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Abstract: The concept of tumor growth being angiogenesis dependent had its origin in the observations
of Judah Folkman in 1969 of a retinoblastoma in a child. Tumor angiogenesis is initiated when
endothelial cells (ECs) respond to local stimuli and migrate towards the growing mass, which results
in the formation of tubular structures surrounded by perivascular support cells that transport blood
to the inner tumor. In turn, the neo-vasculature supports tumor development and eventual metastasis.
This process is highly regulated by several signaling pathways. Central to this process is the Notch
signaling pathway. Beyond the role of Notch signaling in tumor angiogenesis, a major hallmark of
cancer development, it has also been implicated in the regulation of tumor cell proliferation and
survival, in epithelial-to-mesenchymal transition, invasion and metastasis and in the regulation of
cancer stem cells, in a variety of hematologic and solid malignancies. There is increasing evidence
for the tumor vasculature being important in roles other than those linked to blood perfusion.
Namely, endothelial cells act on and influence neighboring tumor cells by use of angiocrine factors to
generate a unique cellular microenvironment, thereby regulating tumor stem-like cells’ homeostasis,
modulating tumor progression, invasiveness, trafficking and metastasis. This review will focus on
Notch signaling components that play a part in angiocrine signaling in a tumor setting.

Keywords: Notch; Delta-like; Jagged; angiogenesis; tumor; angiocrine

1. Introduction: Angiogenesis

The first description of the process of angiogenesis was made in 1794 by a British surgeon
and anatomist, John Hunter [1]. Angiogenesis refers to the formation of new blood vessels from
pre-existing ones [2] and requires a series of complex remodeling processes such as: vasodilation,
cellular permeability, peri-endothelial support, proliferation, migration, lumenization, survival,
differentiation and remodeling [3]. Triggering angiogenesis requires a disruption between the fine
balance of pro-angiogenic and anti-angiogenic molecules [4]. It is initiated through endothelial basal
membrane and extracellular matrix degradation of the pre-existing vessels, which is mediated by
metalloproteases [5]. A new matrix is then synthesized by stromal cells and laid down, which together
with soluble growth factors, enables the migration and proliferation of endothelial cells [6]. The vascular
endothelial growth factor A (Vegfa) determines the migration direction, which is performed by
specialized endothelial cells named tip-cells [7]. After sufficient endothelial cell division and migration
has occurred, endothelial cells arrest in a monolayer and form a tube-like structure. Mural cells
(pericytes and smooth muscle cells) are then recruited [6] for maturation of the newly formed vessel.
Finally, if proper angiogenesis took place, blood flow is then established in the new vasculature.
The angiogenic process occurs during embryonic development [3], and, in the adult, it can occur in
physiological situations, like the oestrus cycle in the females [8], or in wound healing situations [9],
whereas in adult pathological scenarios it occurs in tumor growth [10], among others [11].
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The experimental study of new blood vessels formation, i.e., angiogenesis, began in the late 1930s
and early 1940s, when several investigators studied the events of neovascularization in experimental
tumors [12,13]. In these experiments, tumors were separated from host tissue by a micropore filter
and demonstrated that an unknown diffusible substance was released from the tumor and could
stimulate new blood vessel growth. However, prior to 1970, the prevailing belief was that tumor
angiogenesis was a side-effect of dying tumor cells. It was only in 1969 that Judah Folkman raised
the possibility of tumor growth being angiogenesis-dependent by observing a retinoblastoma in a
child, which consisted of a large tumor that protruded from the retina into the vitreous and was highly
vascularized. Moreover, he observed tiny metastases shed in the vitreous that were all avascular
and had a necrotic center. Therefore, he developed the concept that tumors could not grow beyond
approximately 1–2 mm without recruiting new blood vessels. These findings were published in
1971 [10] and since then a rapidly increasing body of work in the field of angiogenesis allowed for the
investigation and discovery of several molecular mechanisms involved in that process.

Since Folkman’s seminal discovery, many signaling pathways have been identified as key
contributors to the neo-angiogenic process, leading to the creation and application of anti- angiogenic
drugs in cancer treatment, such as the anti-VEGF antibody bevacizumab and the tyrosine kinase
inhibitors like sunitinib or sorafenib, among others [14–16].

2. Angiocrine Signaling

Endothelial cells do not only serve as building blocks for new vessels, but they can also provide
signaling molecules and secreted growth factors that maintain organ homeostasis, balance the
self-renewal and differentiation of stem cells and orchestrate organ regeneration and tumor growth
in a perfusion-independent manner. This novel type of instructive, vascular-controlled cell–cell
communication was proposed by Shahin Rafii in 2010 and referred to as angiocrine signaling [17,18].
Angiocrine factors comprise secreted and membrane-bound inhibitory and stimulatory growth factors,
trophogens, chemokines, cytokines, extracellular matrix components, exosomes and other cellular
products that are supplied by tissue-specific endothelial cells to help regulate homeostatic and
regenerative processes in a paracrine or juxtacrine manner [19]. As angiocrine factors modulate the
proliferation of stem and progenitor cells, it is conceivable that the vascular niche (Figure 1) might also
directly modulate the homeostasis of tumor initiating cells [20].Cells 2020, 9, x FOR PEER REVIEW 3 of 18 

 

 
Figure 1. The tumoral stem cell perivascular niche. Tumor stem-like cells are commonly found in the 
perivascular space. Although we still do not fully know the reasons why, the causes are usually 
attributed to metabolic needs and dependency on molecular signals coming from tumor endothelial 
cells. 

3. Notch Signaling Pathway in Angiogenesis and Tumoral Neoangiogenesis 

The neo-angiogenic process is regulated by many signaling pathways. Among them is the Notch 
signaling pathway, an evolutionarily conserved signaling system that regulates proliferation, 
differentiation, cell-fate determination, progenitor and stem-cell self-renewal, in both embryonic and 
adult tissues [21,22]. The Notch signaling pathway was first discovered about 100 years ago when 
John Dexter, in 1904, described Drosophila melanogaster variants displaying wing phenotypes now 
associated with Notch pathway mutations [23]. Three years later, Thomas Morgan was able to 
identify the mutant alleles [24], but it was only after the molecular biology revolution, that Spyros 
Artavanis-Tsakonas and Michael Young were able to clone the Notch receptor and thus attribute the 
wing-notching phenotype to gene haplo-insufficiency [25,26]. These initial studies created the basic 
foundation for a new era in various fields, including developmental and stem cell biology, 
neuroscience, and cancer biology [27]. Since then, the Notch signaling pathway has been extensively 
characterized in its role in cell-fate determination, differentiation, proliferation, progenitor and stem-
cell self-renewal, in a diversity of embryonic and adult tissues [22,28]. 

The Notch pathway is composed of five ligands (Jagged1, Jagged2, and Delta-like 1, 3, and 4) 
and four receptors (Notch 1–4). Notch protein receptors reside on the cell surface as non-covalently 
linked heterodimers that are comprised of the extracellular and transmembrane (intracellular) Notch 
polypeptides. Extracellular portions are characterized by numerous epidermal growth factor (EGF)-
like repeats. Transmembrane portions include the membrane-proximal RBP-J-associated molecule 
(RAM) domain, which mediates interaction with several cytosolic and nuclear proteins; the Ankyrin 
(ANK) domain, which is also important for protein–protein interactions; two nuclear-localization 
sequences (NLSs); a carboxy-terminal transactivation domain (TAD), which is important for 
activating transcription; and a PEST (proline-, glutamate-, serine- and threonine-rich) domain, which 
is important for regulating Notch degradation. Transmembrane Notch3 and Notch4 are shorter and 
lack the TAD. The heterodimerization domain (HD) spans the region of interaction between the 
extracellular and transmembrane portions. The Notch ligands contain an EGF-like repeat region and 

Figure 1. The tumoral stem cell perivascular niche. Tumor stem-like cells are commonly found
in the perivascular space. Although we still do not fully know the reasons why, the causes are
usually attributed to metabolic needs and dependency on molecular signals coming from tumor
endothelial cells.
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3. Notch Signaling Pathway in Angiogenesis and Tumoral Neoangiogenesis

The neo-angiogenic process is regulated by many signaling pathways. Among them is the
Notch signaling pathway, an evolutionarily conserved signaling system that regulates proliferation,
differentiation, cell-fate determination, progenitor and stem-cell self-renewal, in both embryonic
and adult tissues [21,22]. The Notch signaling pathway was first discovered about 100 years ago
when John Dexter, in 1904, described Drosophila melanogaster variants displaying wing phenotypes
now associated with Notch pathway mutations [23]. Three years later, Thomas Morgan was able to
identify the mutant alleles [24], but it was only after the molecular biology revolution, that Spyros
Artavanis-Tsakonas and Michael Young were able to clone the Notch receptor and thus attribute the
wing-notching phenotype to gene haplo-insufficiency [25,26]. These initial studies created the basic
foundation for a new era in various fields, including developmental and stem cell biology, neuroscience,
and cancer biology [27]. Since then, the Notch signaling pathway has been extensively characterized in
its role in cell-fate determination, differentiation, proliferation, progenitor and stem-cell self-renewal,
in a diversity of embryonic and adult tissues [22,28].

The Notch pathway is composed of five ligands (Jagged1, Jagged2, and Delta-like 1, 3, and 4)
and four receptors (Notch 1–4). Notch protein receptors reside on the cell surface as non-covalently
linked heterodimers that are comprised of the extracellular and transmembrane (intracellular) Notch
polypeptides. Extracellular portions are characterized by numerous epidermal growth factor (EGF)-like
repeats. Transmembrane portions include the membrane-proximal RBP-J-associated molecule (RAM)
domain, which mediates interaction with several cytosolic and nuclear proteins; the Ankyrin
(ANK) domain, which is also important for protein–protein interactions; two nuclear-localization
sequences (NLSs); a carboxy-terminal transactivation domain (TAD), which is important for activating
transcription; and a PEST (proline-, glutamate-, serine- and threonine-rich) domain, which is important
for regulating Notch degradation. Transmembrane Notch3 and Notch4 are shorter and lack the TAD.
The heterodimerization domain (HD) spans the region of interaction between the extracellular and
transmembrane portions. The Notch ligands contain an EGF-like repeat region and a conserved
sequence also known as Delta/Serrate/Lag (DSL). Jagged1 and Jagged2 each have a conserved
cysteine-rich (CR) domain [22].

The functional Notch receptors are translocated to the cell surface as processed heterodimers.
The final heterodimeric form of the receptors is preceded by a series of transformations which include:
a Furin-dependent cleavage (S1 cleavage) in the Notch extracellular domain (NECD), that occurs
during trafficking through the Golgi complex [29]; and a glycosylation by O-fucosyltransferase and
Fringe family N-acetylglucosaminidyl transferases that is crucial for proper folding of the Notch
receptor and the interaction with ligand-specific DSL domains (Delta, Serrate, Lag-2) [30].

