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Abstract

Angiogenesis in tumors is controlled by the so-called "angiogenic switch" which allows the
passage from low invasive and poorly vascularized tumors to highly invasive and angiogenic
tumors. A number of cellular stress factors such as hypoxia, nutrient deprivation or inducers
of reactive oxygen species (ROS) are important stimuli of angiogenic signalling. The HIF
system plays a significant role in several of these effects and the molecular mechanisms of its
regulation have recently been characterized. In addition, HIF-independent mechanisms have
been described which involved number of other molecules and transcription factors such as
nuclear factor-«B (NF-xB) and p53.

p53 is an important intracellular mediator of the stress response and is now also recognized as
a modifier of the angiogenic response. p53 may interact with the HIF system but may also
have direct effects on angiogenesis regulators or interfere with translation mechanisms of
angiogenesis factors.

1. Introduction

Tumor development is critically regulated by the ingrowth of the vasculature into the tumor,
a process designated as tumor angiogenesis [33]. Below 1-2 mm’ , tumors are, in general,
avascular and grow slowly. To further increase in size, tumor cells express a set of molecules
that initiate tumor vascularization. The passage to a vascularized phenotype has been called
the angiogenic switch. First insight into the molecular mechanisms of the angiogenic switch
was gained through the analysis of tumor progression in the RIP-Tag mouse model [22]. The
overexpression of the T antigen under the control of the insulin promoter induces an
insulinoma that progresses to highly malignant and vascularized lesions. Tumor nodules from
the early stage do not induce angiogenesis when co-cultured with endothelial cells in vitro. At
the later stage, however, angiogenesis is potently induced. This model has greatly contributed



to clarify the role of some of the angiogenesis regulators in the control of the angiogenic
switch.

In the past few years, significant advances have been made in the understanding of how
angiogenesis factors are expressed in tumor cells and how they act on the surrounding
vasculature. Especially noteworthy are studies related to the role of hypoxia in the regulation
of these processes which lead to the identification of an entirely new regulatory system
involving the hypoxia-inducible transcription factors and the intracellular enzymes called
proline hydroxylases.

The aim of this article is to summarize some recent developments in the understanding of the
angiogenic switch and to discuss its role in tumor angiogenesis. Emphasis is given in this
review to the role of hypoxia, nutrient deprivation, reactive oxygen species (ROS) and p53 in
the regulation of the angiogenic response.

2. The angiogenic switchbox

The system that regulates the angiogenic response in tumors can be conceptualized as follows.
A main device within the tumor cell named “switchbox”, is the critical entity able to generate
angiogenic signals. The angiogenic switchbox is made of two parts: a “switch” that contains
all the molecular devices able to respond to external constraints for the
initiatiation/modulation of the angiogenic response and switchbox effectors that are soluble
molecules able to interact with target molecules on the vasculature. Therefore, the switchbox
can be modulated at both the level of the switcher (by acting on the external constraints or on
the molecular devices) and at the level of the effectors (by acting on their expression or
activity).

Switchbox effectors may positively or negatively affect the vasculature and may also
contribute to a “quality-modification” of vessels such as vessel maturation and stabilization.
Major prototypes include the Vascular Endothelial Growth factor family (VEGFs), fibroblast
growth factors (FGFs), platelet derived growth factors (PDGFs), angiopoietins, or
thrombospondins (for review see: [11,19,31,52].

The roles of some of the major stimuli and molecular systems in the regulation of switchbox
effectors are described below.

3. Hypoxia and the Hypoxia-Inducible Factor (HIF) system

First identified as a DNA binding factor that mediates hypoxia-inducible activity of the
erythropoietin 3’enhancer, HIF-1a has rapidly become the major actor of cellular response to
hypoxic stress. It regulates the expression of many genes whose products are involved in
glucose transport, glycolysis, erythropoiesis, iron transport and angiogenesis [25,94]. This
allows both an immediate switch of the cellular metabolism and an adaptative response of the
hypoxic tissues and organism by stimulating blood and oxygen supply. Despite certain recent
results which suggest that the effects of HIF on angiogenesis and tumor growth may depend
upon the location of the xenograft in mice systems, the VEGF-A gene is still one of the best
known HIF target genes involved in angiogenesis [13,94].

