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Abstract

cells exploit the preexisting vessels by co-opting them.

The relationship between vessels and cancer has been the subject of many studies. In 1787 was formulated the
idea that tumors always induced growth of new vessels, a phenomenon called "angiogenesis". The growth of new
capillaries into tumor implants was formally described in animal models only in 1939 but during the same years was
also published that only pre-existing vessels could be identified inside some neoplastic lesions. During the 1970s,
Folkman started to systematically investigate the role of newly formed vessels in cancer and the angiogenesis
theory, i.e. the complete reliance of cancers on new vessels in order to grow, become predominant. Eventually
recent work has demonstrated that some tumors can truly grow without inducing angiogenesis as the neoplastic
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Introduction

The human body has a very rich and intricate network of blood
vessels; therefore it is not surprising that the relationship between
vessels and cancer has been the subject of many studies. In 1787 [1]
was formulated the idea that, despite the presence of the normal
vascular system, tumors always induced growth of new vessels, a
phenomenon called “angiogenesis”. The growth of new capillaries into
tumor implants was formally described in animal models only in 1939

[2] but during the same years was also published that only pre-
existing vessels could be identified inside some neoplastic lesions [3,4].
Eventually, during the 1970s, Folkman [5] started to systematically
investigate the role of newly formed vessels in cancer and the
angiogenesis theory, ie. the complete reliance of cancers on new
vessels in order to grow, become predominant.

Classic Tumor Angiogenesis

What is the evidence that tumors are angiogenesis dependent [6]. In
1971 Folkman formally enunciated his concept that “the growth of
solid neoplasm is always accompanied by neo-vascularization” [7]. He
was relying mostly on “in vitro” and animal models [6] in which
experiments had been frequently conducted in anatomical regions
containing little or no vessels at all, like the cornea of a rabbit. As
matter of fact most of the research leading to the angiogenesis theory
has been carried out animal models [8] with fewer studies done on
actual tumor samples and a histopathological study, classifying intra-
tumor vessels, maintained that they were all newly formed [9].

A second hypothesis followed, that the higher the density of new
micro-vessels the higher the aggressiveness of the tumor and the worst
the outcome for the patient [10,11]. A series of meta-analysis has
subsequently challenged this hypothesis [12-14] with some studies
actually showing an altogether different picture, with higher micro
vessel  density  predicting a  better outcome  [15,16].

Nevertheless, “inducing angiogenesis” is still regarded as a hallmark of
cancer [17].

The mechanisms of classic angiogenesis

Vessels are usually quiescent and their homeostasis is controlled
mainly by the Angiopoietin family (ANG1, ANG2 and ANG4) and
their receptors (TIE-1 and TIE-2) [18].

If growth of new vessels is required, the main pathway involved is
the VEGF one. There are four VEGF proteins, A, B, C and D and three
receptors, VEGF1R/flt-1, VEGFR2/kdr and VEGFR3/flt4. The VGFA
isoforms 121 and 165 plus the VGFR2, a type III receptor tyrosine
kinase role are regarded as the most important. Another membrane
protein, neuropillin, has been shown to link to VEGFA165 and to
produce an angiogenic effect similar to that observed following the
activation of VEGFR2 [19]. As a tumour starts to outgrow its blood
supply some of its areas become hypoxic inducing the secretion of
angiogenic factors, consequently endothelial cells of the vessels already
present in the lesion loosen their junctions and detach from the basal
membrane through the action of metalloproteases (MMPs). Following
the continuous increases of hypoxia and therefore of VEGFA levels, the
vessels become leaky [20] as more endothelial cells break through the
basal membrane and start to migrate alongside the gradient of
angiogenc proteins and begin to secrete ANG2, which competes with
ANG1 for the TIE2 receptor, further inducing endothelial cell
detachment, vascular permeability and endothelial proliferation [18].