Distinct ligand affinities exist for the various receptors, altered by glycosylation, which influences
downstream transcriptional activation [31]. Classical Notch pathway activation requires ligand-receptor
in adjacent cells because the ligands remain immobilized as transmembrane proteins. After Notch
receptor binding, the ligand undergoes endocytosis into the ligand-presenting cell, which causes a
mechanical disruption of the Notch receptor by changing the conformation of the negative regulatory
region of the receptor. This conformational change in the Notch receptors allows for a second cleavage
(S2) of the ectodomain by an Adam17 metalloprotease/Tnf-α converting enzyme (TACE) [32], followed by
a third cleavage (S3) mediated by the presenilin-γ-secretase complex [33]. This sequence of cleavages
leads to the release of the intracellular portion of the Notch receptor (NICD). The NICD contains nuclear
localization signals (NLSs) within the RAM domain, which allows for the the translocation to the
nucleus where it forms a complex with the inactive DNA-binding factor CSL/RBPjk (CBF1/Suppressor
of Hairless/Lag1) and recruits other co-activator proteins from the Mastermind-like family of proteins
such as MAML1 [34,35]. In the absence of NICD, RBP-Jk associates with a corepressor complex and
acts as a transcriptional repressor of Notch target genes [36]. In turn, the NICD/RBP-Jk complex leads
to the transcription of Notch downstream target genes, such as several helix–loop–helix transcription
factors (Hey and Hes gene families among others) [22].
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The study of Notch pathway components, specifically loss-of-function mouse mutants,
has provided detailed information regarding the importance of these genes in the regulation of
embryonic angiogenesis. Notch 1 is the most broadly studied Notch receptor and the main receptor
responsible for Notch signaling associated phenotypes. Genetic deletion of Notch1 in mice results
in embryonic lethality by severe vascular and cardiovascular defects [37]. The Notch2 gene was the
second of the mammalian Notch family receptors to be cloned [38]. Later, mice homozygous for a
hypomorphic Notch2 mutation were reported to present defects in development of the kidney, heart and
eye vasculature [39]. Notch2 was also shown to be expressed in vascular smooth muscle cells and to
play a critical role in vascular maturation [40–42]. Notch3 loss-of-function in mice resulted in profound
structural and functional defects in arteries, due to impaired vascular maturation indicating a potential
role in smooth muscle cell differentiation [43]. Notch4 is primarily expressed on the endothelium and
the endocardium [44] and genetic deletion of Notch4 exacerbated the embryonic lethal vascular defects
associated with Notch1, even though it did not produce a detectable phenotype on its own [45,46],
suggestive of an important role in vascular development. Dll1 was shown to be essential for post-natal
arteriogenesis [47] and established as a critical endothelial Notch ligand required for maintaining
arterial identity during mouse fetal development [48]. Jagged1 is expressed in endothelial and vascular
smooth muscle cells [49]. Jag1-null mouse mutants die at 11.5 dpc because of heart defects and abnormal
development of the yolk sac and head vasculature [50]. Dll4 is the most broadly studied Notch ligand
in vascular biology. The Dll4 ligand was first described as a vascular endothelium specific ligand [51].
In the developing embryo, expression of Dll4 is initially restricted to large arteries, whereas in adult
mice its expression is limited to small arteries and capillaries [52]. Haplo-insufficiency of Dll4 in mice
resulted in embryonic lethality at approximately 10.5 dpc due to defective vascular development,
including abnormal stenosis and atresia of the aorta, defective arterial branching from the aorta, arterial
regression, gross enlargement of the pericardial sac and failure to remodel the yolk sac vasculature.
These studies revealed Dll4 to be essential for arterial patterning and vascular remodeling during
embryonic development [52–54].

Sprouting angiogenesis is strictly regulated by the interplay between VEGF and Dll4/Notch
signaling. This interplay is the basis for the lateral induction model, currently accepted as the prevailing
mechanistic model explaining sprouting angiogenesis, and tip- and stalk cell selection. The supporting
evidence for this was established in the post-natal retina developing vascular plexus. In response to
spatial gradients of Vegfa, secreted by neuroglia cells migrating radially ahead of the vascular front,
tip-cells sprout filopodia towards this gradient [7]. This effect is mediated by the interaction of Vegfa
with Vegfr2 receptor, the concentration of which is especially high in tip-cells. Once tip-cells are selected
and begin to move forward, formation of new capillaries begins because of the proliferation and
migration of adjacent stalk ECs. When Vegfa gradients activate endothelial cells, they induce expression
of Dll4 and Notch1 [55]. The tip-cell specific characteristics are preferably acquired by endothelial cells
devoid of Notch1 and with high Dll4 expression. Dll4/Notch-associated transduction causes inhibition
of sprouting by lowering ECs sensitivity to Vegfa. It was shown that in Dll4-hyperexpressing endothelial
cells, expression of Vegfr2 was significantly inhibited [56]. Therefore, endothelial cells expressing
Notch1 receptor, which was activated by adjacent Dll4 ligand, are prevented from transitioning to an
active state, by lowering Vegfr2 levels, and thus Dll4/Notch signaling restricts the emergence of an
excessive number of tip-cells, restricting excessive sprouting [57–59]. Specification of the tip/stalk cell
phenotype by Notch is complex. In fact, even though Dll4 is the only ligand expressed in tip cells,
Jagged1 and Dll1 are present in stalk cells [60]. Soluble Jagged1 was shown to reduce tip cell number,
filopodia, and vessel density [59,61]. Moreover, Jagged1 was shown to have an opposite effect of Dll4
on branching morphogenesis, promoting endothelial cell proliferation and sprouting [62]. By using
conditional Jag1 loss- and gain-of-function mouse mutants, it was demonstrated that in contrast to Dll4,
Jagged1 is proangiogenic and functions by downregulating Dll4–Notch signaling. In this study, it was
shown that Jagged1 function is of particular importance in stalk cells, where Jagged1 levels are high and
therefore efficiently antagonize the potent Dll4 ligand. Consequently, it confers upon stalk cells little
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ability to activate Notch in adjacent tip cells. Jagged1 was also demonstrated to counteract Dll4–Notch
signaling interactions between stalk ECs, which helped to sustain elevated VEGF receptor expression
at the angiogenic front. Therefore, in this region, ECs were still able to respond to VEGF, which, in turn,
promoted proliferation and the emergence of new tip cells. These authors have additionally proposed
that Fringe-mediated modification of Notch is of critical importance in regulating tip cell selection.
These results were later confirmed in wound healing angiogenesis, also revealing that Jagged1 is
expressed downstream of Dll4–Notch1 in stalk cells, creating a negative feedback loop that blocks
tip-cell Notch1 from being activated [63]. The authors also found that stalk EC Jagged1 could activate
both Notch4 in other stalk ECs as well as Notch3 in neighboring smooth muscle cells, positively driving
differentiation of vSMCs and maturation of the nascent vascular network [63].

The function that Notch signaling components play during developmental angiogenesis (Figure 2)
was later confirmed to be mirrored in tumor neoangiogenesis. In 2006, two reports were published
in Nature revealing the paradoxical phenotype of inhibiting Dll4 in restricting tumor growth [64,65].
In one report, the authors used soluble forms of Dll4, as well as antibodies to Dll4 that block the binding
of mouse Dll4 to Notch1 receptor [64]. In the other report, a humanized phage antibody that binds
with high affinity to Dll4, blocking the binding of mouse and human Dll4 to Notch1, was used [65].
Remarkably, the reduced tumor growth was associated with an increase in vessel density but an overall
decreased perfusion. These two reports provided the first evidence that, for tumor development,
the amount of vessels present is of less importance than the ability of the neo-vasculature to effectively
deliver nutrients and oxygen to the actively dividing tumor cells [66]. This ability is provided in part
by the maturation status of the newly formed vessels, and given that Dll4 loss-of-function mutants
presented decreased mural cell recruitment, the vessel walls become leaky, and thus less perfused and
functional [67,68]. By contrast with the VEGF blockade, Delta-like ligand 4 (Dll4) inhibitors resulted in
increased tumor vessel density, characterized by sprouting and proliferating small vessel branches.
However, these vessels were poorly functional, also resulting in decreased tumor perfusion overall
and decreased tumor growth. These results introduced the concept that one could reduce tumor
growth by “abnormalization” of tumor vasculature [66]. Although less effort has been put in studying
other Delta-like ligands’ part in regulating the tumor vasculature, Dll1 has also been reported to be
associated with tumor angiogenesis [69].

Jagged1 has also been studied in tumor development by its ability to regulate tumor angiogenesis.
Genetic manipulation of endothelial Jagged1 in a mouse model of prostate cancer revealed that loss
of endothelial Jag1 had an inhibitory effect in the neo-angiogenic and maturation responses [70].
These results identified endothelial Jagged1 as a proangiogenic and pro-maturation regulator of
tumor angiogenesis. Two other reports have suggested that Jagged1 expressed in tumor cells can
stimulate angiogenesis. Firstly, Jagged1 expressed by cancer cells was dependent on activation of the
mitogen-activated protein kinase (MAPK) signaling pathway. Thus, MAPK activation led to expression
of Jagged1, which in turn influenced tumor neovascularization [71]. Secondly, Jagged1 expressed in
breast tumor cells was shown to influence tumor angiogenesis [72].

The hypoxic environments, present in most cancers, may mediate Notch functions in tumor
angiogenesis. A major mechanism by which cells respond to low oxygen tension is through the
regulation of hypoxia inducible factor-1 alpha (HIF-1α). HIF-1α interacts with the Notch1 intracellular
domain to augment responses to hypoxia downstream of Notch [73,74]. Dll4 expression by endothelial
cells is also directly upregulated by hypoxia, possibly via HIF-1α and hypoxia response elements in
the Dll4 promoter [75].

Furthermore, a recent report using a Notch1 decoy, that specifically blocks both Jagged ligands
mediated interactions, was shown to decrease xenograft growth by an anti-angiogenic effect and
by the ability to destabilize pericyte-ECs interactions [76]. Moreover, the anti-angiogenic effect
observed was likely due to increased secretion of the soluble form of Vegf-r1, and thus to decreased
Vegf/Vegfr-2 signaling, suggesting that Jag1/Notch signaling is also able to positively regulate the
VEGF pathway [76].
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Figure 2. Notch signaling regulation of angiogenesis. Endothelial Dll4, mainly expressed in tip
cells, activates Notch1 in adjacent stalk cells leading to the up-regulation of endothelial Jagged1.
Jagged1 antagonizes Dll4 ability to bind to activate Notch1 in tip cells, creating a negative feedback
loop in the regulation of endothelial branching. Endothelial Jagged1 positively regulates vascular
maturation by two possible mechanisms: by activating endothelial Notch4 in stalk cells and Notch3 in
vascular smooth muscle cells (vSMC).

4. Notch Signaling Function in Solid Tumors

Beyond the role of Notch signaling in tumor angiogenesis, it has also been implicated in
the regulation of tumor cell proliferation and survival, in epithelial-to-mesenchymal transition,
invasion and metastasis and in the regulation of cancer stem cells, in a variety of hematologic and solid
malignancies [77]. Depending on expression patterns, the Notch pathway can be either oncogenic or
tumor suppressive, even though the mechanisms are not fully understood [78]. These mechanisms
may include tissue and cell dependent specific target genes, and varying cytokines and growth factors
present in distinct microenvironments. Of these, breast (mammary gland) cancer, as a highly studied
endocrine-dependent type of tumor, serves as a paradigm for understanding the effects of Notch
signaling in solid tumors. One of the first clues that Notch signaling may play a role in solid tumors
came from experiments with mouse mammary tumor viruses (MMTVs). Integration of the MMTV
genome next to the “Int-3′’ locus resulted in a Notch4 activating mutation, which led to the constitutive
activation of the receptor and breast cancer development [79]. Since this discovery, a number of studies
have confirmed that activation of Notch signaling plays an oncogenic role in breast cancer. Inclusively,
Notch1 and Notch3 oncogenic activity has been demonstrated in the mouse mammary gland [80]
and, in humans, high levels of Jagged1 and Notch1 proteins have been associated with particularly
aggressive breast cancer cases [81].
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Abnormal regulation of the Notch pathway may occur by a variety of mechanisms including
mutational activation or inactivation, overexpression, post-translational modifications, and epigenetic
regulation [82]. For example, in ovary and breast cancers, somatic mutations, copy number alterations
(The Cancer Genome Atlas Research Network), amplifications [83], and gene rearrangements [84] have
implicated Notch pathway members in tumor pathophysiology. Moreover, Notch pathway regulation
of tumor development can be closely related to other signaling cues involved in tumorigenesis, such as
Akt, PTEN and NF-Kβ, as demonstrated in prostate cancer [85,86]. Akt lies at the center of a signaling
node that phosphorylates a large number of substrate proteins and thereby regulates a number of
potentially oncogenic activities, including cell survival via inhibition of Foxo transcription factors,
activation of NF-kB, and phosphorylation of components of the caspase cascade.