The HIF transcription factor is a heterodimer of a constitutive nuclear subunit (HIF-1f3) and
an inducible a subunit. Each of these subunits exists as a series of isoforms encoded by
distinct genetic loci. Among the three HIF-a protein isoforms, HIF-1a and HIF-2a (also
termed EPAS-1, HLF, HRF or MOP2) have extensive homologies and the same general
organization in functional domains. Both proteins are basic helix-loop-helix mammalian
transcription factors and are able to bind the Hypoxia Responsive Element (HRE) found in the
promoter region of known hypoxia-induced genes. However, their activation pathways seem



to be slightly different. In contrast, HIF-3a seems to have inhibitory function in the cellular
response to hypoxia [94].

HIF-a. subunit regulation is a multi-step process involving mRNA splicing, nuclear
accumulation, phosphorylation, acetylation and hydroxylation.

HIF-1a is the best studied HIF-o subunit (Figure 1). Under normoxia, HIF-la is
hydroxylated by oxygen-dependent Prolyl Hydroxylases (PHD) at two distinct proline
residues (402 and 564). These hydroxylations ensure its binding to the VHL (Von Hippel
Lindau) subunit of the Ubiquitine E3 ligase that mediates its extremely rapid proteolysis by
the 26S proteasome [108]. Binding to VHL is also favoured by the acetylation of the Lys532
by the ARD1 acetyltransferase [54]. Moreover, in the presence of oxygen, 3-hydroxylation of
the C-terminal Asn 803 by the hydroxylase FIH-1 Factor, located in the transactivation
domain of HIF-1a, inhibits its transcriptional activity by preventing the binding of the co-
activator p300 [24,59,67]. Since the activity of these hydroxylases is completely dependent on
molecular oxygen, lowering of oxygen concentration allows both the escape from degradation
and the activation by p300 co-activator binding.
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Figure 1: The HIF system

The HIF transcription factor is composed of two subunits, a ubiquitous HIF 1 subunit and a hypoxic responsive
subunit HIF1a. Constitutively expressed, HIF 1o is hydroxylated on proline residue 564 by proline hydroxylases
(PHD1, 2 and 3).This post translational modification is necessary to its binding to the VHL (Von Hippen Lindau
protein) which ensures its degradation by the proteasomal pathway. Activity of these PHD is dependent on the
presence of regular concentration of oxygen (02) and Fe2+. In response to hypoxia, the inactivation of the PHDs
allows HIFla protein stabilization, dimerization with HIF1( subunit, binding of the dimmer to the Hypoxia
Responsive Element (HRE) of HIF target genes and activation of the transcription of these genes.

Activation of HIF-1a also involves phosphorylation by the p42/44 Mitogen Activated Protein
kinase [83] that enhances its transcriptional activity. These phosphorylations seem to favour
the binding of HIF-1a to HIF-1p, rather than to other proteins such as the tumor suppressor
p53 protein [105]. It has been suggested that the level of hypoxia (from low to severe hypoxia
and anoxia) could regulate the extent of HIF-1aw phosphorylation and be responsible for the
binding of HIF-1a to HIF-1B or p53 [105]. This would lead either to an adaptative response
to low hypoxia or to a p5S3-mediated cell death in the case of severe hypoxia [79].



In addition to the oxygen-dependent stabilization of the HIF protein, HIF-1a is also regulated
at the expression level by certain growth factors to ensure the maintenance of oxygen
homeostasis in normal growing tissues. In this case, HIF activation results from the tissue
specific activation of signalling pathways involving the phosphoinositide 3-kinase (PI3K) or
the mitogen-activated protein kinase (MAPK). This activation by growth factors implicates
signalling pathways involving PI3K/AKT/mTOR, leading to the activation of the translation
factor elF-4E which in turn enhances HIF-1ao mRNA translation [94]. In addition, activation
of the RAF-MEK-ERK pathway stimulates HIF-lo transactivation function [83,98] by
phosphorylation of its co-activator p300 by ERK [86].