The docking of VEGFA to VEGFR2 triggers also the activation of
the PLC (Phospholipase C) gamma/PKC/RAF MEK/MAPK pathway,
leading to the proliferation of the endothelium, and of the PI3K/AKT
pathway, resulting into its increased survival [19]. After crossing the
basal membrane, the endothelial cells proliferate and accumulate
forming a cord of cells: the one closer to the vessel of origin are the
Stalk cells while the most advanced toward the angiogenic signal are
the Tip cells which lead the migration. The differentiation into either
Stalk cells or Tip cells is regulated by VEGFA throughout the
NOTCH/WNT pathway. NOTCH (1,2,3 and 4) are receptors expressed
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on different cell types, their ligand (Jag 1 and 2 plus D113 and 4) are
also present on the cell membrane.

All the endothelial cells express both NOTCHs and NOTCH ligands
(Jag 1,2 DII1,3 and 4). Following VEGFR2 activation by VEGFA the
endothelial cells will start to increase the transcription of DLL4. The
Tip cells, which are the closest to the hypoxic area along the endothelial
sprout and are subject to a higher VEGFA concentration, will
accumulate more DLL4. Compared to the stalk cells the Tips cell will
therefore have a higher DLL4: NOTCH ratio and subsequently, higher
levels of DLL4 linked to the extracellular domain of NOTCH will be
imported in the cytoplasm leaving behind a fragment of NOTCH. The
NOTCH: DLL4 complex is not a transcription factor, the transcription
factor activity lies with the residual intracellular fragment of NOTCH
left behind which is also detached from the membrane and is the one
that will trigger the transcription of the downstream pathways which
will than reduce the proliferative effect of VEGE contributing at the
maturation process of the newly formed vessel.

Therefore the most advanced endothelial Tip cells, having more
DLL4, will acquire a phenotype characterized by low proliferation, lack
of vascular lumen formation but VEGFA dependent production of
filopodia rich in actin, resulting in increased motility. The Stalk cells
will have instead a phenotype characterized by low motility and higher
proliferation which is however progressively switched of, as NOTCH
activation increases, leading to vascular lumen formation,
establishment of inter endothelial junctions and deposition of basal
membrane. As a lumen is established, the arrival of oxygenated blood
start to inhibits VEGFA further decreasing the proliferation. Eventually
new pericytes are recruited and the maturation of the vessel is
completed [21].

During the angiogenic process therefore there will be the sprouting
of a new vessels formed by endothelial cells with a “gradient of
phenotype”: highly mobile but not proliferating at the tip, progressively
less mobile going down along the new vessels, and with higher
proliferation in the middle section but re-establishment of lumen,
oxygenation and quiescence at the beginning. Eventually the newly
formed branches will fuse with other vessels and the all the new
vessels, well oxygenated, will acquire a quiescent phenotype.

Bone marrow-derived endothelial progenitor cells

During tumour angiogenesis however the Endothelial Cells (EC)
involved can also be recruited from circulating Endothelial Progenitor
Cells (EPC) [22]. These cells are mainly found in the bone marrow but
can also be isolated from peripheral blood, fetal liver and umbilical
cord blood [23], their phenotype is variable according to the organ of
provenience but they always express CD34 and VEGFR2 [24]. When a
tumor secrets cytokines and hypoxia related proteins attract EPC to the
neoplastic formation where it is assumed that they can play two main
roles: further increases the angiogenic stimulus by secreting pro-
angiogenic factors and to be recruited inside the newly establish
vascular structure where the EPC differentiated into mature
endothelial cells [24].

The Non-angiogenic Tumours

Human pathology: The description of completely non-angiogenic
tumors was firstly done by looking at pattern of vascularization in non-
Small Cell Lung Carcinomas (nSCLC) [25-28], where it was also
observed that in many neoplasm both angiogenic and non-angiogenic
areas co-exist [26]. Quite surprisingly it was also found that these

malignancies were actually more aggressive than the angiogenic ones
[29,30]. Furthermore non-angiogenic metastases to the lung,
originating form an angiogenic primary [31], were identified [25,30]
questioning the idea that angiogenesis is linked to tumor progression
and rather suggesting that angiogenesis can be switched off during the
spreading of a tumor. The absence of newly formed vessels and the
persistence of the preexisting lung vasculature has been confirmed by
immunohistochemical studies looking at the expression of LH39 and
aVb3 which demonstrated that the vessels present in the non-
angiogenic tumors have the same phenotype of the normal lung [32].
A three dimensional reconstruction of normal tissue and lung
carcinomas confirmed that the vascular infrastructure of the non-
angiogenic tumors was indistinguishable from that of the normal
tissue [33]. This type of non-angiogenic growth of neoplastic cells
inside the lung has been in the past reported as “intra alveolar” [3], the
very first description going back as far as to 1861 [34].