During the transformation of a tumor in situ to an invasive carcinoma, epithelial tumor cells are
released from their neighbors and breach the basement membrane barrier. The process underlying
this phenomenon has often been suggested to involve EMT [87,88]. This is a unique process by
which epithelial cells undergo remarkable morphologic changes characterized by a transition from
epithelial cobblestone phenotype to elongated fibroblastic phenotype (mesenchymal phenotype)
leading to increased motility and invasion [89,90]. Cells lose epithelial cell–cell junctions, cell polarity,
actin cytoskeleton reorganization and the expression of proteins that promote cell–cell contact such
as E-cadherin and γ-catenin, and gain the expression of mesenchymal markers such as vimentin,
fibronectin, α-smooth muscle actin (SMA), fibrillar collagen (type I and III), fibroblast-specific protein-1,
N-cadherin as well as increased activity of matrix metalloproteinases like MMP-2, MMP-3 and
MMP-9 [91,92]. Notch signaling regulates the acquisition of the EMT phenotype [93,94]. Other key
signaling pathways and molecules inducing EMT include Receptor Tyrosine Kinases (RTKs),
the transforming growth factor beta (TGF-β) superfamily, Wnt and Hedgehog pathways [95] and
NFκB [96]. Notch also cross-talks with several transcription and growth factors relevant to EMT,
including Snail-1, Slug, and TGF-β. Snail-1 has been shown to be activated during EMT and act as
a repressor of E-cadherin expression. The relation with Notch pathway was demonstrated by using
immortalized endothelial cells that expressed Snail-1 under the overexpression of Notch-1, resulting in
EMT and oncogenic transformation [97]. Notch signaling also controls Snail-1 expression under hypoxic
conditions, both directly via transcriptional activation and indirectly via lysyl oxidase (LOX) [98].
In this context, EMT is promoted by direct regulation of Twist expression, through the induction of the
hypoxia inducible factor 1-alpha (Hif1-α) [99]. Moreover, it has been reported that Jagged-mediated
activation of Notch induces Slug expression, with subsequent repression of E-cadherin and EMT
promotion [100,101]. Additionally, Jagged-1 or Hey-1 inhibition can arrest TGF-β- induced EMT [102].

Multivariate logistic analysis of renal cell carcinoma (RCC) specimens showed that tumor
hematogenous metastasis not only depended on angiogenesis but also was associated with tumor
size and DLL4 density. Functionally, the migration and invasion capacities of RCC cells were directly
enhanced by DLL4–Notch binding. In addition, it was demonstrated that MMP secretion, involved
in the basement membrane disruption and invasion, was Notch dependent because inhibition of
the Notch effector Hey1 decreased both MMP2 and MMP9 [103]. In another study, Dll4–Notch
signaling blockade was shown to inhibit liver micro-metastasis of human small cell lung cancer cells
expressing high levels of Dll4. The authors suggest that was achieved by suppressing the early
steps of liver metastasis through Notch1/NF-κB signaling attenuation, without significantly affecting
angiogenesis [104]. MMGZ01, a novel human DLL4-specific monoclonal antibody, was found to inhibit
tumor growth through various mechanisms, namely inhibition of tumor cell proliferation, promotion
of tumor cell apoptosis and reduction in the cancer stem-like cell population, leading to the reversal of
EMT [105].

Although Notch is not considered a strict “stemness” factor, in certain lineages Notch activation
appears to favor maintenance or expansion of stem cell pools at the expense of differentiation, an activity
with obvious potential cancer relevance. Notably, mouse models have consistently implicated Notch in
maintenance of neural stem cells in the fetal brain [106]. These observations in developmental biology
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have led investigators to hypothesize that Notch might have a similar role in maintaining cancer stem
cell populations, particularly in solid tumors such as glioblastoma [107,108], ovarian cancer [109,110],
and breast cancer [111,112].

Multiple reports over the past decade have proposed that Notch has a role in promoting tumor
metastasis [100,113–117] as well as resistance to both conventional chemotherapy [110,118,119] and
targeted therapy [120,121].

5. Angiocrine Functions of Notch Signaling

Beyond the ability of Notch signaling components to regulate endothelial cell functions when
present in the plasma membrane of endothelial cells, and the ability of Notch signaling components to
regulate tumor cell functions when present in the plasma membrane of tumor cells, there are several
reports of paracrine or juxtacrine activities for Notch components in the tumor milieu. These interactions
can be of two types, by direct cell membrane contact, from tumor endothelial to neighboring tumor
parenchima cells, or by indirect cell contact through the release of secreted soluble Notch ligands or
Notch-bearing exosomes from tumor endothelial cells (Figure 3). As is common with Notch signaling,
the cellular response varies with the tumor cell type and cellular context [122]. The range of responses
can vary between alterations in survival or induction of chemoresistance, in invasive phenotype or
induction of metastisation, or in induction of stemness. The regulation of these cellular responses is
intertwined by signaling pathways’ interdependencies. This makes it difficult to assign a particular
Notch pathway component to a specific tumor cell response. However, classical Notch signaling
involves a stochastic event where cells with higher Notch ligand expression signal to neighboring
stem-like cells to keep them from differentiating and continue proliferating, thus keeping their stem-like
characteristics [106]. An example of this would be neurogenesis. In the case of cancer, the maintenance
of stem-like characteristics and allowed proliferation of such cells has been, directly or indirectly,
associated with the generation of metastasis. Since cancer stem cells are known for occupying a
perivascular niche in the tumor, the study of angiocrine mechanisms of Notch signaling represents a
strong proposition for the scientific community [123].

5.1. Remote Angiocrine Notch Signaling in Cancer

Remote angiocrine Notch signaling has been described through two different mechanisms. The first
involves the secretion of a soluble truncated Notch ligand that diffuses in a gradient. These soluble
Notch ligands have the ability to either activate Notch receptors in non-adjacent tumor cells or act as a
dominant negative and block the ability of a given Notch receptor to undergo functional activation.
There is no consensus on why, in some cases, a soluble Notch ligand acts as a functional ligand and,
in others, acts as a dominant-negative ligand [124,125]. It is speculated that it could be linked with
the base ligand itself or with the truncation point, enabling the soluble ligand to aggregate and form
multimers [126].

In colorectal cancer, cancer stem-like cells are detected in the perivascular niche. Treating cultured
primary CRC cells with EC conditioning medium expanded the cancer stem-like cells by increasing the
dedifferentiation of cancer cells. It was also found that endothelial cell conditioning media pretreatment
increased tumorigenicity and metastatic potential of xenografted primary colorectal cancer cell lines
in vivo. It was found that this effect was mediated by Notch signaling and that the EC conditioning
medium was differentially enriched for a truncated soluble form of Jagged1. Since knock down
of Jagged1 or ADAM17, which is required for the truncation of Jagged1, eliminated the observed
phenotype, the cause was attributed to the secretion of soluble Jagged1 from tumor endothelial
cells [127].

The other mechanism involves Notch ligands being transferred from the cell membrane of a donor
cell to the lipid membrane of an exosome. Again, it appears that Notch ligands present in exosomes can
act by different ways. In some cases, the Notch ligands appear to be able to activate Notch receptors in
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cells along its diffusion path. In other cases, the Notch ligands appear to be transferred to receiving
cells conducing to autocrine signaling.
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Figure 3. Modes of Notch-based angiocrine signaling in the tumor microenvironment. Cell-contact-
based angiocrine Notch signaling occurs between ligand-bearing endothelial cells and Notch-receptor-
bearing neighbouring tumor cells. Commonly, the end-result seems to be the induction of survival,
stemness and invasion. Remote angiocrine Notch signaling occurs when endothelial cells release
Notch-ligand-bearing exosomes or soluble forms of the extracellular region of Notch ligands. In the
first case, the exosomal ligands can either activate Notch receptors in tumor cells or be incorporated in
tumor cells before being functional. Doing so, they influence the tumor cell dedifferentiation process
and tumor stem-like cells’ self-renewal.

Dll4 has been found in exosomes formed from tumor endothelial cells. In one case, exosomal
Dll4 retained its activity as a functional Notch ligand, being still able to activate Notch receptors in
signal-receiving tumor cells [128]. However, in a different study, the Dll4 bearing exosomes acted
as dominant negative and blocked Notch signaling [129]. Interestingly, the same study found that
both endothelial and tumor cells, that in that case also expressed Dll4, were capable of producing
Dll4-bearing exosomes and that exosomal Dll4 was being incorporated into cells rather than signaling
from exosomes to tumor or endothelial cells.

