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Preface

Tumor development and progression occur as a result of cumulative acquisition of
genetic alterations affecting oncogenes and tumor suppressor genes. As a consequence
of these alterations the arising tumor gains some fatal properties such as increased
cell proliferation and decreased apoptosis, resulting in a net accumulation of trans-
formed cells. Once a critical volume is achieved, lack of oxygen and nutrients limits
further growth. To overcome this obstacle, the tumor cells initiate a program focused
on the formation of new blood vessels within the host tissue. This process is termed
tumor angiogenesis and contributes to the progression of most solid tumors and the
formation of metastases.

Since its discovery more than 30 years ago by Dr. Judah Folkman, tumor angiogen-
esis has been proposed as an ideal target for novel tumor therapies. Today the first
anti-angiogenic compounds are available for the treatment of patients but their suc-
cess in the clinic is rather limited when given as monotherapies. This is in contrast to
many preclinical results which revealed a much higher efficacy of these therapeutics
in appropriate animal models. The reasons for this discrepancy are manifold, one
being the existence of more than one angiogenic signaling system capable of driving
tumor angiogenesis. Therefore it is no surprise that the inhibition of just one system is
not sufficient to block the formation of new blood vessels in patients. With these facts
in mind, novel angiogenic targets have been identified and validated as a basis for the
development of new anti-angiogenic drugs.

Because of the complexity of the angiogenic process and the need for novel strategies
to evaluate anti-angiogenic therapeutics in the clinic, we decided to bring together the
most renowned researchers and clinicians in this area to review the many facets of the
problem and to explore modalities by which anti-angiogenic therapies could be made
more effective for the patients. The message from their contributions is clear: Tumor
angiogenesis is a very attractive target for novel cancer therapies. However, there are
still many white areas on the map showing the entire process in human cancer.

A cooperative effort of researchers and clinicians in both academia and the phar-
maceutical industry will be needed to fill the white areas with knowledge, to identify
and validate the crucial targets, and to develop novel strategies to block their activi-
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ties. Anti-angiogenic therapy is a cornerstone in cancer treatment. Now we have to
learn how to combine these therapies with other targeted therapies for the greatest
benefit of the individual patient.

We express our deepest gratitude to all our colleagues from academia and indus-
try who have made this book the first comprehensive anthology covering all major
aspects of tumor angiogenesis and bridging the gap between bench and bedside.

Freiburg DIETER MARME
Heidelberg NORBERT FUSENIG
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Introduction

An association between cancer and blood vessels
has been observed for more than a century. These
reports dealt mainly with angioarchitecture of tu-
mors, vascular patterns unique to tumors, effects
of irradiation on tumor vasculature, alteration in
tumor blood flow, increased vascularity of the
peripheral shell of tumors, and the delivery of
intravital dyes and anti-cancer drugs to the tumor
bed (Thiersch 1865; Goldmann 1907; Thiessen
1936). In a few reports, experimental tumors
were transplanted into transparent chambers in
the mouse or rabbit. In some reports, the tumor
and the host vascular bed were separated by a
micropore filter to determine whether a diffusible
substance was released from tumors that could
stimulate blood vessel growth (Ide et al. 1939;
Algire 1943; Algire and Legallais 1947; Toolan
1951; Greene 1952; Day et al. 1959; Zweifach 1961;
Gullino and Grantham 1962; Goldacre and Sylvén
1962; Warner 1964; Greenblatt and Shubik 1968;
Greenblatt et al 1969; Rubin and Casarett 1966;
Tannock 1970). For a definitive historical review
from 1865 to 1970, see Peterson (1979). Further-
more, surgeons often reported excessive bleeding
from tumors, and “serpentiginous veins” on the
surface of tumors. Numerous explanations for
these findings were offered in the literature. The
vascularity of tumors was attributed to vasodila-
tion, inflammation, dying tumor cells, increased
tumor metabolism, overproduction of lactic acid
or uric acid, or hypoxia from “tumors outgrowing
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their blood supply.” There were no molecular me-
diators of angiogenesis in these reports. One of the
most common assumptions prior to 1970 was that
excessive vascularity of tumors was a side effect of
growing tumors or dying tumor cells.

In this chapter I have set out to review: (1) the
original concepts; (2) the development of bioas-
says; (3) the discovery of the firstangiogenesis reg-
ulatory molecules; and (4) the genetic basis upon
which modern research in tumor angiogenesis has
been founded. I briefly outline how these studies
in tumor angiogenesis evolved to a larger field
of angiogenesis research and to clinical valida-
tion. Research in tumor angiogenesis itself is now
a wide-ranging field described in more than 30
books and monographs. Angiogenesis inhibitors
alone are the subject of more than 39,000 reports
in the scientific literature. The very informative
chapters in this book describe recent progress and
new directions in tumor angiogenesis research.

In 1962, I perfused hemoglobin solutions into
the carotid artery of rabbit and canine thyroid
glands isolated in glass chambers during a study
to develop blood transfusion substitutes for the
US Navy (Fig. 1.1). When murine melanomas were
implanted into the glands, tiny tumors grew up
to ~1 mm?®, but did not undergo further expan-
sion (Folkman et al. 1962, 1963, 1966; Folkman
and Gimbrone 1971). When these microscopic
tumors were transplanted to syngeneic mice, the
tumors grew to more than 1,000 times their origi-
nal volume in the perfused thyroid gland. Large
tumors in mice were highly neovascularized, in
contrast to tumors in the isolated organs, which
were viable, but not vascularized. This difference
suggested that in the absence of neovasculariza-
tion, tumors would stop growing at a volume in
the range of ~1 mm?, most likely due to the limits
of oxygen diffusion.

The hemoglobin solution was acellular; it did
not contain red cells, leukocytes, or platelets.
When we subsequently perfused isolated thyroid
glands with platelet-rich medium, endothelial
vascular integrity was preserved (Gimbrone et al.
1969). This result implied that absence of platelets
was a possible mechanism for lack of neovessels in

the earlier experiments of thyroid glands perfused
with hemoglobin solution. Today it is known that
platelets contain endothelial mitogens and sur-
vival factors such as bFGF and VEGF (Folkman
et al. 2001).

114
Hypothesis That Tumor Growth is
Angiogenesis-dependent

In 1971 I first published a hypothesis that “tumor
growth is angiogenesis dependent” (Folkman 1971).
This paper also: (1) predicted that most tumors
would be unable to grow beyond a microscopic size
of 1-2 mm? without recruiting new blood vessels;
(2) introduced the concept that tumors would be
found to secrete diffusible angiogenic molecules;
(3) described a model of tumor dormancy due to
blocked angiogenesis; (4) proposed the term antian-
giogenesis to mean the prevention of new capillary
sprouts from being recruited into an early tumor
implant; (5) predicted the future discovery of an-
giogenesis inhibitors; and (6) advanced the idea that
an antibody to a tumor angiogenic factor (TAF),
could be an anti-cancer drug. The hypothesis itself
was formulated not only from the 1962 experiments
of restricted tumor growth in the absence of neo-
vascularization in isolated organs, but also from
experiments completed in my laboratory during
1971, and a year later. We had demonstrated tumor
dormancy at a microscopic size due to blocked an-
giogenesis of tumors in the aqueous humor of the
anterior chamber of the rabbit eye (Gimbrone et al.
1972). We also had demonstrated DNA synthesis by
autoradiography, induced in endothelial cells of a
tumor bed in vivo (Cavallo et al. 1972). The concept
that tumor growth is angiogenesis-dependent was
extended and supported in subsequent invited re-
views (Folkman 1974a, 1974b, 1975, 1978; Folkman
et al. 1974; Brem et al. 1975; Folkman and Gimbrone
1975; Folkman and Klagsbrun 1975; Folkman and
Cotran 1976).