HIF-2a is thought to play a critical but distinct role in tumor development. Gene inactivation
studies of HIF-lo and HIF-2a in mice reveal distinct phenotypes, suggesting different
functional and developmental stage-specific activities of the two related transcription factors.
HIF-1a 7~ embryos die between embryonic day (E)10.0 and E11.0 and displayed major
morphological alterations including deficiencies and abnormalities in the vascular network
[51,84]. In comparison, HIF-2a. "~ embryos usually die between E9.5 and E13.5, a strain-
dependent postnatal survival being also observed [78,92,109]. HIF-2a. seems to be essential
for vascular remodeling after vasculogenesis has occurred. HIF-2aw could be involved in
mitochondrial homeostasis by decreasing the reactive oxygen species (ROS)-dependent
effects. HIF-2a " mice that survive postnatally develop multiple-organ pathology whose
general phenotype is consistent with mitochondrial disease. This phenotype is associated with
metabolic abnormalities, an enhanced generation of ROS and a concomitant decrease in the
expression of genes encoding primary antioxidant enzymes [92].

In vivo, the expression patterns of HIF-loo and HIF-20o mRNAs are quite different: in
mammalian cells, HIF-1a is widely expressed at low levels whereas HIF-2a is more abundant
and is restricted to some tissues and cells including endothelial cells [28,32]. In addition,
protein expression, subcellular distribution and regulation of DNA binding of the two
transcription factors may differ in cells subjected to hypoxia, to glucose deprivation as well as
to various redox conditions [17,28,60,77]. In endothelial cells, HIF-2a participates to the
regulation of the expression of the Vascular Endothelial Growth Factor Receptor-2 (VEGFR-
2) gene (Flk-1). Indeed, the carboxy terminus of HIF-2a, but not HIF-1a, binds to Ets-1 and
therefore cooperates with Ets-1 in activating transcription of VEGFR-2 via a HIF-20/Ets
binding site found in the VEGFR-2 promoter region (Elvert 2003).

4. Nutrient deprivation

Nutrient deprivation modulates gene expression and may also contribute to the activation of
the angiogenic process. One of the key nutrients to cellular life is glucose. Its consumption
meets several distinct metabolic requirements and is based on both catabolic and anabolic
pathways. Glucose degradation through glycolysis and mitochondrial respiration lead to the
production of ATP, the energy currency of the cell. It is also an essential precursor of various
amino acids and sugars needed for the production of proteins and nucleic acids, for cellular
proliferation and tissue expansion. Finally, glucose metabolism associated to the hexose
monophosphate pathway (HMP) produces NADPH as the reducing power for several
biosynthetic processes and for the protection of cells against oxydative stresses.

Glucose deprivation occurs in many solid tumors as the consequence of the local decrease in
blood supply and is an intrinsic parameter of ischemia [29,113,114]. Abnormaly low
concentrations of glucose were measured in tumor interstitial fluids vs normal tissues
[30,43,47,111,114,124]. The severity of glucose deprivation may even be aggravated by a
higher nutrient consumption in the neoplastic tissue [37,121]. For example, under hypoxia,



cells increase glucose uptake and glycolysis in order to compensate for the decrease in
respiration and ATP production (the Pasteur effect) [102]. The Pasteur effect is dependent
upon HIF-mediated transactivation of genes encoding glycolytic enzymes [93].

Besides, many tumor cells consume glucose at a high rate even in the presence of O,, to meet
the high metabolite requirement of rapidly dividing cells. This phenomenon, known as the
Warburg effect [115] can be induced by oncogenic transformation [56] or by the constitutive
activation of HIF-dependent pathways, even under normoxic conditions [70]. The Warburg
effect results in the activation of key regulatory enzymes of the glycolytic pathway. For
example, the expression of the 6-Phosphofructo-2-Kinase/Fructose-2,6-Bisphosphatase
(isoform PFKFB3) is increased in many human tumors as compared to normal tissues [8].
PFKFB3 catalyzes the production of a potent allosteric activator of glycolysis, the fructose-
2,6-bisphosphate (F2,6BP), whose concentration is also increased in ras or fps oncogene-
transformed cells [14,56]. PFKFB3 gene expression depends on HIF-la activation, and is
increased in VHL-deficient cells [70], providing a possible genetic basis for the Warburg
effect in cancer cells [101].