5.2. Cell-Contact-Based Angiocrine Notch Signaling in Cancer

Cell-contact-based Notch signaling represents the classical view of Notch signaling. This means
that both the ligand and receptor are present in adjacent cell membranes and the signal receiving
cell makes a cellular decision. This decision is resultant from changes in its transcriptional pattern
secondary to the translocation of the Notch intracellular domain from the plasma membrane to
the nucleus. Endothelial cells communicate through Notch pathway components to tumor cells
that reside in the so-called vascular niches, that are easily formed in tumors by the tortuosity of its
vasculature [123]. These vascular niches comprise clusters of tumor cells that are tightly surrounded
by tumor endothelial cells, and due to the close proximity, can be involved in cell-to-cell signaling.
The vascular niches frequently contain, or are enriched for, cancer stem-like cells. In the mouse
prostate, endothelial Jagged1 was found to activate Notch3 in neighboring tumor cells, which has been
associated with poor prognosis and high metastatic potential. The result of such activation was found
to be increased cellular proliferation, upregulation of Tgfb1 and induction of EMT [70]. In another
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study, tumor cells were found to induce an incomplete endothelial–mesenchymal transformation
(EndMT), contributing to the generation of a pro-tumoral niche [130]. Again, these tumor endothelial
cells, in return, promoted tumor growth and stemness in the neighboring tumor cells. Analysis of
the tumor endothelial cells revealed that Jagged1 and TGF-β are likely the main contributors to
this effect [130]. In lymphoma, Jagged1 was found to be upregulated in tumor endothelial cells in
response to secretion of FGF4 by B cell lymphoma cells. Upregulation of Jagged1 in tumor ECs leads to
increased activation of Notch2 in lymphoma cells, which take on a more aggressive phenotype, that is
more stem-like, invasive and displays increased chemoresistance [131]. In breast cancer, endothelial
Jagged1 was found to activate Notch1 in neighboring breast cancer stem cells, upregulating Zeb1,
which in turn increases Vegfa production and further activates the tumor neovasculature. This positive
feedback loop was found to promote tumor growth [132]. In glioblastoma, glioma stem-like cells are
detected predominantly in the perivascular region. Using a stem/progenitor cell-fate tracking reporter
system, it was detected that differentiated tumor cells dedifferentiate to glioma stem-like cells only in
perivascular regions and display increased levels of NICD and Notch downstream effector ID4 [133].
In addition, using a co-culture system of human brain microvascular endothelial cells with glioblastoma
multiforme neurospheres increased cancer stem-like cells’ self-renewal dependent on endothelial Dll4
and Jagged1 function [108]. Applying the same principle in vivo revealed that intracranial xenografts
grew smaller when the initial inoculum included endothelial cells depleted for Dll4 or Jagged1, due to
a concomitant reduction in cancer stem-like cells [108]. In colon cancer transplant mouse models,
Dll4 and Jagged1 presence in tumor endothelial cells was found to activate Notch1 in neighboring
tumor cells. Notch1 activation led to increased ability to perform trans-endothelial migration and
intravasate, thus promoting metastasis [115]. Notch3 expression is known to be amplified in ovarian
cancer and associated with its progression. Activation of Notch3 has been associated with ovarian
cancer cells adhesion to peritoneal cells and cancer cell metastatic outgrowth. It was found that this
effect was dependent on the presence of Notch ligands in the tumor vasculature, namely Jagged1 [134].
Another study demonstrated that targeting stromal cell-derived, but not tumor-derived, Dll4 reduces
ovarian xenograft tumor volume. Using RBPj-Notch reporter activation as an indicator for Notch
activation and combining with specific Notch receptor antagonists, it was found that this effect
proceeded from endothelial Dll4 signaling through Notch1, but not Notch3, in neighboring tumor
cells [135]. In T acute lymphoblastic leukemia (T-ALL), an aggressive neoplasm of immature T-cells,
Notch3 is commonly overexpressed but is not constitutively activated as Notch1 normally is. Dll4 was
found to be expressed in ECs of growing but not in dormant tumors. Concomitantly, Notch3 was also
found to be overexpressed in more aggressive tumors. Endothelial Dll4 was found to contribute for
Notch3 activation in T-ALL cells, delivering a survival signal [136]. Growing xenografted tumors in
endothelial–specific Dll4 loss-of-function mice revealed that despite being highly hypoxic, these tumors
displayed reduced numbers of cancer stem cells and reduced levels of EMT, when compared to mice
with normal expression of Dll4. In turn, this led to reduced numbers of circulating tumor cells and
lung metastases [137]. Another way through which the endothelial Notch pathway activation can
influence the progress of a tumor cell is by inducing the secretion of soluble factors or expression of
membrane proteins that act paracrine. VCAM1 was identified as a Notch1ICD direct target in tumor
endothelial cells that positively regulated the opening of EC junctions and homing for tumor cells,
facilitating transmigration and colonization [138].

6. Conclusions

Although much is still unknown, it is becoming clearer that the tumor vasculature cannot continue
to be seen as a passive conduit for blood perfusion, answering only to the tumor needs. Instead,
the tumor vasculature is an active tissue that answers back to the tumor and positively supports tumor
growth, independently of its primary function. In a way, despite not being transformed, the tumor
endothelial cell acts to support the growth of its own tissue in a way that is not too dissimilar to what a
tumor cell does. It makes use of developmental gene pathways to positively influence neighboring



Cells 2020, 9, 2467 11 of 18

cells, which will in turn positively influence its own growth. The Notch signaling pathway seems
to be key here. Due to the way it can influence cellular response to growth factors, it has the ability
to perform cellular conditioning, controlling the cellular decision-making process in its own interest.
Although Notch signaling response is very context-dependent, this also means that anti-angiogenic
therapies, that have largely been studied as acting on a passive tissue, should be reevaluated in light of
this knowledge. An initial concern for antiangiogenic therapies’ side-effects was that they could lead to
increased invasion and metastasis by increasing hypoxia-driven EMT. Now we know that, for instance,
removing Dll4 from tumoral endothelial cells has the ability to block this exact effect [137]. It is time
for increased study of the autocrine and angiocrine functions of tumoral endothelial cells and to turn
gained knowledge into novel therapies to more effectively target Notch signaling in cancer treatment.

Author Contributions: A.T. conceptualized the manuscript. A.T. and A.D. wrote, edited and reviewed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge financial support from FCT-Fundação para a Ciência e a Tecnologia, I.P.
(Lisbon, Portugal) through grant UIDB/00276/2020.

Acknowledgments: Figures were created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hunter, J. A Treatise on the Blood, Inflammation, and Gun-Shot Wounds. Clin. Orthop. Relat. Res. 1794.
[CrossRef]

2. Flamme, I.; Frölich, T.; Risau, W. Molecular mechanisms of vasculogenesis and embryonic angiogenesis.
J. Cell Physiol. 1997, 173, 206–210. [CrossRef]

3. Carmeliet, P. Angiogenesis in life, disease and medicine. Nature 2005, 438, 932–936. [CrossRef]
4. Karamysheva, A.F. Mechanisms of angiogenesis. Biochemistry 2008, 73, 751. [CrossRef] [PubMed]
5. Moses, M.A. The Regulation of Neovascularization by Matrix Metalloproteinases and Their Inhibitors.

Stem Cells 1997, 15, 180–189. [CrossRef]
6. Papetti, M.; Herman, I.M. Mechanisms of normal and tumor-derived angiogenesis. Am. J. Physiol. Cell Physiol.

2002, 282, 947–970. [CrossRef]
7. Gerhardt, H.; Golding, M.; Fruttiger, M.; Ruhrberg, C.; Lundkvist, A.; Abramsson, A.; Jeltsch, M.; Mitchell, C.;

Alitalo, K.; Shima, D.; et al. VEGF guides angiogenic sprouting utilizing endothelial tip cell filopodia.
J. Cell Biol. 2003, 161, 1163–1177. [CrossRef]

8. Fraser, H.M.; Lunn, S.F. Angiogenesis and its control in the female reproductive system. Br. Med. Bull. 2000,
56, 787–797. [CrossRef]

9. Arbiser, J.L. Angiogenesis and the skin: A primer. J. Am. Acad. Dermatol. 1996, 34, 486–497. [CrossRef]
10. Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. J. Med. 1971, 285, 1182–1186.
11. Carmeliet, P. Angiogenesis in health and disease. Nat. Med. 2003, 9, 653–660. [CrossRef] [PubMed]
12. ALGIRE, G.H. An adaptation of the transparent-chamber technique to the mouse. J. Natl. Cancer Inst. 1943,

4, 1–11.
13. Ide, A.G. Vascularization of the Brown Pearce rabbit epithelioma transplant as seen in the transparent ear

chamber. Am. J. Roentg. 1939, 42, 891–899.
14. Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.; Baron, A.;

Griffing, S.; Holmgren, E.; et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic
colorectal cancer. N. Engl. J. Med. 2004, 350, 2335–2342. [CrossRef]

15. Kerbel, R.S. Antiangiogenic therapy: A universal chemosensitization strategy for cancer? Science 2006,
312, 1171–1175. [CrossRef]

16. Meadows, K.L.; Hurwitz, H.I. Anti-VEGF Therapies in the Clinic. Cold Spring Harb. Perspect. Med. 2012,
2, a006577. [CrossRef]

17. Butler, J.M.; Kobayashi, H.; Rafii, S. Instructive role of the vascular niche in promoting tumour growth and
tissue repair by angiocrine factors. Nat. Rev. Cancer 2010, 10, 138–146. [CrossRef]

http://dx.doi.org/10.1097/BLO.0b013e31803dd01c
http://dx.doi.org/10.1002/(SICI)1097-4652(199711)173:2&lt;206::AID-JCP22&gt;3.0.CO;2-C
http://dx.doi.org/10.1038/nature04478
http://dx.doi.org/10.1134/S0006297908070031
http://www.ncbi.nlm.nih.gov/pubmed/18707583
http://dx.doi.org/10.1002/stem.150180
http://dx.doi.org/10.1152/ajpcell.00389.2001
http://dx.doi.org/10.1083/jcb.200302047
http://dx.doi.org/10.1258/0007142001903364
http://dx.doi.org/10.1016/S0190-9622(96)90444-2
http://dx.doi.org/10.1038/nm0603-653
http://www.ncbi.nlm.nih.gov/pubmed/12778163
http://dx.doi.org/10.1056/NEJMoa032691
http://dx.doi.org/10.1126/science.1125950
http://dx.doi.org/10.1101/cshperspect.a006577
http://dx.doi.org/10.1038/nrc2791


Cells 2020, 9, 2467 12 of 18

18. Kerbel, R.S.; Benezra, R.; Lyden, D.C.; Hattori, K.; Heissig, B.; Nolan, D.J.; Mittal, V.; Shaked, Y.; Dias, S.;
Bertolini, F.; et al. Endothelial progenitor cells are cellular hubs essential for neoangiogenesis of certain
aggressive adenocarcinomas and metastatic transition but not adenomas. Proc. Natl. Acad. Sci. USA 2008,
105, E54. [CrossRef]

19. Pasquier, J.; Ghiabi, P.; Chouchane, L.; Razzouk, K.; Rafii, S.; Rafii, A. Angiocrine endothelium:
From physiology to cancer. J. Transl. Med. 2020, 18, 52. [CrossRef]

20. Singhal, M.; Augustin, H.G. Beyond angiogenesis: Exploiting angiocrine factors to restrict tumor progression
and metastasis. Cancer Res. 2020, 80, 659–662. [CrossRef]

21. Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in
development. Science 1999, 284, 770–776. [CrossRef] [PubMed]

22. Schweisguth, F. Regulation of Notch Signaling Activity. Curr. Biol. 2004, 14, R129–R138. [CrossRef] [PubMed]
23. Dexter, J.S. The analysis of a case of continuous variation in drosophila by a study of its linkage relations.