It has been stated that the 1971 New England Jour-
nal of Medicine paper initiated the field of angio-
genesis research (Folkman 1971). However, this field
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Transplant

Fig. 1.1a-d. Perfusion of isolated canine thyroid gland through the carotid artery with hemoglobin solution. a The perfu-
sion circuit includes a silicone rubber oxygenator and a roller pump with silicone rubber tubing. b Transilluminated canine
thyroid gland in the perfusion chamber, containing a transplanted murine melanoma that grew to ~1 mm?® and stopped
expanding. ¢ Histologic section of thyroid gland showing viable tumor embedded among viable thyroid follicles. d When
the tiny, non-expanding tumor was transplanted to a syngeneic mouse, it grew to more than 1000 times its initial volume
in the perfused thyroid gland. The large tumor in the mouse was highly neovascularized, in contrast to its precursor tumor
which was not vascularized. The hemoglobin solution was acellular, i.e., it did not contain red cells, leukocytes, or platelets.
Reprinted from Folkman (2007) with permission of the publisher. Also, see Folkman et al. (1962, 1963)

was slow to develop. Throughout the 1970s, very few
scientists believed that tumors needed new blood
vessels, and there were hardly any papers from other
investigators (Fig. 1.2) (see also Folkman 2007). The
conventional wisdom was that tumor vascularity
was non-specific inflammation. Skeptics challenged
the hypothesis that tumor growth depended on an-
giogenesis. Reviewers complained that the conclu-
sions of the experiments reached beyond the data.

At the time the hypothesis was published, there were
no bioassays for angiogenesis, no endothelial cells
in long-term culture, and no angiogenesis regula-
tory molecules. During the 1970s, we set out to rem-
edy these deficiencies so that reagents and methods
would eventually become available to isolate and
purify proangiogenic and antiangiogenic factors.
These advances would be needed to find supporting
evidence for the beleaguered hypothesis.
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28,912 papers published on

angiogenesis from 1971-November 1, 2006

Fig. 1.2. Publications
with “angiogenesis” in

4200 +
4000 -
3800 -
3600 A
3400
3200

3000

2800

2600

2400

2200

2000 7
1800
1600
1400 A
1200 A
1000 A
800 -
S I
200 i 1971

the title from 1967 to
November 2006. There
are almost 29,000 papers
since the 1971 publica-
tion in the New England
Journal of Medicine,

M but very few in the first
10 years thereafter

4139in 7]
2005 | |

= =4 e e e A R A A SR RS e A ey A A EA A A A A A A e A

1.1.2
Development of Bioassays for
Angiogenesis Research

1.1.2.1
Corneal Neovascularization

In the early 1970s, a challenging problem was how to
maintain an in vivo tumor separate from its vascular
bed in order to prove that tumors secreted diffus-
ible “angiogenic” molecules. Methods for growing
tumor implants on micropore filters in transparent
chambers in animals had become more sophisti-
cated (Greenblatt and Shubik 1968; Ehrmann and
Knoth 1968), but it was difficult to rule out the pos-
sibility that pseudopodia of tumor cells had made
contact with the underlying vascular bed. Young
scientists who are beginning angiogenesis research
today are incredulous at how hard it was in the 1970s
to convince scientific colleagues that a diffusible
angiogenic substance existed. Michael Gimbrone,
a post-doctoral fellow, and I implanted tumors

(of approximately 0.5 mm?) into the stromal layers
of the rabbit cornea at distances of up to 2 mm from
the limbal edge (Fig. 1.3). New capillary blood ves-
sels grew from the limbus, invaded the stroma of
the avascular corneas, and reached the edge of the
tumor over a period of approximately 8-10 days.
When tumors were implanted beyond 3 mm from
the limbus (or in the center of the rabbit cornea,
which is approximately 12mm in diameter), no
neovascularization was observed (Gimbrone et al.
1974a, 1974b).

Vascularized tumors turned from white to red,
grew exponentially in three dimensions, and be-
came exophytic and protruded from the cornea
within 2-3 weeks. Non-vascularized tumors in the
center of the cornea expanded slowly in two dimen-
sions, as thin, flat, translucent, intracorneal lesions
until one edge extended to within ~2 mm of the
limbus and recruited new blood vessels (Folkman
1978). This method demonstrated that a diffusible
“angiogenic factor” existed, and that such a puta-
tive angiogenic molecule could possibly be isolated
from tumors. However, when tumor extracts were
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Fig. 1.3. A A polymer pellet (~0.5 mm) of ethylene vinyl ac-
etate copolymer (Elvax) containing basic fibroblast growth
factor, implanted into an intracorneal pocket of a rabbit
cornea. All procedures performed under general anesthesia.
Day 2 after intracorneal implantation. B By day 12, new capil-
lary blood vessels have grown from the limbal edge of the cor-
nea between lamellar layers of cornea (not on its surface), and
have reached the pellet. There is no irritation, inflammation,
or corneal edema. The rabbits do not notice. The new vessels
have extended approximately 2.0 mm to reach the edge of the
pellet. C After a small incision is made over the pellet it is eas-
ily removed. Then blood vessels undergo complete regression
by approximately 10 weeks

implanted into the cornea to mimic a tumor implant,
the extracts rapidly diffused away into the cornea. A
focal steady-state concentration gradient of angio-
genic activity, similar to a tumor implant, could not
be established. Silicone rubber capsules that we had
previously found to steadily release small molecules
(< 500 Da) by diffusion through the polymer itself
(Folkman and Long 1964), could not release pro-
teins.

Robert Langer, a post-doctoral fellow, solved the
problem. He dissolved the polymer polyhydroxy eth-
ylmethacrylate (polyhema), into alcohol and added
lyophilized protein. When the solvent was evapo-
rated, the protein remained trapped in a rubbery
polymeric pellet. When the pellet was implanted
into the cornea, water diffused into the pellet. This
caused the formation of microchannels around the
protein. Protein diffused out from these channels at
zero-order kinetics for weeks to months (Langer and
Folkman 1976; Brown et al. 1983). Another polymer,

ethylene vinyl acetate copolymer (Elvax) dissolved
in ethylene chloride was also used. These polymers
did not irritate the cornea. Robert Auerbach report-
ed that the mouse cornea could also be implanted
with tumors or polymer pellets (Muthukkaruppan
and Auerbach 1979). This advance permitted genetic
experiments, and mice are now routinely employed
for corneal neovascularization bioassays.

The corneal neovascularization bioassay and the
method of implanted sustained-release corneal im-
plants have played an important role in elucidating
the process of tumor angiogenesis (Fig. 1.4b).

In 1978, we reported that removal of an angiogen-
ic stimulus from the cornea resulted in regression of
neovasculature by a series of sequential morpholog-
ic events (Ausprunk et al. 1978). This finding dem-
onstrated that newly induced neovasculature does
not become “established,” as was the conventional
wisdom at the time. Regression of corneal neovas-
cularization also predicted that future angiogenesis
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inhibitors could possibly cause new blood vessels to
regress. These results provided a compelling ratio-
nale for the future attempts to discover angiogenesis
inhibitors, and for the efforts to develop them.

These results also helped in the debate with cer-
tain colleagues who argued that the search for an
angiogenesis inhibitor was a “fruitless exercise.”
Lymphangiogenesis was first dissociated from an-
giogenesis in the cornea; the two processes were
induced by different concentrations of bFGF, and
inhibited by different mechanisms (Chang et al.
2004).