There are numerous metabolic consequences of glucose deprivation. Decrease in glucose
uptake leads to a transient “hypoxia-like” type of stress by decreasing the total pool of cellular
ATP, but also mobilizes alternative energetic pathways including degradation of cellular
proteins and amino-acids [69]. It also induces oxidative stress and the modification of the
intracellular reduced/oxidized ratios of NAD(P)H/NAD(P)" and glutathione (GSH/GSSG).
Glucose deprivation-induced oxidative stress is of special concern in angiogenesis as it
activates protein kinases that are part of signal transduction pathways (ERK1/2, JNK and
PKC), proto-oncogenes (Raf, Ras, c-Fos, c-Myc and c-Jun), and the expression or release of
angiogenic growth factors [99]. Glucose deprivation, as well as hypoxic or reductive stresses,
also causes accumulation of unfolded and misfolded proteins in the endoplasmic reticulum
(ER) and induces the coordinate increase of the expression of a set of glucose/hypoxia-
regulated proteins (GRP/ORPs) [55]. This cellular response, defined as the unfolded-protein
response (UPR), has cytoprotective and anti-apoptotic functions and also confers drug
resistance to cells, which is of great interest in the context of cancer therapy [82]. Transcripts
of the two pro-angiogenic factors VEGF and interleukin-8 are up-regulated in tumor cell lines
in vitro concomitantly with several GRP/ORPs in response to glucose and glutamine
deprivation, suggesting a direct relationship between the ER stress and this effect [68]. The
inducible molecular chaperone ORP150 was also reported to control tumor angiogenesis by
regulating the extracellular release of VEGF [74].

Acute deprivation of glucose induces VEGF gene expression in normal and tumor cells
[76,84,87,97,100]. The molecular mechanisms that stimulate VEGF production are, in part,
different between hypoxic and hypoglycemic cells. Hypoxia increases VEGF gene
transcription through HIF-dependent mechanisms, and also stabilizes its mRNA via the 3'-
UTR sequence of the transcript [50,63,64,100]. In comparison, the increase in VEGF
transcripts in response to glucose deprivation is not mediated by HIF-1a [51,57] but depends
on the 3'UTR sequence [49].

A better understanding of the interrelationships between nutrient metabolism and tumor
development will help to define new approaches for cancer therapy. For example, using a
strategy based on cancer resistance to nutrient starvation, Lu et al. isolated a natural
compound, kigamicin D, that decreases tumor cell viability preferentially under nutrient-
deprived conditions [66].



5. Reactive Oxygen Species/ Oxidative stress

Oxidative stress represents another stimulus that may contribute to tumor angiogenesis [20].
Such stress can induce and modify tumor cell phenotype by damaging DNA as well as
modulating gene expression and activity of various metabolic pathways [2,4]. Oxidative stress
may have several origins including the incomplete reduction of oxygen during respiration,
exposure to hypoxia/reoxygenation or to a variety of chemicals or biological compounds,
poisoning and irradiation. All these conditions produce derivatives of molecular oxygen
(reactive oxygen species; ROS) which are mediators of the various oxidative stress effects.
Cancer cells produce high amounts of ROS, including H,O, [106]. Although H,0O, is toxic at
high concentrations, it may contribute to neoplastic transformation and angiogenesis at lower
concentrations, inducing tumor cell proliferation and endothelial cell differentiation
[18,119,120].

The NOX family of NAD(P)H oxyidases is a cellular source of ROS. NAD(P)H oxidase-
derived ROS are implicated in the angiogenic switch in non-tumor tissue [7,40], with the
likelihood of similar mechanisms acting in tumors. NAD(P)H oxidases influence tumor cell
proliferation via the redox-regulated transcription factor NF-kB_which in turn regulates
numerous genes involved in apoptosis, cell proliferation, metastasis and angiogenesis [16].
NF-«B is also constitutively expressed in numerous malignancies [16].

The effects of ROS on angiogenesis may be in part mediated by the up-regulation of VEGF
expression at both the protein and mRNA levels [58,88]. The transcriptional activation is
mediated by the transcription factors Spl and Sp3 and involves two GC-boxes located on the
promoter region of VEGF. MAPK and JNK-dependent signaling pathways are involved in the
redox regulation [88]. H,O, also induces IL-8 expression in endothelial cells, which
contributes to the angiogenic phenotype [96].

ROS-sensitive mechanisms may also lead to the stabilization of HIF-la protein under
normoxia, suggesting hypoxia-independent pathways, potentially through the Shc-Ras
signaling pathway [1,40,83].