Am. Nat. 1914, 48, 712. [CrossRef]
24. Morgan, T.H. The Theory of the Gene. Am. Nat. 1917, 51, 513. [CrossRef]
25. Wharton, K.A.; Johansen, K.M.; Xu, T.; Artavanis-Tsakonas, S. Nucleotide sequence from the neurogenic

locus notch implies a gene product that shares homology with proteins containing EGF-like repeats. Cell
1985, 43, 567–581. [CrossRef]

26. Kidd, S.; Kelley, M.R.; Young, M.W. Sequence of the notch locus of Drosophila melanogaster: Relationship
of the encoded protein to mammalian clotting and growth factors. Mol. Cell. Biol. 1986, 6, 3094–3108.
[CrossRef]

27. Fortini, M.E. Notch signaling: The core pathway and its posttranslational regulation. Dev. Cell 2009,
16, 633–647. [CrossRef]

28. Guruharsha, K.G.; Kankel, M.W.; Artavanis-Tsakonas, S. The Notch signalling system: Recent insights into
the complexity of a conserved pathway. Nat Rev Genet. 2012, 13, 654–666. [CrossRef]

29. Logeat, F.; Bessia, C.; Brou, C.; LeBail, O.; Jarriault, S.; Seidah, N.G.; Israël, A. The Notch1 receptor is cleaved
constitutively by a furin-like convertase. Proc. Natl. Acad. Sci. USA 1998, 95, 8108–8112. [CrossRef]

30. Rana, N.A.; Haltiwanger, R.S. Fringe benefits: Functional and structural impacts of O-glycosylation on the
extracellular domain of Notch receptors. Curr. Opin. Struct. Biol. 2011, 21, 583–589. [CrossRef]

31. Ntziachristos, P.; Lim, J.S.; Sage, J.; Aifantis, I. From fly wings to targeted cancer therapies: A centennial for
notch signaling. Cancer Cell 2014, 25, 318–334. [CrossRef] [PubMed]

32. Brou, C.; Logeat, F.; Gupta, N.; Bessia, C.; LeBail, O.; Doedens, J.R.; Cumano, A.; Roux, P.; Black, R.A.; Israël, A.
A novel proteolytic cleavage involved in Notch signaling: The role of the disintegrin-metalloprotease TACE.
Mol. Cell 2000, 5, 207–216. [CrossRef]

33. De Strooper, B.; Annaert, W.; Cupers, P.; Saftig, P.; Craessaerts, K.; Mumm, J.S.; Schroeter, E.H.; Schrijvers, V.;
Wolfe, M.S.; Ray, W.J.; et al. A presenilin-1-dependent γ-secretase-like protease mediates release of Notch
intracellular domain. Nature 1999, 398, 518–522. [CrossRef] [PubMed]

34. Nam, Y.; Sliz, P.; Pear, W.S.; Aster, J.C.; Blacklow, S.C. Cooperative assembly of higher-order Notch complexes
functions as a switch to induce transcription. Proc. Natl. Acad. Sci. USA 2007, 104, 2103–2108. [CrossRef]
[PubMed]

35. Wilson, J.J.; Kovall, R.A. Crystal structure of the CSL-Notch-Mastermind ternary complex bound to DNA.
Cell 2006, 124, 985–996. [CrossRef]

36. Kao, H.Y.; Ordentlich, P.; Koyano-Nakagawa, N.; Tang, Z.; Downes, M.; Kintner, C.R.; Evans, R.M.; Kadesch, T.
A histone deacetylase corepressor complex regulates the Notch signal transduction pathway. Genes Dev.
1998, 12, 2269–2277. [CrossRef]

37. Swiatek, P.J.; Lindsell, C.E.; Amo, F.F.D.; Weinmaster, G.; Gridley, T. Notch1 is essential for postimplantation
development in mice. Genes Dev. 1994, 8, 707–719. [CrossRef]

38. Weinmaster, G.; Roberts, V.J.; Lemke, G. Notch2: A second mammalian Notch gene. Cell Death Differ. 1992,
116, 931–941.

39. McCright, B.; Gao, X.; Shen, L.; Lozier, J.; Lan, Y.; Maguire, M.; Herzlinger, D.; Weinmaster, G.; Jiang, R.;
Gridley, T. Defects in development of the kidney, heart and eye vasculature in mice homozygous for a
hypomorphic Notch2 mutation. Development 2001, 128, 491–502.

http://dx.doi.org/10.1073/pnas.0804876105
http://dx.doi.org/10.1186/s12967-020-02244-9
http://dx.doi.org/10.1158/0008-5472.CAN-19-3351
http://dx.doi.org/10.1126/science.284.5415.770
http://www.ncbi.nlm.nih.gov/pubmed/10221902
http://dx.doi.org/10.1016/j.cub.2004.01.023
http://www.ncbi.nlm.nih.gov/pubmed/14986688
http://dx.doi.org/10.1086/279446
http://dx.doi.org/10.1086/279629
http://dx.doi.org/10.1016/0092-8674(85)90229-6
http://dx.doi.org/10.1128/MCB.6.9.3094
http://dx.doi.org/10.1016/j.devcel.2009.03.010
http://dx.doi.org/10.1038/nrg3272
http://dx.doi.org/10.1073/pnas.95.14.8108
http://dx.doi.org/10.1016/j.sbi.2011.08.008
http://dx.doi.org/10.1016/j.ccr.2014.02.018
http://www.ncbi.nlm.nih.gov/pubmed/24651013
http://dx.doi.org/10.1016/S1097-2765(00)80417-7
http://dx.doi.org/10.1038/19083
http://www.ncbi.nlm.nih.gov/pubmed/10206645
http://dx.doi.org/10.1073/pnas.0611092104
http://www.ncbi.nlm.nih.gov/pubmed/17284587
http://dx.doi.org/10.1016/j.cell.2006.01.035
http://dx.doi.org/10.1101/gad.12.15.2269
http://dx.doi.org/10.1101/gad.8.6.707


Cells 2020, 9, 2467 13 of 18

40. Varadkar, P.; Kraman, M.; Despres, D.; Ma, G.; Lozier, J.; McCright, B. Notch2 is required for the proliferation
of cardiac neural crest-derived smooth muscle cells. Dev. Dyn. 2008, 237, 1144–1152. [CrossRef]

41. Hamada, Y.; Kadokawa, Y.; Okabe, M.; Ikawa, M.; Coleman, J.R.; Tsujimoto, Y. Mutation in ankyrin repeats
of the mouse Notch2 gene induces early embryonic lethality. Development 1999, 126, 3415–3424. [PubMed]

42. Wang, Q.; Zhao, N.; Kennard, S.; Lilly, B. Notch2 and Notch3 Function Together to Regulate Vascular Smooth
Muscle Development. PLoS ONE 2012, 7, e37365. [CrossRef] [PubMed]

43. Domenga, V.; Fardoux, P.; Lacombe, P.; Monet, M.; Maciazek, J.; Krebs, L.T.; Klonjkowski, B.; Berrou, E.;
Mericskay, M.; Li, Z.; et al. Notch3 is required for arterial identity and maturation of vascular smooth muscle
cells. Genes Dev. 2004, 18, 2730–2735. [CrossRef] [PubMed]

44. Uyttendaele, H.; Marazzi, G.; Wu, G.; Yan, Q.; Sassoon, D.; Kitajewski, J. Notch4/int-3, a mammary
proto-oncogene, is an endothelial cell-specific mammalian Notch gene. Development 1996, 122, 2251–2259.
[PubMed]

45. Krebs, L.T.; Xue, Y.; Norton, C.R.; Shutter, J.R.; Maguire, M.; Sundberg, J.P.; Gallahan, D.; Closson, V.;
Kitajewski, J.; Callahan, R.; et al. Notch signaling is essential for vascular morphogenesis in mice. Genes Dev.
2000, 14, 1343–1352.

46. Gridley, T. Notch signaling during vascular development. Proc. Natl. Acad. Sci. USA 2001, 98, 5377–5378.
[CrossRef]

47. Limbourg, A.; Ploom, M.; Elligsen, D.; Sörensen, I.; Ziegelhoeffer, T.; Gossler, A.; Drexler, H.; Limbourg, F.P.
Notch ligand Delta-like 1 is essential for postnatal arteriogenesis. Circ. Res. 2007, 100, 363–371. [CrossRef]

48. Sörensen, I.; Adams, R.H.; Gossler, A. DLL1-mediated Notch activation regulates endothelial identity in
mouse fetal arteries. Blood 2009, 113, 5680–5688. [CrossRef]

49. Doi, H.; Iso, T.; Sato, H.; Yamazaki, M.; Matsui, H.; Tanaka, T.; Manabe, I.; Arai, M.; Nagai, R.; Kurabayashi, M.
Jagged1-selective Notch Signaling Induces Smooth Muscle Differentiation via a RBP-Jκ-dependent Pathway.
J. Biol. Chem. 2006, 281, 28555–28564. [CrossRef]

50. Xue, Y.; Gao, X.; Lindsell, C.E.; Norton, C.R.; Chang, B.; Hicks, C.; Gendron-Maguire, M.; Rand, E.B.;
Weinmaster, G.; Gridley, T. Embryonic lethality and vascular defects in mice lacking the Notch ligand Jagged1.
Hum. Mol. Genet. 1999, 8, 723–730. [CrossRef]

51. Shutter, J.R.; Scully, S.; Fan, W.; Richards, W.G.; Kitajewski, J.; Deblandre, G.A.; Kintner, C.R.; Stark, K.L. Dll4,
a novel Notch ligand expressed in arterial endothelium. Genes Dev. 2000, 14, 1313–1318. [PubMed]

52. Duarte, A.; Hirashima, M.; Benedito, R.; Trindade, A.; Diniz, P.; Bekman, E.; Costa, L.; Henrique, D.; Rossant, J.
Dosage-sensitive requirement for mouse Dll4 in artery development. Gene Dev. 2004, 18, 2474–2478.
[CrossRef] [PubMed]

53. Krebs, L.T.; Shutter, J.R.; Tanigaki, K.; Honjo, T.; Stark, K.L.; Gridley, T. Haploinsufficient lethality and
formation of arteriovenous malformations in Notch pathway mutants. Gene Dev. 2004, 18, 2469–2473.
[CrossRef] [PubMed]

54. Gale, N.W.; Dominguez, M.G.; Noguera, I.; Pan, L.; Hughes, V.; Valenzuela, D.M.; Murphy, A.J.; Adams, N.C.;
Lin, H.C.; Holash, J.; et al. Haploinsufficiency of delta-like 4 ligand results in embryonic lethality due to
major defects in arterial and vascular development. Proc. Natl. Acad. Sci. USA 2004, 101, 15949–15954.
[CrossRef] [PubMed]

55. Liu, Z.J.; Shirakawa, T.; Li, Y.; Soma, A.; Oka, M.; Dotto, G.P.; Fairman, R.M.; Velazquez, O.C.; Herlyn, M.
Regulation of Notch1 and Dll4 by vascular endothelial growth Factor in arterial endothelial Cells: Implications
for modulating arteriogenesis and angiogenesis. Mol. Cell Biol. 2003, 23, 14–25. [CrossRef] [PubMed]

56. Williams, C.K.; Li, J.-L.; Murga, M.; Harris, A.L.; Tosato, G. Up-regulation of the Notch ligand Delta-like 4
inhibits VEGF-induced endothelial cell function. Blood 2006, 107, 931–939. [CrossRef]

57. Siekmann, A.F.; Covassin, L.; Lawson, N.D. Modulation of VEGF signalling output by the Notch pathway.
Bioessays 2008, 30, 303–313. [CrossRef]

58. Suchting, S.; Freitas, C.; le Noble, F.; Benedito, R.; Bréant, C.; Duarte, A.; Eichmann, A. The Notch ligand
Delta-like 4 negatively regulates endothelial tip cell formation and vessel branching. Proc. Natl. Acad.
Sci. USA 2007, 104, 3225–3230. [CrossRef]

59. Hellström, M.; Phng, L.K.; Hofmann, J.J.; Wallgard, E.; Coultas, L.; Lindblom, P.; Alva, J.; Nilsson, A.K.;
Karlsson, L.; Gaiano, N.; et al. Dll4 signalling through Notch1 regulates formation of tip cells during
angiogenesis. Nature 2007, 445, 776–780. [CrossRef]

http://dx.doi.org/10.1002/dvdy.21502
http://www.ncbi.nlm.nih.gov/pubmed/10393120
http://dx.doi.org/10.1371/journal.pone.0037365
http://www.ncbi.nlm.nih.gov/pubmed/22615991
http://dx.doi.org/10.1101/gad.308904
http://www.ncbi.nlm.nih.gov/pubmed/15545631
http://www.ncbi.nlm.nih.gov/pubmed/8681805
http://dx.doi.org/10.1073/pnas.101138098
http://dx.doi.org/10.1161/01.RES.0000258174.77370.2c
http://dx.doi.org/10.1182/blood-2008-08-174508
http://dx.doi.org/10.1074/jbc.M602749200
http://dx.doi.org/10.1093/hmg/8.5.723
http://www.ncbi.nlm.nih.gov/pubmed/10837024
http://dx.doi.org/10.1101/gad.1239004
http://www.ncbi.nlm.nih.gov/pubmed/15466159
http://dx.doi.org/10.1101/gad.1239204
http://www.ncbi.nlm.nih.gov/pubmed/15466160
http://dx.doi.org/10.1073/pnas.0407290101
http://www.ncbi.nlm.nih.gov/pubmed/15520367
http://dx.doi.org/10.1128/MCB.23.1.14-25.2003
http://www.ncbi.nlm.nih.gov/pubmed/12482957
http://dx.doi.org/10.1182/blood-2005-03-1000
http://dx.doi.org/10.1002/bies.20736
http://dx.doi.org/10.1073/pnas.0611177104
http://dx.doi.org/10.1038/nature05571