Recently, corneal avascularity has been shown
to be due to soluble VEGF receptor-1 (sflt-1), which
binds VEGF and is highly concentrated in the cornea
(Ambati et al. 2006). In the cornea, sflt-1 is expressed
predominantly by corneal epithelium. The corneas
of cornl mice are deficient in slft-1 and are sponta-
neously neovascularized (Smith et al. 1996). These
mice could possibly be used to test antiangiogenic
activity of systemically administered molecules, or
to develop a standardized unit of antiangiogenic ac-
tivity to compare different inhibitors.

1.1.2.2
Vascular Endothelial Cells In Vitro

Before the 1970s, it was thought that vascular endo-
thelial cells could not survive in vitro, to say nothing
of their long-term passage. In 1973, Gimbrone in my
laboratory (Gimbrone et al. 1973, 1974a, 1974b) and
Eric Jaffe’s laboratory at Cornell (Jaffe et al. 1973),
were independently the first to report long-term pas-
sage of vascular endothelial cells (from human um-
bilical veins) in vitro. The first long-term passage of
cloned capillary endothelial cells came later and was
reported in 1979 (Folkman et al. 1979), followed by the
demonstration of angiogenesis in vitro (Folkman and
Haudenschild 1980) (Fig. 1.4d). Endothelial cultures
also facilitated discovery of endothelial mitogens
and suppressors of endothelial cell proliferation that
could then be tested in vivo for pro- or antiangiogenic
activity. However, endothelial cell cultures were still
not useful for guiding purification of endothelial mi-
togens until we found that vascular endothelial cells
become refractory to virtually any mitogen once the

cells had reached confluence, in contrast to conflu-
ent fibroblasts, which still responded to mitogens
(Haudenschild et al. 1976).

It became clear that vascular endothelial cells
were among the most stringently regulated cells at
high cell density. This report deserves emphasis be-
cause those who are unaware of it today risk being
misled by their experiments as researchers were 30
years ago. Until the mid-1970s, it was conventional
practice to guide the purification of growth factors
with fibroblast cell cultures. Fibroblasts (3T3 cells)
were grown to confluence. When a putative growth
factor was added, one or two additional rounds of
DNA synthesis ensued. However, when endothelial
cells were used to guide purification of endothelial
mitogens, confluent endothelial cells did not undergo
additional DNA synthesis, and investigators assumed
that their tumor extracts were inactive. Therefore, it
was necessary to incubate endothelial cells with a pu-
tative mitogen when the cells were sparse, not when
they were confluent - a critical detail - and just the
opposite of employing 3T3 fibroblasts to purify a mi-
togen for fibroblasts.

Changes in cell shape during confluence in vitro
were later found to be a central mechanism of sup-
pression of DNA synthesis in endothelial cells (Folk-
man and Moscona 1978). Shape control of DNA syn-
thesis (Folkman and Moscona 1978) appears to have
eluded discovery until the advent of successful in vi-
tro growth of vascular endothelial cells. This mecha-
nism was further elucidated by Donald Ingber, who
showed how changes in cell shape can signal through
integrins to regulate gene expression and DNA syn-
thesis. He went on to develop an entirely new field
of investigation of cell biology based on the mecha-
nisms by which mechanical forces modify DNA syn-
thesis and gene expression (Ingber et al. 1987; Ingber
and Folkman 1989a, 1989b, 1989¢; Huang and Ingber
2005). The experiments of Mina Bissell on cell shape
and differentiation of function also yielded informa-
tion on the role of cell shape in cell growth (Bissell et
al. 1977).

When angiogenesis in vitro was demonstrated
(Folkman and Haudenschild 1980) it became possible
to elucidate the morphologic and molecular events of
lumen formation in microvessels (Kuo et al. 2001).
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Shell-less chick embryo:
Choriallantoic membrane

1974 Devel Biology, 41:391

Cloned capillary endothelial cells

1973 Series Haematol 6:453, 1979 Proc Natl Acad Sci 76:5217

1) Cornea micropocket and
2) Sustained release polymers

1980 Nature, 288:551

Fig. 1.4a-d. Bioassays for angiogenesis developed during the 1970s. a The chick embryo chorioallantoic membrane. b Cor-
neal neovascularization stimulated by an implanted polymer releasing an angiogenic protein. ¢ Capillary endothelial cells

in vitro. d Angiogenesis in vitro

The development of the shell-less chick embryo
that could be routinely cultured in large numbers
from day 3 to at least day 18 permitted the growing
chorioallantoic membrane to be employed as a vas-
cularized substrate to test antiangiogenic and an-
giogenic molecules, starting from day 5 (Auerbach
et al. 1974; Ausprunk et al. 1974) (Fig. 1.4a). It was
demonstrated that normal and neoplastic tissues
had quantitatively different mechanisms of vascu-

larization after being grafted to the chorioallantoic
membrane (Ausprunk et al. 1975). Therefore, 7 years
before angiogenic molecules were discovered, these
experiments showed that the angiogenic activity
of tumor tissue was significantly greater than that
of equivalent normal tissue. Today, this difference
is understood in part by the ratio of expression or
generation of pro- and antiangiogenic proteins by a
tumor.
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Ribatti et al. improved the chick chorioallantoic
membrane bioassay (Ribatti et al. 1997a), and also
studied the modification of angiogenesis on the
chorioallantoic membrane, by heparin (Ribatti et
al. 1995), bFGF (Ribatti et al. 1997b), and interferon
alpha (Ribatti et al. 2002). Nguyen and Folkman
(Nguyen et al. 1994), converted the chick chorioal-
lantoic membrane to a quantitative angiogenesis
bioassay by implanting the test protein in a white
opaque gel sandwiched between two squares of ny-
lon mesh. New microvessel sprouts grew vertically
through the mesh. When separate sprouts protrud-
ed vertically through the mesh and anastomosed to
form a capillaryloop enveloping a nylon thread, this
was compelling proof that the microvessels were
new (and not just dilated vessels). They could be ac-
curately quantified by the ratio of squares of mesh
containing a microvessel to empty squares of mesh.

The chick embryo chorioallantoic membrane
also made it possible to dissociate the early pre-an-
giogenic phase of tumor growth from the angiogenic
growth phase (Knighton et al. 1977). This evidence
further supported the concept that tumor growth
was restricted in the absence of angiogenesis.

For recent reviews of in vivo models of angiogen-
esis see Murray (2001) and Norrby (2006).

1.1.3
Discovery of Angiogenic Molecules

It first became possible to isolate angiogenic mol-
ecules when the chick embryo chorioallantoic mem-
brane was employed together with bioassays based
on endothelial cell migration and proliferation in
vitro, and with corneal neovascularization in vivo.
At best, these were semiquantitative bioassays, but
served the purpose of isolating and purifying an-
giogenic proteins.

In 1984, Yuen Shing and Michael Klagsbrun in my
laboratory employed heparin-affinity chromatogra-
phy to isolate and purify to homogeneity the first
angiogenic endothelial cell mitogen from a tumor
(Shing et al. 1984, 1985; Folkman and Klagsbrun
1987). When this protein was subsequently purified
from bovine pituitary and sequenced by Esch et al.

(1985), it proved to be basic fibroblast growth fac-
tor (bFGF). FGF had previously been isolated from
the pituitary by Gospodarowicz and shown to be
mitogenic for 3T3 fibroblasts and for vascular en-
dothelial cells (Gospodarowicz 1974). It was also a
survival factor for these cells (Gospodarowicz 1974;
Gospodarowicz et al. 1976), but had not been com-
pletely purified.