The redox state may also critically impact on HIF-la and HIF-2a activities. Cysteinyl
residues on HIF-1o, HIF-2a and p53 also act as sensors of oxidative stress and differently
modulate the angiogenesis process in response to the redox environment in tumor cells. HIF-
la and HIF-2a share 83% identity between their bHLH domains. Both proteins recognize the
same DNA sequence in the VEGF gene promoter [28,110]. However, due to the presence of a
cysteine (Cps) in the bHLH region of HIF-2a, that is replaced by a serine (S,s) in the
corresponding sequence of HIF-la, both proteins are subjected to distincts redox control
mechanisms [60]. Another conserved cysteinyl residue in the C-terminal activation domains
(CAD) of both HIF-1a and HIF-2a proteins is involved in transactivation by CAD and in its
binding with the CREB/p300 transcriptional activator, and is also redox-sensitive [27]. The
redox state of these cysteines is in part under the control of the redox factor 1 (Ref-1), a
nuclear protein whose reducing activity also increases DNA binding activity of other
transcription factors such as Fos, Jun, NF-kB, Myb [117] and p53 [53]. Ref-1 is identical to
the DNA repair enzyme APE/HAP-1 and possesses two distinct activities, a N-terminal
reducing function acting on cysteines and a C-terminal DNA repair domain [118]. Another
redox protein, thioredoxin, activates HIF-dependent pathways by similar mechanisms [27].
Overexpression of thioredoxin is observed in several human tumors, which may contribute to
the HIF-induced transcriptional up-regulation of VEGF and tumor angiogenesis [27,116].

6. The pS3 tumor-suppressor protein



Considered as one of the most potent onco-suppressive protein, p53 is a stress inducible
transcription factor which is mutated in more than 50% of human tumors [44] (see also the
p53 mutation database: http://www.iarc.fr/). This factor is known to be involved in the
cellular response to genotoxic stress and, to a lesser extent, to various other forms of stress
including hypoxia [73,80]. In response to stress, the protein accumulates in the nucleus and
adopts a conformation that allows binding to the p53 responsive elements of different genes.
Some of them are repressed (p53 repressed genes also called Prgs), some are activated (p53
inducible genes or Pigs, [73]). p53 protein also interacts directly with other proteins such as
helicases or other transcription factors such as HIF-la. Depending on the kind of stress,
signalling pathway or intensity of activation, the p53 response may differ, mediating either
cell cycle arrest in G2 and/or G1 phase of the cell cycle (activation of genes such as p21, 14-
3-3sigma, GADDA45), DNA repair (GADD45, ERCC1), or apoptosis (Bax and PUMA
activation, Bcl2 repression, [73]).

Figure 2 A and B : A role for p53 in regulating the angiogenic switch ?
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Figure 2 A : In normal cells exposed to hypoxia, HIFla and p53 are able to be activated by hypoxia alone (HIF)
or hypoxia and DNA damage (p53). Activation of HIFla in response to hypoxia involves inactivation of Proline
hydroxylases (PHDs) and mediates activation of genes that are involved in glucose metabolism, Erythropoiesis,
and angiogenesis (pro-angiogenic factors). Activation of HIF could also contribute to cell cycle arrest either
directly or via p53 activation (dotted arrows). In response to DNA damage and/or hypoxia p53 activation leads
to the expression of genes involved in cell cycle arrest or apoptosis but also to the activation of anti-angiogenic
genes and repression of pro-angiogenic factors. Therefore, p53 activation in response to stress can modulate the
effects of HIF on angiogenesis switch. P53 is also capable of destabilizing HIF by activating mdm2 gene
expression. Mdm?2 protein is involved in the degradation of p53 in response to DNA damage and of the
degradation of HIF 10, in response to hypoxia. The combination of these effects mainly results in the cell growth
arrest or cell death observed in normal cells exposed to hypoxia.
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Figure 2 B : In cancer cells, p53 pathway is often altered by mutations on p53 (p53 mt) which limits the
capability of the cells to respond to DNA damage that can be made by Reactive Oxygen Species (ROS)
accumulation. Increased production of ROS and hypoxia maintain high levels of HIFla by inhibiting the
activity of Proline Hydroxylases (PHDs). This activation of HIF is no more counter-balanced by p53 activation
and this favours the accumulation of pro-angiogenic factors by cancer cells. Hypoxic cancer cells go on
proliferating and mediate the angiogenic switch.

