasonable under-
standing of Notch’s endothelial role in the tip/
stalk model, recent computer modeling shows
us that we are just beginning to understand
how dynamic these intercellular interactions
truly are (Jakobsson et al. 2010). Additionally,
the precise roles of Notch ligands are still being
described, and recent work suggests that Dll4
and Jagged1 signaling may have opposing
effects in angiogenesis, the former fostering
tip cell genesis while the latter inhibits it (Ben-
edito et al. 2009). Moreover, there are additional
angiogenic activities ascribed to Jagged1 (High
et al. 2008) and Dll1 (Liao et al. 2010) that may
not necessarily be related to tip/stalk cell fate
determination. Even beyond the endothelium,
the creation of stable vessel networks relies on
the input from many other cell types, including
pericytes and tissue macrophages (Leibovich
et al. 1987; Bjarnegard et al. 2004; Fantin et al.
2010; Schmidt and Carmeliet 2010), which
may also depend on Notch signaling for aspects
of their function. It may prove that the elements
of Notch signaling that foster tumor angiogen-
esis are distinct from those that cause severe
complications when inhibited, and that precise
targeting of specific ligand isoforms may
improve the therapeutic window of Notch
inhibition therapy. Alternately, it may be possi-
ble simply to target drug delivery away from
sites of complication, such as the intestinal
mucosa. For instance, it is conceivable that cer-
tain therapy modalities, such as large protein
constructs, may not freely diffuse through
healthy vasculature. Thus, such a biological
construct could theoretically be more active in

the tissue surrounding the leaky vasculature of
a tumor but functionally inactive in the intes-
tine, avoiding unwanted collateral damage.

The recent development of a competitive
“Notch1 decoy” inhibitor protein may help to
increase our understanding of Notch signaling
dynamics in a tumor setting while at the same
time addressing many of the points set forth
in the preceding section. The protein consists
of the 36 EGF-like repeats of the Notch1 extra-
cellular domain, fused to a human Fc domain.
Initial work indicates that this protein construct
is capable of acting as a competitive inhibitor
of Notch signaling (Funahashi et al. 2008).
Because different Notch ligands bind differently
to their receptor, it is possible that further
modification of this basic inhibitor design
may generate competitive inhibitors of specific
avenues of Notch signaling, allowing well-
controlled analysis of the ligands’ roles in tumor
angiogenesis and providing a potentially useful
mechanism of targeted pharmacological inhi-
bition. Because the inhibitor is a relatively bulky
protein construct, it is also possible that its tis-
sue availability may differ from that of currently
employed inhibiting antibodies and may show
some of the inherent tumor tropism discussed
above. Though further work is necessary to
characterize the behavior of this construct, it
represents a tantalizing new modality for the
study and therapeutic modification of Notch
signaling in the tumor microenvironment.

CONCLUDING REMARKS

Judah Folkman pioneered the idea of targeting
angiogenesis in cancer therapeutics, and tumor
angiogenesis is now a well-established compo-
nent in developing tumor malignancy (Hana-
han and Weinberg 2011). As tubulogenesis is
an integral step in forming a fully functional
vessel, advancing our understanding of basic
tubulogenic mechanisms may provide a new
avenue for anticancer drug development. With-
out a functional lumen, tumor-recruited blood
vessels would neither be able to carry oxygen or
necessary nutrients to the tumor nor effectively
dispose of toxic waste products, leading to the
inhibition and possible prevention of tumor
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growth. Additionally, the lack of a competent
vascular outflow tract removes a key avenue of
metastasis, possibly limiting disease spread.
Because tubuologenesis is a process associated
with new vessel development and not estab-
lished vessels, it is likely that antitubulogenic
treatment would spare normal vessels and
thus limit side effects.

Sprouting angiogenesis is a crucial compo-
nent of many developmental and pathological
processes. We have discussed many of the estab-
lished and putative mechanisms underlying
angiogenesis, from the VEGF/Notch interplay
that establishes tip and stalk cell identity to
the ion channels and signaling molecules that
participate in tubulogenesis. We have discussed
the translation of this basic scientific knowledge
to useful clinical intervention and considered
both the promises and challenges of antiangio-
genic therapy. This is a vital and vibrant area of
research that will continue to improve our
understanding of fundamental human physiol-
ogy and our ability to combat devastating
disease.
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Benedito R, Roca C, Sörensen I, Adams S, Gossler A, Frut-
tiger M, Adams RH. 2009. The notch ligands Dll4 and

Jagged1 have opposing effects on angiogenesis. Cell
137: 1124–1135.

Berry KL, Hobert O. 2006. Mapping functional domains of
chloride intracellular channel (CLIC) proteins in vivo.
J Mol Biol 359: 1316–1333.

Berryman MA, Goldenring JR. 2003. CLIC4 is enriched at
cell–cell junctions and colocalizes with AKAP350 at the
centrosome and midbody of cultured mammalian cells.
Cell Motil Cytoskeleton 56: 159–172.
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