As the human body is very rich in vessels, we expected to find non-
angiogenic tumors also in other organ. Vermeulen et al. [35,36]
described three different ways in which breast and colorectal
metastatic malignancy can grow in relationship to the normal
vasculature of the liver. In two patterns there was destruction of the
liver structure with angiogenesis inside the tumor. In the third pattern,
the replacement pattern, the metastatic cancer cells substitute the
hepatocytes leaving the overall preexisting hepatic architecture intact.
No fibrosis is seen, inflammation is almost absent and tumor cells and
hepatocytes have intimate cell-cell contact and the tumor cells are
growing by co-opting the sinusoidal blood vessels. As in the lung, also
the liver metastatic lesions can have a pure or mixed pattern of growth.
Sometime is a single metastasis containing both angiogenic and non-
angiogenic areas, sometime, in patients with multiple metastases, some
lesions are purely angiogenic and some are purely non-angiogenic [37].
The patients with non-angiogenic metastases have slightly better
chance of survival after 24 months but not after 60 months. According
to the organ of origin (breast, pancreatic and urinary bladder) the
prevalence non-angiogenic growth pattern is different [38], only one
third of the colorectal [39] secondary grows in this way in the liver but
almost all the breast cancer metastases are non-angiogenic. There is
also a second non-angiogenic growth pattern, in which the cancer cells
spread within the hepatic sinusoids rather than replace the hepatocytes
[40].

In 1994 a hypothesis was raised that also glioblastoma multiforme
could growth by exploiting preexisting vessels [41]. Since then the
occurrence of vascular co-optation in brain has been confirmed for
glioblastoma [42] and reported also for glioma [43,44]. Not only
primary tumors but brain metastases as well can growth by vascular
co-optation [45].

Animal models

Non-angiogenic growth by vascular co-optation has by now also
been described in animal models. The first report was in a rat model
[46] in which glioma and mammary neoplastic cells implanted in the
brain could briefly growth along pre-existing vessels leading to the
conclusion that a significant, although only transient, non-angiogenic
neoplastic growth was occurring. Subsequently other studies
confirmed not only that malignant cells can co-opt vessels in mice

brain but also that full non-angiogenic tumours can grow [43,47] in
lung [48] and liver [49].
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Why tumours grow in a non-angiogenic way?

In order to unravel the mechanisms leading to neoplastic growth by
vascular co-optation in primary non-small cell lung carcinoma we
started by investigating some basic characteristics. No major
differences were observed as far as necrosis, apoptosis and hypoxia is
concerned while the angiogenic tumours contained more
inflammation, fibrosis and expression of thrombospondin in the
stroma [50,51]. mRNA expression profiling confirmed that no
differences in classic hypoxia/angiogenesis pathways could be found
with the exception of Thrombospondinl [52].

Surprisingly instead we found, in non-angiogenic tumors an
increased transcription of a set of genes linked to Oxidative
Phosphorylation, suggesting the possibility of an undergoing metabolic
reprogramming. The second major finding was the decreased level, in
the same tumors, of mRNA transcripts of several adhesion molecule,
leading us to raise the hypothesis that diminished cell to cell contact
could be associated with failure to develop a vascular infrastructure
[52]. A third finding was the higher rate of cytoplasm p53 expression
in non-angiogenic malignancies and in a small pilot study we also
found a higher incidence of p53 mutations in these lesions [51]. If
confirmed in larger studies these data would be consistent with the
report that, in animal models, inactivation of p53 is associated with
resistance to anti-angiogenic drugs, as it increases their ability to
survive in hypoxia [53].