By 1989, Rosalind Rosenthal in my laboratory had
isolated and purified to homogeneity a second an-
giogenic protein from a different tumor that did not
express bFGF. We had not yet sequenced this new
protein, when we received a call from Napoleone
Ferrara of Genentech, who had purified a novel an-
giogenic protein from pituitary cells. He had heard
about the new angiogenic protein in our lab, and
suggested that the two labs compare their proteins
because Ferrara had already sequenced his protein.
The two proteins were identical, and were named
vascular endothelial growth factor (VEGF) by Fer-
rara. Ferrara’s report was published in mid-1989
(Ferrara and Henzel 1989), and our paper reporting
the first VEGF from a tumor was published in 1990,
with Ferrara as a co-author (Rosenthal et al. 1990).
In 1983, Senger and Dvorak had purified a vascular
permeability factor (VPF) from tumor cells that pro-
moted accumulation of ascites (Senger et al. 1983).
By 1990, it was clear that VPF was also the same as
VEGEF. Thus, VEGF had an auspicious start, having
been purified from three different sources, but first
sequenced in Ferrara’s laboratory.

Many other proangiogenic molecules have since
been discovered and are discussed by other authors
in this book. Recently, Klagsbrun discovered that
neuropilin-1 is another receptor for VEGF and stim-
ulates angiogenesis (Miao et al. 2000).

1.1.3.1
Storage of an Angiogenic Protein in
Extracellular Matrix

In 1987, Israel Vlodavsky, Klagsbrun and Folkman
reported that bFGF was stored in extracellular ma-
trix, where it was bound to heparan sulfate pro-
teoglycans (Vlodavsky et al. 1987; Folkman et al.
1988). This finding opened a new avenue of research.
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Angiogenesis regulatory proteins were sequestered
in extracellular matrix and basement membrane,
where they were protected from degradation by their
heparin affinity. This storage mechanism prevented
endothelial cells in the vasculature from overexpo-
sure to these biologically active molecules. Because
angiogenic molecules could be released at a site of
extracellular membrane disruption, this provided
a mechanism by which angiogenic activity was lo-
calized to a wound site. Angiogenesis regulatory
proteins were also releasable by heparitinase and
additionally by heparin-like molecules (Bashkin et
al. 1989). Of interest is that Descemet’s membrane
in the cornea contains a high concentration of bFGF
(Folkman et al. 1988).

11.4
Discovery of Angiogenesis Inhibitors

Throughout the 1970s, evidence that tumors were
angiogenesis-dependent was based almost solely on
blocking angiogenesis by mechanical separation of
tumors from their nearest vascular bed. More com-
pelling evidence would depend on pharmacologic
blockade of angiogenesis. By 1980, the availability of
bioassays and of angiogenic proteins facilitated the
search for molecules with antiangiogenic activity.

Bruce Zetter in the Folkman lab reported that very
low concentrations of interferon alpha specifically sup-
pressed migration of endothelial cells in vitro (Brouty-
Boye and Zetter 1980). Dvorak and Gresser (1989) and
also Sidky and Borden (1987) then reported that in-
terferon alpha inhibited angiogenesis in experimental
animals. In 1988, I received a call from Carl White, a
pulmonary specialist at Denver Jewish Hospital who
was caring for a teenager who had progressive heman-
giomatosis of both lungs and hemoptysis. The patient
had failed all therapy for this disease, which up to that
time was fatal.

I suggested a trial of frequent low-dose interferon
alpha, based on our experimental elucidation of its an-
tiendothelial properties and its antiangiogenic activ-
ity in animals (Dvorak and Gresser 1989), and because
of its FDA approval. With very low doses of interferon
alpha every second day, the patient made a complete

recovery after several months and was treated for an
additional 5 years (by subcutaneous self-injection),
while he completed his education (White et al. 1989;
Folkman 1989). He has a normal chest film and is in
good health today, 18 years later. This is the first re-
corded case of antiangiogenic therapy. It was subse-
quently found in other patients that these low doses
are antiangiogenic, but are neither cytotoxic nor im-
munosuppressive.

Stephanie Taylor and I showed that two antagonists
of heparin, protamine and platelet factor 4, blocked
angiogenesis in the chick embryo and produced dose-
dependent avascular zones in the growing chorioal-
lantoic membrane (Taylor and Folkman 1982).

Until the early 1980s, corticosteroids were classi-
fied as either glucocorticoid or mineralocorticoid.
With Rosa Crum and Sandor Szabo, we discovered a
third class of steroids, named “angiostatic steroids”
(Crum et al. 1985). The most potent of these was tet-
rahydrocortisol, a pure angiogenesis inhibitor that
had no glucocorticoid or mineralocorticoid activity.
(Tetrahydrocortisol is currently in phase III clinical
trials for the treatment of macular degeneration). In
studies of the mechanism of action of angiostatic ste-
roids, we found that they were potentiated by an aryl-
sulfatase inhibitor (synthesized by Professor E.J. Co-
rey), that inhibited desulfation of endogenous heparin
(Chen et al. 1988). In 1994, after Fotsis et al. reported
that the steroid 2-methoxyestradiol inhibited angio-
genesis (Fotsis et al. 1994), Robert D’Amato in my lab
reported that this angiostatic steroid inhibited tubu-
lin polymerization by interacting at the colchicine site
(D’Amato et al. 1994).

Eleven angiogenesis inhibitors were discovered
in the Folkman laboratory (Table 1.1). Five of them
were previously unknown molecules (i.e., TNP-470 [a
synthetic analogue of fumagillin], angiostatin, end-
ostatin, caplostatin, and cleaved antithrombin III). Of
the known molecules in which antiangiogenic activity
was a new function (i.e., platelet factor 4, interferon
alpha, etc.), eight are endogenous angiogenesis inhibi-
torsinthe blood or in extracellular matrix. Many other
laboratories joined this research effort (Auerbach and
Auerbach 1994), and at the time of writing there are 28
known endogenous angiogenesis inhibitors (Folkman
2004; Nyberg et al. 2005).
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1.1.4.1
Angiostatin and Endostatin: Their Role in Suppres-
sion of Metastasis by a Primary Tumor

Angiostatin (O’Reilly et al. 1994) and endostatin
(O’Reilly et al. 1997; Boehm et al. 1997), are the first
endogenous angiogenesis inhibitors found to be
internal fragments of larger proteins which them-
selves do not regulate angiogenesis. Surgeons had
long observed that the removal of certain primary
tumors was followed by rapid growth of metastases
at remote sites. This phenomenon was assumed to
be due to release of tumor cells into the circulation
during surgical removal of the primary tumor. This
explanation, however, was inconsistent with the

explosive growth of metastasis after removal of a
primary tumor in humans and animals. An alterna-
tive hypothesis, thata primary tumor could suppress
its remote metastasis, seemed counterintuitive, until
the discovery that certain tumors could enzymati-
cally cleave angiostatin (O’Reilly et al. 1994) from
plasminogen, or endostatin from collagen XVIII
(O’Reilly et al. 1997; Boehm et al. 1997). Expression
of proangiogenic proteins, such as VEGF, within
the primary tumor exceeded the generation of an-
tiangiogenic proteins such as angiostatin or end-
ostatin, resulting in vascularization and growth of
the primary tumor (Roy et al. 2004; Cao et al. 1998).
However, the angiogenesis inhibitors accumulate
in the circulation because of their longer half-life.