The best described p53 activation pathway is the DNA damage pathway that leads either to
cell cycle arrest or apoptosis depending on both the extend of the lesion and the genetic
background of the cells. This pathway has been extensively studied and involves strand
breaks-induced kinases that phosphorylate both p53 and p53 regulating proteins, acetylation
of the C-terminus regulating loop of p53, binding to p300 co-activator and escape from
degradation by the proteasome [73]. p53, much like HIF, is constitutively expressed in normal
cells and degraded in non stressed cells. p53 is principally degraded through ubiquitination by
the Ubiquitine ligase mdm?2. Interestingly, this Ub-ligase is encoded by a p53 target gene and
thus ensures the rapid and short term burst of p53 activation in response to genotoxic stress
[112].

The activation pathway of p53 by hypoxia is still unclear and at least partly different from the
one elicited by DNA damage [6,75]. Activation of p53 by hypoxia induces cell death in
normal neuronal cells [62] and could be implicated in the regulation of angiogenesis. Indeed,
within a tumor, cells are exposed to ischemia that leads to acidosis, hypoxia and
hypoglycaemia. Under these conditions, p53 activation may play a role in controlling
angiogenic signalling, either by acting directly on the balance of pro and anti-angiogenic
effectors or signalling molecules, or on modulating the HIF response to hypoxia (Figure 2).

p53 has been reported to inhibit the expression of pro-angiogenic factors such as
VEGF-A [71,123], FGF [35,36,95], MMP1 [104] and Cox2 [103] and more recently the
human Focal Adhesion Kinase FAK [39] which is highly expressed in endothelial cells in
high grade malignant glioma [46]. These inhibitions may occur at the transcriptional (as for
FAK) or translational (as for FGF) level [35,36].



p53 is also involved in the activation of anti-angiogenic factors such as TSP1 [23,61],
BAII [34,72], MMP2 [10] or Eph2A [15,26]. It has become clear that expression of wt p53 in
tumor cells promotes both dormancy and inhibition of metastasis by inhibiting angiogenesis
via a change in the TSP1/VEGFA ratio [38,48]. Moreover, loss of p53 apparently confers a
selective advantage for cancer cells to survive in hypoxic conditions. Therefore, hypoxia
could exert an important pressure for the selection of p53 mutant cells during carcinogenesis
[41,122]. Mice bearing tumors derived from p53('/') HCT116 human colorectal cancer cells
are also less responsive to anti-angiogenic therapy than mice with p53(+/ ) tumors [122]. These
latter properties are probably directly linked to the ability of p53 to regulate HIF activity in
different manners.

Despite evidence of a link between p53/HIF-la in tumors, the precise molecular
mechanisms are only starting to be understood [65,81,94]. First evidences came in 1998 when
An et al. immunoprecipitated a complex between HIF-1a and p53 in MCF7 cells exposed to
hypoxia. In these cells, activation of p53 by hypoxia is dependent upon the presence of the
functional HIF-1 complex [6]. Moreover, over-expression of HIF-1a in normoxia resulted in
an increase in p53 activity measured on reporter plasmid. Two distinct regions of HIF-1a
interact with p53 DNA binding domain, these two regions encompassing the two proline
residues that are involved in HIF hydroxylation and binding to pVHL [45]. The
phosphorylation status of HIF seems to be critical for interaction with p53 since only the
dephosphorylated form of HIF-lo does bind to p53 and would be responsible for its
proapoptotic properties [105].

How does the binding of HIF-1a to p53 influence p53 activity ? p53 bound to HIF-1a
may be protected from mdm2-dependent degradation [21] or its core domain held in an active
conformation. Different results have been reported in ES cells where p53 activation by
hypoxia is, at least in part, independent of HIF-la and HIF-2a activities [75]. These
differences may be explained by the fact that regulation of p53 in ES cells is completely
different than in normal cells due to particularly high level of inactive p53 [3,85,91].

Other studies have shown that p53 down-regulates HIF-1a transcriptional activity by
competition with the co-activator p300 that may have a better affinity for p53 rather than for
HIF-1a [12,89]. It has also been reported that high levels of p53 activation induce a mdm?2-
dependent, but VHL-independent destabilization of HIF-1a [81,89]. p53 may be considered,
in this respect, as a molecular chaperone that facilitates the recruitment of mdm2 ubiquitine
ligase to HIF-1a and thereby contributes to terminate the HIF-1 response. This would explain
the lower rate of vascularization of p53™" xenografts as compared to p53” HCT116
xenografts [122]. One could imagine that p53 escapes the mdm2-dependent degradation by
directing its ubiquitine-like activity towards HIF-1o. However, a recent publication showed
that, at least in normoxic cells, mdm2 positively regulates HIF-1a [9], which suggests that
regulatory feed back loops involving HIF and p53 are rather complexes and stress or context-
dependent.