Less data are available as far as the biological characterization of the
non-angiogenic liver metastases is concerned. However the different
type of spreading compared to the lung (replacement of normal cells
versus filling empty spaces) and the finding that very scanty CA9
expression is present at the edge of the replacement pattern indicate
that these metastases are not very hypoxic [38] and suggests that liver
and lung non-angiogenic tumours could have different underlying
mechanisms

Vascular co-option: molecular mechanisms

Cancer can grow without angiogenesis because malignant cells can
exploit pre-existing vessels by co-opting them. Only a few studies are
so far available on the mechanism of vascular co-option and they are
mostly focused on co-option of the brain vessels.

The first question is how the neoplastic cells are attracted towards
the vessel. In a work on gliomas Montana et al. [54] show that this
attraction is mediated by bradykinin signalling pathways: the glioma
cell expresses Bradykinin 2 Receptor (B2R), which is activated by the
bradykinin secreted by the endothelial cells. Once activated B2R
induces intracellular Ca2+ oscillations triggering the migration of the
neoplastic cells toward the vessel along the gradient of secreted
bradykinin.

In a second study Caspani et al. [55] unravelled the interaction
mechanism between Glioblastoma Multiforme (GBM) cells and the
pericytes of the brain vessels, both in animals and in vitro models.
They describe that GMB cells produce cytoplasm extensions,
denominated flectopodia which relay on CDC42, a GTPAse that
regulates these actions-dependent cytoplasmic extensions. These
flectopodia adhere to the pericytes through the adhesion molecule
CD44. Following the co-option, the pericytes contract, inducing
changes of the vascular structure from linear to convoluted. In in-vitro
experiments fusion between the cytoplasm of the GMB cells and those
of the pericytes follows the interaction between the two types of cells

resulting in the formation of hybrid cells. Inhibition of CDC42 results
in impaired vascular co-option and differentiation of some pericytes
into macrophage-like cells with anti-tumour activity. The possibility
that this process could be actually occurring in humans is supported by
immunohistochemical staining demonstrating increased levels of
CDC42 and CD44 expression in perivascular GBM cells on GBM
histological sections.

Different are the requirement for the metastatic cells as they reach
the brain by the blood vessels. Valiente et al. [56] demonstrated that
metastatic cells resist apoptosis and co-opt brain vessels by expressing
the protein neuroserpin, an inhibitor of plasmin. Plasmin promotes the
apoptosis of cancer cells and inhibits their spread along the vasculature
a defensive reaction of the brain tissue to malignant cells entering the
parenchyma. Linking these two events (the entrance of metastatic
tumour cells and the production of plasmin) is the astrocyte which, in
response to inflammation, parenchyma damage and the passage of
metastatic cells across the brain barrier, expresses high levels of two
proteins: Fas ligand (FasL) and Plasminogen Activator (PA). Increased
levels of PA lead to cleavage of plasminogen (which is secreted by
neurons) into the active form, plasmin, which can then act on several
other proteins, including FasL and the adhesion molecule LICAM.

FasL is bound to the membrane of astrocytes, but plasmin is able to
cleave and release it as soluble form, sFasL, which in turn can link to its
receptor, Fas, on the tumour cell and trigger apoptosis. When cancer
cells express high level of neuroserpin, the astrocytes are prevented
from expressing PA, consequently the release of plasmin from
plasminogen is stopped, secretion of sFasL is blocked and thus is
apoptosis of the tumor cell.

Once the survival of the metastatic cells is achieved how they will
adhere to the co-opted vessels? One mechanism is again linked to
neuroserpin expression: by inhibiting generation of plasmin, the
L1ICAM molecule expressed by the tumor cell is not cleaved and
remains intact allowing the metastatic cells to adhere to the outbound
surface of the vessels [56].

In models of metastatic breast cancer and melanoma vascular co-
option in vivo and cancer cell-endothelium adhesion in vitro are
reported to be dependent upon the induction of Connexin 26 (Cx26)
and Connexin 43 (Cx43) expression by the twist transcription factor.
These two connexins induce the formation of functional Gap Junctions
between cancer cells and endothelium. Silencing of these connexins in
both breast adenocarcinoma and melanoma cells lose the ability, not
only to adhere at the endothelial cells in vitro but also to co-opt vessels
in vivo in zebra fish, chicken embryo and mouse models [57]. Presence
of betal integrin is instead mediating the adhesion between neoplastic
cells and the vascular basal membrane [58].