Table 1.1. Molecules with antiangiogenic activity published from the Folkman laboratory

between 1980 and 2005

Brouty-Boye and Zetter 1980
Taylor and Folkman 1982
Crum et al. (Folkman) 1985
Ingber et al. (Folkman) 1990
O’Reilly et al. (Folkman) 1994
D’Amato et al. (Folkman) 1994
D’Amato et al. (Folkman) 1994
O’Reilly et al. (Folkman) 1997
O’Reilly et al. (Folkman) 1999
Lentzsch et al. (D’Amato) 2002
Kisker et al. 2003

Year Molecule(s) Reference
1980 Interferon o/f, new activity

1982 Platelet factor 4, protamine

1985 Angiostatic steroids

1990 TNP-470, a fumagillin analogue
1994 Angiostatin

1994 Thalidomide

1994 2-Methoxyestradiol (see footnote)
1997 Endostatin

1999 Cleaved antithrombin III

2002 3-Amino thalidomide

2003 DBP-maf (see footnote)

2005 Caplostatin

Satchi-Fainaro et al. (Folkman) 2005

Ten of these molecules were discovered either as new molecules (e.g., angiostatin and endostatin),
or as new functions of known molecules (e.g., interferon alpha and the angiostatic steroid tetra-
hydrocortisol). 2-Methoxyestradiol was first found to be an angiogenesis inhibitor by Fotsis et
al. (1994). Subsequently, D’Amato et al. (1994) reported its mechanism as an inhibitor of tubulin
polymerization by acting at the colchicine site. DBP-maf was first discovered by Yamamoto and
Kumashiro (2003) and found to be an angiogenesis inhibitor by Kisker et al. (2003). Eight of these
are endogenous angiogenesis inhibitors (interferon alpha, platelet factor 4, angiostatic steroids
(including 2-methoxyestradiol and tetrahydrocortisol), angiostatin, endostatin, cleaved antithrom-
bin III, and DBP-maf (vitamin D binding protein-macrophage activating factor). (From Folkman

], Nature Reviews Drug Discovery 2007)
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Removal of the primary tumor leads to a decrease in
circulating inhibitor, over a period of about a week,
as revealed by incubations of proliferating endothe-
lial cells with serum samples taken each day after
removal of the primary tumor (O’Reilly et al. 1994;
Cao et al. 1998). Microscopic metastases become
angiogenic and begin rapid growth within 4-5 days
after removal of the primary tumor (Holmgren et
al. 1995). Systemic replacement of the angiogenesis
inhibitor lost after removal of the primary tumor, or
after its regression by ionizing irradiation, prevents
growth of remote metastases (Camphausen et al.
2001). Kalluri et al. have discovered other endog-
enous angiogenesis inhibitors that are internal frag-
ments of collagens (Kamphaus et al. 2000; Hamano
and Kalluri 2005).

1.1.5
The Switch to the Angiogenic Phenotype

Douglas Hanahan and I found that spontaneous
murine tumors arising in his transgenic mice first
appeared in a non-angiogenic state at a microscopic
size of less than 1-2 mm?. A small percentage (~10%)
then switched to the angiogenic phenotype after a
predictable time period (for example 6-7 weeks af-
ter birth for transgenic islet cell carcinomas) (Ha-
nahan and Folkman 1996). The angiogenic tumors
recruited new blood vessels and underwent rapid ex-
pansion of tumor mass. Subsequent studies revealed
that the angiogenic switch resulted from a change in
the net balance of positive and negative regulators of
angiogenesis, i.e., increased expression of VEGF and
other proangiogenic proteins accompanied by de-
creased expression of thrombospondin-1 and other
antiangiogenic proteins.

1.1.5.1
The Angiogenic Switch in Human Tumors in Immu-
nodeficient Mice

A similar switch to the angiogenic phenotype has
been demonstrated in human cancers transplanted
to SCID immunodeficient mice (Achilles et al. 2001;
Udagawa etal. 2002; Almog et al. 2006; Naumov et al.

2006a, 2006b). Non-angiogenic and angiogenic tu-
mor cells were cloned from human cancers obtained
from discarded tumor specimens in the operating
room, or from the American Tissue Culture Col-
lection. These cells form either non-angiogenic or
angiogenic tumors when injected subcutaneously, or
into orthotopic sites such as the mammary fat pad in
mice. Non-angiogenic tumors remain dormant at a
microscopic size of less than 1 mm?. They do not re-
cruit blood vessels. The angiogenic tumors become
highly neovascularized and grow rapidly. Non-an-
giogenic tumor cells proliferate at approximately the
same rate as angiogenic tumor cells. In contrast, the
apoptotic rate of tumor cells in the non-angiogenic
tumors is significantly higher than that of tumor
cells in angiogenic tumors. The non-angiogenic tu-
mors remain at a microscopic size for a predictable
period of time (from months to over a year), before
switching to the angiogenic phenotype. The switch
itself can be accurately quantified by biolumines-
cence if the tumor cells are infected with luciferase.
For example, 95% of non-angiogenic human lipo-
sarcomas reproducibly switched to the angiogenic
phenotype at a median of ~133 days * 2 weeks (Al-
mog et al. 2006). In contrast, approximately 60%
of human breast cancers became angiogenic at a
median of 80 days. A human osteogenic tumor did
not switch to the angiogenic phenotype for more
than a year, and then only 5% of tumors become
angiogenic (Udagawa et al. 2002).

The initiating events that drive the angiogenic
switch are unknown. However, a predictable, re-
producible animal model now exists. Preliminary
data have begun to fill in pieces of the puzzle. The
angiogenic switch can be significantly accelerated
by transfecting non-angiogenic human tumor cells
with Ras (Udagawa et al. 2002). This induces a 38%
increase in VEGF expression, and a 50% suppres-
sion of thrombospondin-1 expression within ap-
proximately 1 week in a human osteogenic sarcoma
that in the absence of Ras transfection would not
become angiogenic spontaneously for more than a
year (Udagawa et al. 2002). Analyses of gene expres-
sions before and after the angiogenic switch are un-
der way for five different human cancers. At the time
of writing, the mechanism of the angiogenic switch
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in human cancer is unknown. If it were understood
how to prevent or reverse the angiogenic switch, this
could become a novel conceptual advance in con-
trolling cancer.

1.1.6
U-shaped Dose-Efficacy Curve of
Angiogenesis Inhibitors

Singh et al., in Isaiah Fidler’s laboratory, first reported
that low-dose interferon alpha inhibits angiogenesis
by suppressing expression of bFGF from human can-
cer cells (Singh et al. 1995). Fidler and his associates
further showed that dose-efficacy of the antiangio-
genic activity of interferon alpha could be expressed
as a biphasic curve that was U-shaped (Slaton et al.
1999). Higher doses are less effective than low doses
(Fig. 1.5a).

Since these reports, other angiogenesis inhibitors
have also shown a biphasic, U-shaped dose-response
curve in experimental tumor models. These include
rosiglitazone (Panigrahy et al. 2002), endostatin pro-
tein therapy (Celik et al. 2005) (Fig. 1.5b), and end-
ostatin gene therapy (Tjin Tham Sjin et al. 2006). In
fact, when endothelial cells are incubated in vitro with
endostatin at increasing concentrations, gene expres-
sions also reveal a U-shape (Abdollahi et al. 2004).
Furthermore, anti-cancer cytotoxic chemotherapy,
administered at frequent low doses, is more effective
in tumor-bearing mice than high doses of chemother-
apy administered less frequently. Low-dose frequent
chemotherapy, also called ‘antiangiogenic therapy’ or
‘metronomic therapy, is more effective against mouse
tumors that have become resistant to high-dose che-
motherapy (Browder et al. 2000; Klement et al. 2000;
Hanahan et al. 2000).

Conventional cytotoxic chemotherapy is generally
administered on a linear dose-efficacy curve and is
guided by the concept of “maximum tolerated dose.”
In contrast, if the experimental finding of a biphasic
dose-response curve for angiogenesis inhibitors is val-
idated in the clinic in the future, “maximum tolerated
dose” (MTD) may become less useful for administer-
ing antiangiogenic therapy, and specific biomarkers of
antiangiogenic activity may become more useful.

The mechanism of the biphasic response of vascu-
lar endothelium to different angiogenesis inhibitors is
unclear, but its physiological function may be, in part,
to protect vascular endothelium from surges in plasma
concentrations of endothelial regulatory molecules.