Taken together, these results suggest that p53 and mdm?2 play an important role in
regulating HIF-1 activity in normoxic and in hypoxic cells. Apparent discrepancies between
the data provided by different groups may be related to the cell type considered. Nevertheless,
these different studies indicate that there is interplay between HIF and p53 pathways that
forms a big regulatory loop involving p53, mdm2, pVHL and HIF-lo. Noteworthy, the
expression or function of all theses proteins are found altered in most of human tumors.

An additional role for p53 in angiogenesis has been reported that involves the
metastasis associated Mts1/S1004A protein. Expression of Mts1/S1004A increases with
progression of tumor stage [107]. It acts as a pro-angiogenic factor, enhancing both
endothelial cell mobility and corneal neovascularization in vivo. The angiogenic effects were



attributed to the capacity of Mtsl to activate the MMP13 collagenase when overexpressed in
endothelial cells [5,90]. Another target of MTsl is the p53 protein. Mtsl binds to the C-
teminus regulatory loop of p53, thus inhibiting its transcriptional activity on Pigs and
apparently increasing its pro-apoptotic functions [42]. The inhibition of p53 transcriptional
activity could therefore participate to both, the pro-angiogenic function of Mtsl and the loss
of p53 wild type cells during cancer progression.

7. Concluding remarks

Cellular stresses are able to critically regulate the angiogenic switch in many ways in tumors.
Hypoxia, nutrient deprivation, or ROS generating stimuli act via HIF-dependent and
independent regulatory pathways. Hypoxia targets mainly the HIF system. The molecular
mechanisms of HIF activity have been recently elucidated. A number of key players
participate in the regulation of HIF activity at the transcriptional or post-transcriptional level.
Major molecular players that have been recently identified are the proline hydroxylases that
control HIF protein stability.

Nutrient deprivation may use HIF-dependent and independent pathways for the regulation of
angiogenesis signals. In particular, endoplasmic reticulum signalling following ER-stress may
actively participate in the regulation of angiogenic factors such as VEGF by increasing its
synthesis and export from cells.

Reactive oxygen species (ROS) also induces angiogenesis programming and may stimulate
expression of angiogenesis factors. Multiple targets for this effect have been identified
including HIF, NF-kB, or growth factors signalling pathways.

Several recent studies have also pointed to a link between the HIF system and p53. p53 is able
to associate with HIF-1a and is possibly involved in HIF-1o destabilization. p53 is also
involved in other intracellular processes important for angiogenesis such as translational
regulation of FGF or binding to Mts1.

These intracellular regulatory systems may differentially participate in the stress response. For
example, the HIF system may be more important for the regulation of angiogenesis in certain
tumors located in poorly vascularized regions whereas the other stress response pathways
activated by ROS or nutrient deprivation may be predominant in highly vascularized tissues
such as brain. Indeed, in rodent experimental tumor models with subcutaneous implantation,
overexpression of HIF-1a in response to ischemia is associated with a faster tumor growth
whereas blocking HIF-1a activity leads to slower tumor growth and reduced angiogenesis.
However, VEGF expression could also be observed independently of the HIF system in
gliomas implanted in the brain which is highly vascularized [13].

Nevertheless, the key role of the HIF system in regulating tumor growth and
angiogenesis is further emphasized by the fact that it is overexpressed in many different
human cancers such as cervical cancer, non small cell lung carcinomas or Head and neck
cancers. This overexpression is attributed either to the chronic hypoxic state of the tumor cells
or to a number of mutations in oncogenes (MEK-ERK or PI3K-AKT-mTOR or IGFR
signalling) and tumor-suppressor genes such as VHL or p53 which are implicated in its
stability [94]. This interplay between the overexpression of HIF-1 and oncogene or anti-
oncogene mutations found in cancer cells may be a crucial link between cell cycle, apoptosis
and angiogenesis that are the main targets of anti-cancer therapies.
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