Cells 2020, 9, 2467 14 of 18

60. Roca, C.; Adams, R.H. Regulation of vascular morphogenesis by Notch signaling. Genes Dev. 2007,
21, 2511–2524. [CrossRef]

61. Sainson, R.C.A.; Aoto, J.; Nakatsu, M.N.; Holderfield, M.; Conn, E.; Koller, E.; Hughes, C.C. Cell-autonomous
notch signaling regulates endothelial cell branching and proliferation during vascular tubulogenesis. FASEB J.
2005, 19, 1027–1029. [CrossRef] [PubMed]

62. Benedito, R.; Roca, C.; Sörensen, I.; Adams, S.; Gossler, A.; Fruttiger, M.; Adams, R.H. The notch ligands Dll4
and Jagged1 have opposing effects on angiogenesis. Cell 2009, 137, 1124–1135. [CrossRef] [PubMed]

63. Pedrosa, A.-R.; Trindade, A.; Fernandes, A.C.; Carvalho, C.; Gigante, J.; Tavares, A.T.; Diéguez-Hurtado, R.;
Yagita, H.; Adams, R.H.; Duarte, A. Endothelial Jagged1 antagonizes Dll4 regulation of endothelial branching
and promotes vascular maturation downstream of Dll4/Notch1. Arterioscler. Thromb. Vasc. Biol. 2015,
35, 1134–1146. [CrossRef] [PubMed]

64. Noguera-Troise, I.; Daly, C.; Papadopoulos, N.J.; Coetzee, S.; Boland, P.; Gale, N.W.; Lin, H.C.;
Yancopoulos, G.D.; Thurston, G. Blockade of Dll4 inhibits tumour growth by promoting non-productive
angiogenesis. Nature 2006, 444, 1032–1037. [CrossRef]

65. Ridgway, J.; Zhang, G.; Wu, Y.; Stawicki, S.; Liang, W.C.; Chanthery, Y.; Kowalski, J.; Watts, R.J.; Callahan, C.;
Kasman, I.; et al. Inhibition of Dll4 signalling inhibits tumour growth by deregulating angiogenesis. Nature
2006, 444, 1083–1087. [CrossRef]

66. Thurston, G.; Noguera-Troise, I.; Yancopoulos, G.D. The Delta paradox: DLL4 blockade leads to more tumour
vessels but less tumour growth. Nat. Rev. Cancer 2007, 7, 327–331. [CrossRef]

67. Scehnet, J.S.; Jiang, W.; Ram Kumar, S.; Krasnoperov, V.; Trindade, A.; Benedito, R.; Djokovic, D.; Borges, C.;
Ley, E.J.; Duarte, A.; et al. Inhibition of Dll4-mediated signaling induces proliferation of immature vessels
and results in poor tissue perfusion. Blood 2007, 109, 4753–4760. [CrossRef]

68. Trindade, A.; Djokovic, D.; Gigante, J.; Badenes, M.; Pedrosa, A.R.; Fernandes, A.C.; Lopes-da-Costa, L.;
Krasnoperov, V.; Liu, R.; Gill, P.S.; et al. Low-dosage inhibition of Dll4 signaling promotes wound healing by
inducing functional neo-angiogenesis. PLoS ONE 2012, 7, e29863. [CrossRef]

69. Urs, S.; Roudabush, A.; O’Neill, C.F.; Pinz, I.; Prudovsky, I.; Kacer, D.; Tang, Y.; Liaw, L.; Small, D. Soluble
Forms of the Notch Ligands Delta1 and Jagged1 Promote in Vivo Tumorigenicity in NIH3T3 Fibroblasts with
Distinct Phenotypes. Am. J. Pathol. 2008, 173, 865–878. [CrossRef]

70. Pedrosa, A.R.; Trindade, A.; Carvalho, C.; Graça, J.; Carvalho, S.; Peleteiro, M.C.; Adams, R.H.; Duarte, A.
Endothelial Jagged1 promotes solid tumor growth through both pro-angiogenic and angiocrine functions.
Oncotarget 2015, 6, 24404–24423. [CrossRef]

71. Zeng, Q.; Li, S.; Chepeha, D.B.; Giordano, T.J.; Li, J.; Zhang, H.; Polverini, P.J.; Nor, J.; Kitajewski, J.; Wang, C.Y.
Crosstalk between tumor and endothelial cells promotes tumor angiogenesis by MAPK activation of Notch
signaling. Cancer Cell 2005, 8, 13–23. [CrossRef] [PubMed]

72. Funahashi, Y.; Hernandez, S.L.; Das, I.; Ahn, A.; Huang, J.; Vorontchikhina, M.; Sharma, A.; Kanamaru, E.;
Borisenko, V.; DeSilva, D.M.; et al. A notch1 ectodomain construct inhibits endothelial notch signaling,
tumor growth, and angiogenesis. Cancer Res. 2008, 68, 4727–4735. [CrossRef] [PubMed]

73. Gustafsson, M.V.; Zheng, X.; Pereira, T.; Gradin, K.; Jin, S.; Lundkvist, J.; Ruas, J.L.; Poellinger, L.; Lendahl, U.;
Bondesson, M. Hypoxia Requires Notch Signaling to Maintain the Undifferentiated Cell State. Dev. Cell 2005,
9, 617–628. [CrossRef] [PubMed]

74. Sainson, R.C.A.; Harris, A.L. Hypoxia-regulated differentiation: Let’s step it up a Notch. Trends Mol. Med.
2006, 12, 141–143. [CrossRef]

75. Diez, H.; Fischer, A.; Winkler, A.; Hu, C.J.; Hatzopoulos, A.K.; Breier, G.; Gessler, M. Hypoxia-mediated
activation of Dll4-Notch-Hey2 signaling in endothelial progenitor cells and adoption of arterial cell fate.
Exp. Cell Res. 2007, 313, 1–9. [CrossRef]

76. Kangsamaksin, T.; Murtomaki, A.; Kofler, N.M.; Cuervo, H.; Chaudhri, R.A.; Tattersall, I.W.; Rosenstiel, P.E.;
Shawber, C.J.; Kitajewski, J. Notch Decoys that Selectively Block Dll/Notch or Jagged/Notch Disrupt
Angiogenesis by Unique Mechanisms to Inhibit Tumor Growth. Cancer Discov. 2014, 5, 182–197. [CrossRef]

77. Previs, R.A.; Coleman, R.L.; Harris, A.L.; Sood, A.K. Molecular Pathways: Translational and Therapeutic
Implications of the Notch Signaling Pathway in Cancer. Clin. Cancer Res. 2014, 21, 955–961. [CrossRef]

http://dx.doi.org/10.1101/gad.1589207
http://dx.doi.org/10.1096/fj.04-3172fje
http://www.ncbi.nlm.nih.gov/pubmed/15774577
http://dx.doi.org/10.1016/j.cell.2009.03.025
http://www.ncbi.nlm.nih.gov/pubmed/19524514
http://dx.doi.org/10.1161/ATVBAHA.114.304741
http://www.ncbi.nlm.nih.gov/pubmed/25767274
http://dx.doi.org/10.1038/nature05355
http://dx.doi.org/10.1038/nature05313
http://dx.doi.org/10.1038/nrc2130
http://dx.doi.org/10.1182/blood-2006-12-063933
http://dx.doi.org/10.1371/journal.pone.0029863
http://dx.doi.org/10.2353/ajpath.2008.080006
http://dx.doi.org/10.18632/oncotarget.4380
http://dx.doi.org/10.1016/j.ccr.2005.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16023595
http://dx.doi.org/10.1158/0008-5472.CAN-07-6499
http://www.ncbi.nlm.nih.gov/pubmed/18559519
http://dx.doi.org/10.1016/j.devcel.2005.09.010
http://www.ncbi.nlm.nih.gov/pubmed/16256737
http://dx.doi.org/10.1016/j.molmed.2006.02.001
http://dx.doi.org/10.1016/j.yexcr.2006.09.009
http://dx.doi.org/10.1158/2159-8290.CD-14-0650
http://dx.doi.org/10.1158/1078-0432.CCR-14-0809


Cells 2020, 9, 2467 15 of 18

78. Yin, L.; Velazquez, O. Notch signaling: Emerging molecular targets for cancer therapy. Biochem. Pharmacol.
2010, 80, 690–701. [CrossRef]

79. Gallahan, D.; Callahan, R. The mouse mammary tumor associated gene INT3 is a unique member of the
NOTCH gene family (NOTCH4). Oncogene 1997, 14, 1883–1890. [CrossRef]

80. Hu, C.; Diévart, A.; Lupien, M.; Calvo, E.; Tremblay, G.; Jolicoeur, P. Overexpression of activated murine
Notch1 and Notch3 in transgenic mice blocks mammary gland development and induces mammary tumors.
Am. J. Pathol. 2006, 168, 973–990. [CrossRef]

81. Reedijk, M.; Odorcic, S.; Chang, L.; Zhang, H.; Miller, N.; McCready, D.R.; Lockwood, G.; Egan, S.E. High-level
coexpression of JAG1 and NOTCH1 is observed in human breast cancer and is associated with poor overall
survival. Cancer Res. 2005, 65, 8530–8537. [CrossRef] [PubMed]

82. South, A.P.; Cho, R.J.; Aster, J.C. The double-edged sword of Notch signaling in cancer. Semin. Cell Dev. Biol.
2012, 23, 1–7. [CrossRef] [PubMed]

83. Park, J.T.; Li, M.; Nakayama, K.; Mao, T.L.; Davidson, B.; Zhang, Z.; Kurman, R.J.; Eberhart, C.G.; Shih, I.M.;
Wang, T.L. Notch3 Gene Amplification in Ovarian Cancer. Cancer Res. 2006, 66, 6312–6318. [CrossRef]
[PubMed]

84. Robinson, D.R.; Kalyana-Sundaram, S.; Wu, Y.M.; Shankar, S.; Cao, X.; Ateeq, B.; Asangani, I.A.; Iyer, M.;
Maher, C.A.; Grasso, C.S.; et al. Functionally recurrent rearrangements of the MAST kinase and Notch gene
families in breast cancer. Nat. Med. 2011, 17, 1646–1651. [CrossRef]

85. Whelan, J.T.; Kellogg, A.; Shewchuk, B.M.; Hewan-Lowe, K.; Bertrand, F.E. Notch-1 signaling is lost in prostate
adenocarcinoma and promotes PTEN gene expression. J. Cell Biochem. 2009, 107, 992–1001. [CrossRef]

86. Hafeez, B.B.; Adhami, V.M.; Asim, M.; Siddiqui, I.A.; Bhat, K.M.; Zhong, W.; Saleem, M.; Din, M.; Setaluri, V.;
Mukhtar, H. Targeted knockdown of Notch1 inhibits invasion of human prostate cancer cells concomitant
with inhibition of matrix metalloproteinase-9 and urokinase plasminogen activator. Clin. Cancer Res. 2009,
15, 452–459. [CrossRef]

87. Christofori, G. New signals from the invasive front. Nature 2006, 441, 444–450. [CrossRef]
88. Thiery, J.P. Epithelial–mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454.