11.7
The Platelet Angiogenesis Proteome

Platelets may also function as a circulating storage de-
pot that protects vascular endothelium from surges in
plasma concentrations of angiogenesis regulatory mol-
ecules. Platelets have been reported to be associated
with both positive and negative regulators of angio-
genesis (Folkman et al. 2001). Klement et al. reported
that platelets can continuously scavenge angiogenesis
regulatory molecules from plasma and sequester them
within the alpha granules of platelets (Klement et al.
2004, 2006). Angiogenesis regulatory proteins seques-
tered by platelets are not completely released into se-
rum during coagulation. Therefore, serum levels of
angiogenesis regulatory proteins may not reflect the
total content of these proteins in the blood. For exam-
ple, Avastin (bevacizumab) administered to patients is
taken up by platelets, where it binds VEGF and neutral-
izes its angiogenic activity (Verheul et al. 2006).

This new platelet biology also explains why phar-
macodynamics of an angiogenic protein such as VEGF
based only on serum may not always correlate with the
burden of cancer in a patient. Furthermore, platelets
exclude many other proteins, such as albumin, even
though some of these proteins are more concentrated
in plasma. Italiano et al, recently made the surprising
discovery that proangiogenic proteins are contained
together in one set of alpha granules and antiangio-
genic proteins are contained in a different set of alpha
granules (Italiano et al. 2006). Furthermore, the angio-
genesis regulatory molecules that are segregated into
two types of alpha granules in platelets may be released
separately.

In preliminary studies, Klement et al. showed that
platelets can scavenge angiogenesis regulatory pro-
teins that are released into plasma from microscopic
human tumors in SCID mice (Klement et al. 2004,
2006).
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Low dose interferon alpha is better than high dose
for anti-angiogenic therapy of human bladder
cancer in the bladder of nude mice
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Fig. 1.5. a The interferon alpha suppression of bFGF expression by a human bladder cancer is revealed as a biphasic, U-
shaped dose-efficacy curve. As a result, inhibition of tumor growth (tumor volume) and of microvessel density in the tu-
mor are also U-shaped (adapted from Slaton et al. 1999). b A similar biphasic, U-shaped curve of efficacy is revealed when
endostatin is administered systemically to SCID immunodeficient mice bearing human pancreatic cancer (from Celik et
al. 2005)
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1.1.8
Genetic Regulation of Angiogenesis

Soon after proangiogenic and antiangiogenic pro-
teins were discovered, genes that regulate these
proteins began to be elucidated. The genetic regu-
lation of angiogenesis is itself a burgeoning field
that can only briefly be discussed here. However,
certain fundamental early reports deserve men-
tion. Arbiser et al. immortalized vascular endo-
thelial cells by transfection with the SV-40 large T
oncogene (Arbiser et al. 1997). These cells formed
microscopic, dormant, non-angiogenic tumors in
vivo, but were not lethal to their host mice. After a
second transfection, with the H-ras oncogene, the
tumors became angiogenic, grew rapidly as angio-
sarcomas, and metastases killed the mice. This ex-
periment, 10 years ago, revealed that the switch to
the angiogenic phenotype, for at least one tumor
type, was controlled by sequential transfection of
two different oncogenes.

Rak et al. (2000) reported the sets of proangio-
genic proteins (i.e., VEGF) up-regulated by on-
cogenes, and the antiangiogenic proteins down-
regulated by oncogenes. D’Amato and colleagues
reported a hierarchy of different mouse strains that
have increasing angiogenic responsiveness to the
same dose of a given angiogenic protein (Rohan et
al. 2000). Interestingly, increasing angiogenic re-
sponsiveness correlated directly and precisely with
increasing output of bone marrow-derived endo-
thelial precursor cells (Udagawa et al. 2006; Shaked
atal.2005). Udagawa et al. showed that Ras transfec-
tion of human non-angiogenic tumor cells switched
them to the angiogenic phenotype (Udagawa et al.
2002). Microscopic dormant tumors of which only
5% became angiogenic after ~1 year all became an-
giogenic at approximately 1 week after Ras transfec-
tion. The angiogenic switch was preceded by a 38%
increased expression of VEGF and a 50% decreased
expression of thrombospondin-1.

Folkman’s laboratory in collaboration with Dean
Felsher’s laboratory reported that tumorigenesis
by activated oncogenes is angiogenesis-dependent
(Giuriato et al. 2006). The previous conventional

wisdom was that inactivation of an oncogene re-
sponsible for tumorigenesis would lead to regres-
sion of the tumor (Folkman and Ryeom 2005; Chin
etal.1999; Jain et al. 2002). This phenomenon, called
“oncogene addiction,” implied that oncogene-driv-
en tumor cell proliferation was necessary and suf-
ficient to induce expansion of tumor mass, and that
inactivation of the oncogene was necessary and suf-
ficient to regress the tumor. However, Giuriato et al.
showed that Myc inactivation alone did not lead to
sustained tumor regression unless thrombospon-
din-1 expression was elevated, or p53 activity was
normal. In both cases, elevated thrombospondin-1
expression is necessary to suppress angiogenesis,
which then leads to tumor regression (Giuriato et
al. 2006). In fact, Dameron et al. first showed that
the tumor suppressor gene wild-type p53 inhibited
tumorigenesis not only by inhibiting tumor cell
proliferation, but also by maintaining up-regulated
expression of thrombospondin-1 that inhibited an-
giogenesis (Dameron et al. 1994). Recently, Teodoro
et al. reported an additional mechanism by which
wild-type p53 could inhibit angiogenesis, and they
demonstrated that p53 mobilized endostatin and
tumstatin from their respective collagens XVIII
and IV, through up-regulation of alpha(II) collagen
prolyl-4-hydroxylase (Teodoro et al. 2006).

Endostatin controls perhaps the widest spectrum
of genes that regulate angiogenesis. A gene array
analysis of 90% of the human genome revealed that
human endostatin down-regulatesabroad spectrum
of signaling pathways in human microvascular en-
dothelium associated with proangiogenic activity
including bFGF, bFGF receptors, HGF, EGFR, HIF-
1 alpha, Id1, Id4, TNF-alpha receptor and others
(Abdollahi et al. 2004; Folkman 2006). Endostatin
simultaneously up-regulated many antiangiogenic
genes including those encoding thrombospondin-
1, maspin, APC (adenomatous polyposis coli) and
others. In fact, endostatin can molecularly reset en
masse the set of gene expressions underlying the
angiogenic balance in tissues. This broad spectrum
of antiangiogenic activity appears to be responsible,
in part, for thelack of drug resistance observed with
endostatin in experimental animals (Boehm et al.
1997).
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These results may explain in part why individu-
als with Down syndrome are the most protected
humans against cancer, having only one tenth the
general incidence of all cancers except for testicular
cancer and a megakaryocytic leukemia (Yang et al.
2002). Individuals with Down syndrome have a 1.6-
fold circulating level of endostatin due to an extra
copy of the gene for collagen XVIII on the trisomic
chromosome 21 (Zorick et al. 2001).

Perhaps the most heuristic recent discovery of a
genetic mechanism that regulates angiogenesisis the
Notch ligand, delta-like 4, that negatively regulates
formation of tip cells during angiogenesis (Ridgway
et al. 2006; Noguera-Troise et al. 2006; Hellstrom
et al. 2007; Lobov et al. 2007; Suchting et al. 2007).
Delta-like 4 is a transmembrane ligand for Notch
receptors that is expressed in arterial blood vessels
and sprouting endothelium. VEGF stimulation of
capillary sprouts induces delta-like 4 as a negative
feed-back on endothelial tip cells (Ausprunk and
Folkman 1977), which lead capillary sprout exten-
sion during angiogenesis.