The effect of co-option on the blood vessels

In rat models of glioma Holash et al. [46] have observed vascular
co-option, but only as a transient phenomenon in the early stages of
tumour growth, before the triggering of angiogenesis. Adult mouse
blood vessels express high levels of Angiopoietin 1 which antagonises
Angiopoietin 2 on the Tie2 receptor, and maintain the mature vessel
stable by inducing anchorage to the basal membrane and protecting
form apoptosis. The first event observed following co-option was an
increase in the levels of Angiopoietin 2 in the preexisting vessels
surrounded by tumor cells. Higher levels of Angiopoietin 2, without
increases of VEGF expression, induced vascular regression by
detachment of the endothelium from the basal membrane and
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subsequent apoptosis. However in this model, VEGF expression was
induced only on the hedge of the tumour triggering neo-angiogenesis.
It is therefore likely that a different response occurs in long-term non-
angiogenic neoplasia.

Vasculogenic Mimicry

Alongside vascular co-optation, Vasculogenic Mimicry (VM), the
ability of tumor cells to form vessel-like networks, is another
alternative way for tumors to receive oxygen and nutrients without
inducing angiogenesis [59]. Firstly described in melanoma, it has now
been reported also in several other types of tumors [60,61]. It differs
from vascular co-optation because functional channels are created but
they are not made up by newly formed vessels but by the very same
tumor cells. VM appears to recapitulate the formation of the
vasculogenesis network, as in these aggressive tumor neoplastic cells
reverse to an embryonic-like phenotype, therefore becoming able to
mimic endothelial cells [59].

The main signaling pathway regulating VM is ignited by up-
regulation of VE-cadherin by Hif 2. VE-cadherin co-localize with
phosphorylates, EphA2 which in turn activate PI3K both directly and
throughout FAK/ERK1/2. PIK3 induce the cleavage of pro-MT1-MMP
and pro-MMP2 into their corresponding active forms which cleave
laminin5y2 realizing the pro-migratory fragments 5y2’ and 5y2x.
These two latter protein fragments induce and guide the arrangement
of the neoplastic cells into channel structures. This pathway can be
inhibited by cAMP, blocking ERK1/2 function. However cAMP can
also sustain VM by positively regulating VE-Cadherin expression
throughout the Nodal/Notch 1/4 pathway with Gal-3 having a similar
positive effect on VM [60,62].

Blood Vessels and Anti-angiogenic Treatment

As we predicted [26] vascular co-option is now recognized as one of
the causes for resistance to anti-angiogenic treatment [19]. Other
reasons for resistance include the heterogeneous composition of the
newly formed intra-tumor vessels. The latter especially applies to
spontaneous tumors that can develop over a considerable period of
time, as opposed to rapidly growing experimental cancers. Dvorak et
al. have demonstrated the existence of such vascular heterogeneity with
some of these vessels growing independently form VEGF [63].
Furthermore anti-angiogenic treatments may lead to even more
heterogeneity [64]. Vascular biology can also change during metastatic
progression and this may explain why lung metastases can be resistant
to sunitinib while the same tumor cell line is sensitive to this drug as
primary tumor [65].

The characterization of tumors, according to their angiogenic, or
non-angiogenic phenotype helps therefore to explain why some
tumors resist to anti angiogenic treatment. Consequently will also help
to identify those tumors that can be selectively targeted for anti
angiogenic treatment as they are truly relying on new vessels
formation. It is therefore possible that by this approach we will be able
to obtain better results from anti-angiogenic drugs. Furthermore a
better understanding of the biology of non-angiogenic tumors and of
how they co-opt vessels could results in the discovery of novel
treatment targets.

Conclusions

“Inducing angiogenesis” a hallmark too far? It is now established
that tumors can also develop and progress in absence of angiogenesis.

The biological implication of the new data obtained so far is that the
development of hypoxia in a neoplastic lesion does not always trigger
angiogenesis. While some tumors appear to be completely non-
angiogenic tumors, many others contain both angiogenic and non-
angiogenic areas. This is in disagreement with the theory of Folkman
[6], regarded as one of Hallmark of Cancer [17], stating that that
tumours must induce angiogenesis to grow.
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