[CrossRef]
89. Christiansen, J.J.; Rajasekaran, A.K. Reassessing Epithelial to Mesenchymal Transition as a Prerequisite for

Carcinoma Invasion and Metastasis. Cancer Res. 2006, 66, 8319–8326. [CrossRef]
90. Klymkowsky, M.W.; Savagner, P. Epithelial-Mesenchymal Transition A Cancer Researcher’s Conceptual

Friend and Foe. Am. J. Pathol. 2009, 174, 1588–1593. [CrossRef]
91. Min, C.; Eddy, S.F.; Sherr, D.H.; Sonenshein, G.E. NF-κB and epithelial to mesenchymal transition of cancer.

J. Cell Biochem. 2008, 104, 733–744. [CrossRef] [PubMed]
92. Moreno-Bueno, G.; Portillo, F.; Cano, A. Transcriptional regulation of cell polarity in EMT and cancer.

Oncogene 2008, 27, 6958–6969. [CrossRef] [PubMed]
93. Wang, Z.; Li, Y.; Banerjee, S.; Sarkar, F.H. Emerging role of Notch in stem cells and cancer. Cancer Lett. 2009,

279, 8–12. [CrossRef] [PubMed]
94. Wang, Z.; Li, Y.; Kong, D.; Sarkar, F.H. The role of notch signaling pathway in epithelial-mesenchymal

transition (emt) during development and tumor aggressiveness. Curr. Drug Targets 2010, 11, 745–751.
[CrossRef]

95. Gregory, P.A.; Bracken, C.P.; Bert, A.G.; Goodall, G.J. MicroRNAs as regulators of epithelial-mesenchymal
transition. Cell Cycle 2008, 7, 3112–3117. [CrossRef]

96. Cannito, S.; Novo, E.; Compagnone, A.; Valfrè di Bonzo, L.; Busletta, C.; Zamara, E.; Paternostro, C.; Povero, D.;
Bandino, A.; Bozzo, F.; et al. Redox mechanisms switch on hypoxia-dependent epithelial–mesenchymal
transition in cancer cells. Carcinogenesis 2008, 29, 2267–2278. [CrossRef]

97. Timmerman, L.A.; Grego-Bessa, J.; Raya, A.; Bertrán, E.; Pérez-Pomares, J.M.; Díez, J.; Aranda, S.; Palomo, S.;
McCormick, F.; Izpisúa-Belmonte, J.C.; et al. Notch promotes epithelial-mesenchymal transition during
cardiac development and oncogenic transformation. Gene Dev. 2004, 18, 99–115. [CrossRef]

98. Sahlgren, C.; Gustafsson, M.V.; Jin, S.; Poellinger, L.; Lendahl, U. Notch signaling mediates hypoxia-induced
tumor cell migration and invasion. Proc. Natl. Acad. Sci USA 2008, 105, 6392–6397. [CrossRef]

99. Yang, M.-H.; Wu, K.-J. TWIST activation by hypoxia inducible factor-1 (HIF-1): Implications in metastasis
and development. Cell Cycle 2008, 7, 2090–2096. [CrossRef]

http://dx.doi.org/10.1016/j.bcp.2010.03.026
http://dx.doi.org/10.1038/sj.onc.1201035
http://dx.doi.org/10.2353/ajpath.2006.050416
http://dx.doi.org/10.1158/0008-5472.CAN-05-1069
http://www.ncbi.nlm.nih.gov/pubmed/16166334
http://dx.doi.org/10.1016/j.semcdb.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/22309843
http://dx.doi.org/10.1158/0008-5472.CAN-05-3610
http://www.ncbi.nlm.nih.gov/pubmed/16778208
http://dx.doi.org/10.1038/nm.2580
http://dx.doi.org/10.1002/jcb.22199
http://dx.doi.org/10.1158/1078-0432.CCR-08-1631
http://dx.doi.org/10.1038/nature04872
http://dx.doi.org/10.1038/nrc822
http://dx.doi.org/10.1158/0008-5472.CAN-06-0410
http://dx.doi.org/10.2353/ajpath.2009.080545
http://dx.doi.org/10.1002/jcb.21695
http://www.ncbi.nlm.nih.gov/pubmed/18253935
http://dx.doi.org/10.1038/onc.2008.346
http://www.ncbi.nlm.nih.gov/pubmed/19029937
http://dx.doi.org/10.1016/j.canlet.2008.09.030
http://www.ncbi.nlm.nih.gov/pubmed/19022563
http://dx.doi.org/10.2174/138945010791170860
http://dx.doi.org/10.4161/cc.7.20.6851
http://dx.doi.org/10.1093/carcin/bgn216
http://dx.doi.org/10.1101/gad.276304
http://dx.doi.org/10.1073/pnas.0802047105
http://dx.doi.org/10.4161/cc.7.14.6324


Cells 2020, 9, 2467 16 of 18

100. Leong, K.G.; Niessen, K.; Kulic, I.; Raouf, A.; Eaves, C.; Pollet, I.; Karsan, A. Jagged1-mediated Notch
activation induces epithelial-to-mesenchymal transition through Slug-induced repression of E-cadherin.
J. Exp. Med. 2007, 204, 2935–2948. [CrossRef]

101. Niessen, K.; Fu, Y.; Chang, L.; Hoodless, P.A.; McFadden, D.; Karsan, A. Slug is a direct Notch target required
for initiation of cardiac cushion cellularization. J. Cell Biol. 2008, 182, 315–325. [CrossRef] [PubMed]

102. Espinoza, I.; Pochampally, R.; Xing, F.; Watabe, K.; Miele, L. Notch signaling: Targeting cancer stem cells and
epithelial-to-mesenchymal transition. Oncotargets Ther. 2013, 6, 1249–1259.

103. Huang, Q.B.; Ma, X.; Li, H.Z.; Ai, Q.; Liu, S.W.; Zhang, Y.; Gao, Y.; Fan, Y.; Ni, D.; Wang, B.J.; et al.
Endothelial Delta-like 4 (DLL4) promotes renal cell carcinoma hematogenous metastasis. Oncotarget 2014,
5, 3066–3075. [CrossRef] [PubMed]

104. Kuramoto, T.; Goto, H.; Mitsuhashi, A.; Tabata, S.; Ogawa, H.; Uehara, H.; Saijo, A.; Kakiuchi, S.; Maekawa, Y.;
Yasutomo, K.; et al. Dll4-Fc, an Inhibitor of Dll4-Notch Signaling, Suppresses Liver Metastasis of Small Cell
Lung Cancer Cells through the Downregulation of the NF-κB Activity. Mol. Cancer Ther. 2012, 11, 2578–2587.
[CrossRef]

105. Xu, Z.; Wang, Z.; Jia, X.; Wang, L.; Chen, Z.; Wang, S.; Wang, M.; Zhang, J.; Wu, M. MMGZ01, an anti-DLL4
monoclonal antibody, promotes nonfunctional vessels and inhibits breast tumor growth. Cancer Lett. 2016,
372, 118–127. [CrossRef]

106. Koch, U.; Lehal, R.; Radtke, F. Stem cells living with a Notch. Development 2013, 140, 689–704. [CrossRef]
107. Fan, X.; Khaki, L.; Zhu, T.S.; Soules, M.E.; Talsma, C.E.; Gul, N.; Koh, C.; Zhang, J.; Li, Y.M.; Maciaczyk, J.;

et al. NOTCH pathway blockade depletes CD133-positive glioblastoma cells and inhibits growth of tumor
neurospheres and xenografts. Stem Cells 2010, 28, 5–16. [CrossRef]

108. Zhu, T.S.; Costello, M.A.; Talsma, C.E.; Flack, C.G.; Crowley, J.G.; Hamm, L.L.; He, X.; Hervey-Jumper, S.L.;
Heth, J.A.; Muraszko, K.M.; et al. Endothelial cells create a stem cell niche in glioblastoma by providing
notch ligands that nurture self-renewal of cancer stem-like cells. Cancer Res. 2011, 71, 6061–6072. [CrossRef]

109. Jiang, L.-Y.; Zhang, X.-L.; Du, P.; Zheng, J.-H. γ-Secretase Inhibitor, DAPT Inhibits Self-renewal and Stemness
Maintenance of Ovarian Cancer Stem-like Cells In Vitro. Chin. J. Cancer Res. 2011, 23, 140–146. [CrossRef]

110. McAuliffe, S.M.; Morgan, S.L.; Wyant, G.A.; Tran, L.T.; Muto, K.W.; Chen, Y.S.; Chin, K.T.; Partridge, J.C.;
Poole, B.B.; Cheng, K.H.; et al. Targeting Notch, a key pathway for ovarian cancer stem cells, sensitizes
tumors to platinum therapy. Proc. Natl. Acad. Sci. USA 2012, 109, E2939–E2948. [CrossRef]

111. Dontu, G.; Jackson, K.W.; McNicholas, E.; Kawamura, M.J.; Abdallah, W.M.; Wicha, M.S. Role of Notch
signaling in cell-fate determination of human mammary stem/progenitor cells. Breast Cancer Res. 2004,
6, 1–11. [CrossRef] [PubMed]

112. D’Angelo, R.C.; Ouzounova, M.; Davis, A.; Choi, D.; Tchuenkam, S.M.; Kim, G.; Luther, T.; Quraishi, A.A.;
Senbabaoglu, Y.; Conley, S.J.; et al. Notch reporter activity in breast cancer cell lines identifies a subset of
cells with stem cell activity. Mol. Cancer Ther. 2015, 14, 779–787. [CrossRef] [PubMed]

113. Wohlfeil, S.A.; Häfele, V.; Dietsch, B.; Schledzewski, K.; Winkler, M.; Zierow, J.; Leibing, T.; Mohammadi, M.M.;
Heineke, J.; Sticht, C.; et al. Hepatic endothelial Notch activation protects against liver metastasis by regulating
endothelial-tumor cell adhesion independent of angiocrine signaling. Cancer Res. 2018, 79, 598–610.
[CrossRef] [PubMed]

114. Brabletz, S.; Bajdak, K.; Meidhof, S.; Burk, U.; Niedermann, G.; Firat, E.; Wellner, U.; Dimmler, A.; Faller, G.;
Schubert, J.; et al. The ZEB1/miR-200 feedback loop controls Notch signalling in cancer cells. EMBO J. 2011,
30, 770–782. [CrossRef] [PubMed]

115. Sonoshita, M.; Aoki, M.; Fuwa, H.; Aoki, K.; Hosogi, H.; Sakai, Y.; Hashida, H.; Takabayashi, A.; Sasaki, M.;
Robine, S.; et al. Suppression of colon cancer metastasis by aes through inhibition of notch signaling.
Cancer Cell 2011, 19, 125–137. [CrossRef]

116. Xing, F.; Kobayashi, A.; Okuda, H.; Watabe, M.; Pai, S.K.; Pandey, P.R.; Hirota, S.; Wilber, A.; Mo, Y.Y.;
Moore, B.E.; et al. Reactive astrocytes promote the metastatic growth of breast cancer stem-like cells by
activating Notch signalling in brain. EMBO Mol. Med. 2013, 5, 384–396. [CrossRef]