Clinical Translation of
Antiangiogenic Therapy

1.2.1
Low-Dose Interferon Alpha

The first use of antiangiogenic therapy in a human was
in 1989 (see Sect. 1.1.4). A 12-year-old boy with life-
threatening bilateral pulmonary hemangioendothelio-
mas was treated with low-dose daily interferon alpha for
7 months with complete regression of the pulmonary
lesions and resolution of symptoms, after which the
treatment was discontinued (White et al. 1989; Folk-
man 1989). The disease recurred within a month and the
same treatment was resumed for the next 6 years. There
was rapid resolution of the disease, and the patient has
remained perfectly healthy and active during the past
12 years off therapy. High-grade giant cell tumors and

angioblastomas, which failed all conventional therapy,
have been treated with low-dose daily interferon and the
results reported (Kaban et al. 1999, 2002; Marler et al.
2002; Folkman 2002). Two of 2 patients with refractory
angioblastomas and 27 of 27 patients with high-grade
giant-cell tumors remain off therapy and free of tumor
for up to 8 years. The use of urinary bFGF as a biomarker
(Nguyen et al. 1993) has been helpful in determining
when to discontinue therapy (Marler et al. 2002).

1.2.2
Antiangiogenic Therapy of Cancer

Avastin (bevacizumab) is the first angiogenesis inhibi-
tor that was tested in multi-center, placebo-controlled,
double-blind clinical trials against cancer. It is also the
first angiogenesis inhibitor that demonstrated signifi-
cant prolongation of survival and significant prolonga-
tion of time to recurrence in patients with advanced
colon cancer. At this writing eight drugs with antian-
giogenic activity and varying degrees of other activities
have received FDA approval for cancer therapy in the
United States. Some of them have also been approved in
more than 30 other countries, including the European
Union and China (Table 1.2). Endostar is a modified
form of endostatin approved in China for lung cancer.
Twenty-two other drugs with antiangiogenic activity are
in phasellI clinical trials (Table 1.2). The majority of
them target VEGF or one of its receptors. Therefore, cur-
rently most of the FDA-approved drugs as well as those
in phase III clinical trials target a single proangiogenic
protein. Approximately 30 drugs with antiangiogenic
activity are in phase II clinical trials for the treatment of
cancer (Table 1.3). Many of these are beginning to target
more than one proangiogenic protein.

1.2.3
Mono-antiangiogenic Therapy Versus Broad-
Spectrum Antiangiogenic Therapy

While approximately 60% of human cancers express
VEGF, Avastin (bevacizumab) or other drugs that in-
hibit expression of VEGF or its receptors can be very
effective against such tumors, especially if used in
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combination with chemotherapy (Fig. 1.6). However,
most human cancers, for example breast cancer, can
also express up to five or six proangiogenic proteins
(Relf et al. 1997). Therefore, eventually other angio-
genic proteins (i.e., bFGF, PDGF, HGF or others) may
be expressed by a tumor in which only VEGF is inhib-
itedand give the clinical appearance of acquired “drug
resistance.” The “resistance” may in fact be a form of
drug evasion (Casanovas 2005). Therefore, in the fu-
ture, angiogenesis inhibitors may be administered in
combination with other angiogenesis inhibitors, or in
combinationwithantiangiogenicchemotherapy (met-
ronomic, low-dose chemotherapy). Broad-spectrum
angiogenesis inhibitors such as endostatin may be

less susceptible to the development of “drug resis-
tance” (Fig. 1.7). However, until these broad-spec-
trum angiogenesis inhibitors receive FDA approval, it
is not clear whether they will encounter significantly
less drug resistance. Jain has shown in both human
and animals that certain angiogenesis inhibitors can
“normalize” tumor blood vessels. This can lead to de-
creased vascular leakage, decreased intratumoral tis-
sue pressure, temporarily increased blood flow (Jain
1988), and increased delivery of chemotherapy (Jain
1994; Carmeliet and Jain 2000). Also, other therapies
delivered by the vasculature may be potentiated by
antiangiogenic therapy (Jain 2001; Jain 2005; Batch-
elor et al. 2007).

Table 1.2. New drugs with antiangiogenic activity approved by the US Food and Drug Administration for clinical use in the
USA, and by the appropriate regulatory agencies in more than 30 other countries. Velcade was approved as a proteasome
inhibitor and subsequently was reported to be a potent angiogenesis inhibitor. (From Folkman J, Nature Reviews Drug Dis-

covery 2007)

Date approved Drug Place Disease

May 2003 Velcade (bortezomib) USA (FDA) Multiple myeloma
December 2003 Thalidomide Australia Multiple myeloma
February 2004 Avastin (bevacizumab) USA (FDA) Colorectal cancer
November 2004 Tarceva (erlotinib) USA (FDA) Lung cancer

December 2004 Avastin Switzerland Colorectal cancer
December 2004 Macugen USA (FDA) Macular degeneration
January 2005 Avastin European Union (25 countries) Colorectal cancer
September 2005 Endostatin (Endostar) China (SFDA) Lung cancer

November 2005 Tarceva USA (FDA) Pancreatic cancer
December 2005 Nexavar (sorafenib) USA (FDA) Kidney cancer

December 2005 Revlimid USA (FDA) Myelodysplastic syndrome
January 2006 Sutent (sunitinib) USA (FDA) Gastric (GIST); kidney cancer
June 2006 Lucentis USA (FDA) Macular degeneration
June 2006 Revlimid USA (FDA) Multiple myeloma

August 2006 Lucentis Switzerland Macular degeneration
September 2006 Lucentis India Macular degeneration
October 2006 Avastin USA (FDA) Lung cancer

November 2006 Lucentis EU (provisional approval) Macular degeneration
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Table 1.3. Drugs with antiangiogenic activity and varying degrees of other activities in phase III trials for the treatment of
cancer. (From Folkman J, Nature Reviews Drug Discovery 2007)

Agent Target

AG3340 (Prinomastat) (Agouron Phamaceuticals)
Avastin (Genentech)

AZD2171 (AstraZeneca)

BMS-275291 (Bristol Myers Squibb)

CCI-779 (Wyeth)

Ceflatonin (homoharringtonine) (ChemGenex)
Celebrex (celecoxib) (Pfizer)

GW786034 (pazopanib) (GlaxoSmithKline)
LY317615 (Enzastaurin) (Eli Lilly)

Neovastat (Benefin/AE941) (Aetema Zentaris)
Nexavar (sorafenib/BAY439006) (Bayer/Onyx)
PTK787 (vatalanib) (Novartis)

RADO001 (everolimus) (Novartis)

Revlimid (lenalidomide/CC5013) (Celgene)
Suramin (NCI)

Sutent (SU11248) (Pfizer)

Tarceva (OSI774/erlotinib) (Genentech/OSI)
Tetrathiomolybdate (TM) (Univ. of Michigan)
Thalidomide (Celgene Corporation)

VEGF Trap (Regeneron Pharm.)