117. Yang, Y.; Ahn, Y.H.; Gibbons, D.L.; Zang, Y.; Lin, W.; Thilaganathan, N.; Alvarez, C.A.; Moreira, D.C.;
Creighton, C.J.; Gregory, P.A.; et al. The Notch ligand Jagged2 promotes lung adenocarcinoma metastasis
through a miR-200-dependent pathway in mice. J. Clin. Investig. 2011, 121, 1373–1385. [CrossRef]

http://dx.doi.org/10.1084/jem.20071082
http://dx.doi.org/10.1083/jcb.200710067
http://www.ncbi.nlm.nih.gov/pubmed/18663143
http://dx.doi.org/10.18632/oncotarget.1827
http://www.ncbi.nlm.nih.gov/pubmed/24931473
http://dx.doi.org/10.1158/1535-7163.MCT-12-0640
http://dx.doi.org/10.1016/j.canlet.2015.12.025
http://dx.doi.org/10.1242/dev.080614
http://dx.doi.org/10.1002/stem.254
http://dx.doi.org/10.1158/0008-5472.CAN-10-4269
http://dx.doi.org/10.1007/s11670-011-0140-1
http://dx.doi.org/10.1073/pnas.1206400109
http://dx.doi.org/10.1186/bcr920
http://www.ncbi.nlm.nih.gov/pubmed/15535842
http://dx.doi.org/10.1158/1535-7163.MCT-14-0228
http://www.ncbi.nlm.nih.gov/pubmed/25673823
http://dx.doi.org/10.1158/0008-5472.CAN-18-1752
http://www.ncbi.nlm.nih.gov/pubmed/30530502
http://dx.doi.org/10.1038/emboj.2010.349
http://www.ncbi.nlm.nih.gov/pubmed/21224848
http://dx.doi.org/10.1016/j.ccr.2010.11.008
http://dx.doi.org/10.1002/emmm.201201623
http://dx.doi.org/10.1172/JCI42579


Cells 2020, 9, 2467 17 of 18

118. Capaccione, K.M.; Pine, S.R. The Notch signaling pathway as a mediator of tumor survival. Carcinogenesis
2013, 34, 1420–1430. [CrossRef]

119. Domingo-Domenech, J.; Vidal, S.J.; Rodriguez-Bravo, V.; Castillo-Martin, M.; Quinn, S.A.; Rodriguez-Barrueco, R.;
Bonal, D.M.; Charytonowicz, E.; Gladoun, N.; de la Iglesia-Vicente, J.; et al. Suppression of acquired docetaxel
resistance in prostate cancer through depletion of notch- and hedgehog-dependent tumor-initiating cells.
Cancer Cell 2012, 22, 373–388. [CrossRef]

120. Martz, C.A.; Ottina, K.A.; Singleton, K.R.; Jasper, J.S.; Wardell, S.E.; Peraza-Penton, A.; Anderson, G.R.;
Winter, P.S.; Wang, T.; Alley, H.M.; et al. Systematic identification of signaling pathways with potential to
confer anticancer drug resistance. Sci. Signal. 2014, 7. [CrossRef]

121. Xie, M.; He, C.-S.; Wei, S.-H.; Zhang, L. Notch-1 contributes to epidermal growth factor receptor tyrosine
kinase inhibitor acquired resistance in non-small cell lung cancer in vitro and in vivo. Eur. J. Cancer 2013,
49, 3559–3572. [CrossRef]

122. Bray, S.J. Notch signalling in context. Nat. Rev. Mol. Cell Biol. 2016, 17, 722–735. [CrossRef] [PubMed]
123. Gu, J.W.; Rizzo, P.; Pannuti, A.; Golde, T.; Osborne, B.; Miele, L. Notch signals in the endothelium and cancer

“stem-like” cells: Opportunities for cancer therapy. Vasc. Cell 2012, 4, 7. [CrossRef] [PubMed]
124. Henrique, D.; Schweisguth, F. Mechanisms of Notch signaling: A simple logic deployed in time and space.

Development 2019, 146. [CrossRef] [PubMed]
125. Musse, A.A.; Meloty-Kapella, L.; Weinmaster, G. Notch ligand endocytosis: Mechanistic basis of signaling

activity. Semin. Cell Dev. Biol. 2012, 23, 1–8. [CrossRef] [PubMed]
126. Hicks, C.; Ladi, E.; Lindsell, C.; Hsieh, J.J.D.; Hayward, S.D.; Collazo, A.; Weinmaster, G. A secreted Delta1-Fc

fusion protein functions both as an activator and inhibitor of Notch1 signaling. J. Neurosci. Res. 2002,
68, 655–667. [CrossRef]

127. Lu, J.; Ye, X.; Fan, F.; Xia, L.; Bhattacharya, R.; Bellister, S.; Tozzi, F.; Sceusi, E.; Zhou, Y.; Tachibana, I.; et al.
Endothelial Cells Promote the Colorectal Cancer Stem Cell Phenotype through a Soluble Form of Jagged-1.
Cancer Cell 2013, 23, 171–185. [CrossRef]

128. Sharghi-Namini, S.; Tan, E.; Ong, L.-L.S.; Ge, R.; Asada, H.H. Dll4-containing exosomes induce capillary
sprout retraction in a 3D microenvironment. Sci Rep. 2014, 4, 1–8. [CrossRef]

129. Sheldon, H.; Heikamp, E.; Turley, H.; Dragovic, R.; Thomas, P.; Oon, C.E.; Leek, R.; Edelmann, M.; Kessler, B.;
Sainson, R.C.; et al. New mechanism for Notch signaling to endothelium at a distance by Delta-like 4
incorporation into exosomes. Blood 2010, 116, 2385–2394. [CrossRef]

130. Ghiabi, P.; Jiang, J.; Pasquier, J.; Maleki, M.; Abu-Kaoud, N.; Halabi, N.; Guerrouahen, B.S.; Rafii, S.; Rafii, A.
Breast cancer cells promote a notch-dependent mesenchymal phenotype in endothelial cells participating to
a pro-tumoral niche. J. Transl. Med. 2015, 13, 27. [CrossRef]

131. Cao, Z.; Ding, B.S.; Guo, P.; Lee, S.B.; Butler, J.M.; Casey, S.C.; Simons, M.; Tam, W.; Felsher, D.W.;
Shido, K.; et al. Angiocrine Factors Deployed by Tumor Vascular Niche Induce B Cell Lymphoma Invasiveness
and Chemoresistance. Cancer Cell 2014, 25, 350–365. [CrossRef] [PubMed]

132. Jiang, H.; Zhou, C.; Zhang, Z.; Wang, Q.; Wei, H.; Shi, W.; Li, J.; Wang, Z.; Ou, Y.; Wang, W.; et al.
Jagged1-Notch1-deployed tumor perivascular niche promotes breast cancer stem cell phenotype through
Zeb1. Nat. Commun. 2020, 11, 1–16. [CrossRef] [PubMed]

133. Kim, J.K.; Jeon, H.M.; Jeon, H.Y.; Oh, S.Y.; Kim, E.J.; Jin, X.; Kim, S.H.; Kim, S.H.; Jin, X.; Kim, H. Conversion
of glioma cells to glioma stem-like cells by angiocrine factors. Biochem. Biophys. Res. Commun. 2018,
496, 1013–1018. [CrossRef] [PubMed]

134. Hoarau-Véchot, J.; Touboul, C.; Halabi, N.; Blot-Dupin, M.; Lis, R.; Abi Khalil, C.; Rafii, S.; Rafii, A.; Pasquier, J.
Akt-activated endothelium promotes ovarian cancer proliferation through notch activation. J. Transl. Med.
2019, 17, 1–11. [CrossRef] [PubMed]

135. Kuhnert, F.; Chen, G.; Coetzee, S.; Thambi, N.; Hickey, C.; Shan, J.; Kovalenko, P.; Noguera-Troise, I.; Smith, E.;
Fairhurst, J.; et al. Dll4 Blockade in Stromal Cells Mediates Antitumor Effects in Preclinical Models of Ovarian
Cancer. Cancer Res. 2015, 75, 4086–4096. [CrossRef]

136. Indraccolo, S.; Minuzzo, S.; Masiero, M.; Pusceddu, I.; Persano, L.; Moserle, L.; Reboldi, A.; Favaro, E.;
Mecarozzi, M.; Di Mario, G.; et al. Cross-talk between tumor and endothelial cells involving the Notch3-Dll4
interaction marks escape from tumor dormancy. Cancer Res. 2009, 69, 1314–1323. [CrossRef]

http://dx.doi.org/10.1093/carcin/bgt127
http://dx.doi.org/10.1016/j.ccr.2012.07.016
http://dx.doi.org/10.1126/scisignal.aaa1877
http://dx.doi.org/10.1016/j.ejca.2013.07.007
http://dx.doi.org/10.1038/nrm.2016.94
http://www.ncbi.nlm.nih.gov/pubmed/27507209
http://dx.doi.org/10.1186/2045-824X-4-7
http://www.ncbi.nlm.nih.gov/pubmed/22487493
http://dx.doi.org/10.1242/dev.172148
http://www.ncbi.nlm.nih.gov/pubmed/30709911
http://dx.doi.org/10.1016/j.semcdb.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22306180
http://dx.doi.org/10.1002/jnr.10263
http://dx.doi.org/10.1016/j.ccr.2012.12.021
http://dx.doi.org/10.1038/srep04031
http://dx.doi.org/10.1182/blood-2009-08-239228
http://dx.doi.org/10.1186/s12967-015-0386-3
http://dx.doi.org/10.1016/j.ccr.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24651014
http://dx.doi.org/10.1038/s41467-020-18860-4
http://www.ncbi.nlm.nih.gov/pubmed/33046710
http://dx.doi.org/10.1016/j.bbrc.2017.02.076
http://www.ncbi.nlm.nih.gov/pubmed/28216164
http://dx.doi.org/10.1186/s12967-019-1942-z
http://www.ncbi.nlm.nih.gov/pubmed/31182109
http://dx.doi.org/10.1158/0008-5472.CAN-14-3773
http://dx.doi.org/10.1158/0008-5472.CAN-08-2791


Cells 2020, 9, 2467 18 of 18

137. Mendonça, L.; Trindade, A.; Carvalho, C.; Correia, J.; Badenes, M.; Gigante, J.; Duarte, A. Metastasis is
impaired by endothelial-specific Dll4 loss-of-function through inhibition of epithelial-to-mesenchymal
transition and reduction of cancer stem cells and circulating tumor cells. Clin. Exp. Metastas 2019, 36, 365–380.
[CrossRef]

138. Wieland, E.; Rodriguez-Vita, J.; Liebler, S.S.; Mogler, C.; Moll, I.; Herberich, S.E.; Espinet, E.; Herpel, E.;
Menuchin, A.; Chang-Claude, J.; et al. Endothelial Notch1 Activity Facilitates Metastasis. Cancer Cell 2017,
31, 355–367. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10585-019-09973-2
http://dx.doi.org/10.1016/j.ccell.2017.01.007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction: Angiogenesis 
	Angiocrine Signaling 
	Notch Signaling Pathway in Angiogenesis and Tumoral Neoangiogenesis 
	Notch Signaling Function in Solid Tumors 
	Angiocrine Functions of Notch Signaling 
	Remote Angiocrine Notch Signaling in Cancer 
	Cell-Contact-Based Angiocrine Notch Signaling in Cancer 

	Conclusions 
	References