Velcade (PS341/bortezomib) (Millennium Pharm.)
ZD6474 (Zactima/vandetanib) (AstraZeneca)

MMP inhibitor

VEGF

VEGEFR-1, -2, -3, PDGFR

MMP inhibitor

VEGFR, MTOR inhibitor
Downregulates BEG in leukemic cells
Increases endostatin

VEGFR

VEGF

VEGFR-2, MMP inhibitor
VEGEFR-2, PDGFR-beta
VEGEFR-1, -2, PDGFR

VEGEFR, MTOR

VEGE, precursor endothelial cells
IGF-1, EGFR, PDGFR, TGF-b; inhibits VEGF & bFGF
VEGEFR-1, -2, -3, PDGFR

HER1, EGFR

VEGE, Copper chelator

VEGE, precursor endothelial cells
VEGF

VEGF

VEGFR-2, EGFR

1.2.4
Treatment of Neovascular Age-related Macular
Degeneration

Research in tumor angiogenesis became the basis in
part for the current antiangiogenic therapy of age-
related macular degeneration by two FDA-approved
drugs, Macugen (pegaptanib) and Lucentis (ranibi-
zumab), and off-label use of Avastin. In a series of
publications beginning in 1993, Folkman and his
collaborators Anthony Adamis, Patricia D’Amore,

and Joan Miller demonstrated that VEGF was the
major mediator of ocular neovascularization in the
non-human primate and also reported correlative
evidence for humans. In 1993 they reported that
VEGF was synthesized and secreted by human reti-
nal cells (Adamis et al. 1993). In 1994, they showed
that iris neovascularization correlated spatially and
temporally with intraocular VEGF levels (Miller et al.
1994). Moreover, retinal VEGF expression was shown
to be upregulated in ischemic retina. Also in 1994,
they reported that the vitreous of human eyes with
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. Fig. 1.6. The three general mechanisms of
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proliferative diabetic retinopathy contained signifi-
cantly increased VEGF levels (Adamis et al. 1994).
Aiello et al., also reported high VEGF in diabetic
vitreous. These were among the first papers in the
scientific literature to characterize the role of VEGF
in eye disease. In 1995, Folkman’s laboratory, in col-
laboration with Napoleone Ferrara (of Genentech), re-
ported that VEGF was the major endothelial mitogen
made by hypoxic retinal cells (Shima et al. 1995). The
Folkman laboratory then collaborated with Adamis,
D’Amore, Miller, and Ferrara to prove that intravit-
real injection of a neutralizing antibody to VEGF (the
precursor to Avastin, produced by Ferrara at Genen-
tech), inhibited retinal ischemia-associated neovas-
cularization in a non-human primate  (Adamis et
al. 1996).

These findings led to the development of Macugen
(pegaptanib), an anti-VEGF aptamer, by Eyetech and
Lucentis, an anti-VEGF Fab fragment (ranibizumab),
by Genentech. Macugen was approved by the FDA
in 2004 for the treatment of age-related macular de-
generation. Lucentis was approved in 2006. The very
significant improvements in eyesight of patients

with age-related macular degeneration have been
described by Stone (2006).

Future Directions

As angiogenesis inhibitors come to be used in com-
binations, or together with other anti-cancer mo-
dalities, it is possible that cancer may eventually be
treated as a “chronic manageable disease” (Folkman
quoted in Ezzell 1998).

If biomarkers in blood or urine can be developed
to achieve the accuracy of detecting recurrent can-
cer as early as serum calcitonin can detect recurrent
medullary thyroid cancer, then it may eventually
be possible to guide cancer therapy by biomarkers.
For example, could angiogenesis-based biomark-
ers in blood (e.g., in platelets), or in urine (Roy et
al. 2004), be used to detect recurrent cancer years
before symptoms have appeared, or even before tu-
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Table 1.4. Drugs with antiangiogenic activity and varying degrees of other activities in phase II trials for the treatment of
cancer. (From Folkman ], Nature Reviews Drug Discovery 2007)

Agent Target

A6 (Angstrom Pharmaceuticals)
ABT-510 (Abbott Laboratories)
Actimid (CC4047) (Celgene Corp.)
AG-013736 (Pfizer)

AMG706 (Amgen)

AP23573 (Ariad Pharmaceuticals)
AS1404 (Antisoma)

Atiprimod (Callisto Pharm.)
ATN-161 (Attenuon)

BIBF1120 (Boehringer Ingelheim)
BMS-582664 (Bristol Myers Squibb)
CDP-791 (ImClone)
Combretastatin (Oxigene)

E7820 (Elsai)

EMD 121974 (cilengitide) (EMD)
Genistein (McKesson Health Solutions)
INGN 241 (Introgen Therapeutics)
Interleukin-12 (NCI)

MEDI 522 (Abergrin) (Medimmune)
MLN518 (tandutinib) (Millennium)
Panzem (2ME2) (EntreMed)

PI-88 (Progen Industries/Medigen)
PKC412 (Novartis)

PXD101 (CuraGen Corporation)
SUO014813 (Pfizer)

Tempostatin (Collard Biopharm.)
XL647 (Exelisis)

XL784 (Exelisis)

X1880 (Exelisis)

XL999 (Exelisis)

Binds to uPA cell surface receptor
Thrombospondin-1 receptor CD36
Downregulates TNF-o

VEGE PDGFR

VEGE PDGEFR, KITR, RetR

VEGE MTOR inhibitor

Vascular disrupting: releases TNF-o. and vVWF
VEGE bFEGE IL6

Alpha 5 beta 1 antagonist

VEGE, PDGF, FGF receptor kinases
VEGFR-2

VEGFR-2, KDR

VE-Cadherin

Inhibits integrin alpha 2 subunit on endothelium
Alpha v beta 3 and 5 antagonist
Suppresses VEGE, neuropilin, and MMP-9
VEGE MDA-7

Upreregulates IP10

Antibody alpha V beta 3

FLT3, PDGFR, cKit, CSF-1R

Inhibits tubulin polymerization

bFGEF, stimulates release of TSP1
VEGFR-2

HDAC inhibitor

VEGEFR-3, PDGFR-a, PDGFR-b, RET, FLT3
Extracellular matrix proteins

VEGFR, EGFR, HER2

ADAM-10, MMPs

VEGEFR-2, C-met, RTK

VEGFR, PDGFR, FGFR, Flt-3, Scr
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" Blocks 2 or 3 c-kit receptor angiogenesis inhibitors.
angiogenic protein (From Folkman J, Nature
VEGF production Reviews Drug Discovery
Tarceva bFGF production 2007).
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Abstract

We summarize here recent findings that pro-
vide novel insights into the mechanisms regu-
lating the emergence of endothelial progeni-
tors from the mesoderm, their coalescence into
the primary vascular system, the remodeling
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into arteries and veins, the presence of neural
guidance receptors on endothelial tip cells and
the identification of circulating endothelial
cells early in ontogeny. We presente candidate
molecules involved in these different processes
during vascular development.

Introduction

The vertebrate vascular system is comprised of a
highly organized, branching network of arteries,
capillaries and veins that penetrates virtually all
body tissues, enabling efficient exchange of oxy-
gen and nutrients and removal of waste products.
Blood, which is the carrier of oxygen, carbon dioxide
and metabolic products, is pumped from the heart
through the arterial system into the tissue capillary
bed, where exchanges occur. The blood is then chan-
neled through the venous system back into the heart.
The blood-vascular system is affected by numerous
pathologies, including atherosclerosis and cancer,
the two major causes of death in developed coun-
tries (Folkman 1995; Cines et al. 1998; Ferrara and
Alitalo 1999; Carmeliet and Jain 2000, for reviews).
The lymphatic system drains extravasated fluid, the
lymph, from the extracellular space and returns it to
the venous circulation. The lymphatic vasculature is
also essential for the immune defense, as lymph and
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any foreign material present in it, such as microbial
antigens, are filtered through the chain of lymph
nodes (Alitalo et al. 2005).

The capillary bed, which comprises the largest
surface of the vascular system, is composed solely of
endothelial cells (EC), occasionally associated with
external pericytes. These simple capillary tubes are
surrounded by a basement membrane. Larger ves-
sels have additional layers constituting the vessel
wall, which are composed of a muscular layer, the
tunica media, and an outer connective tissue layer,
the tunica adventitia, containing vasa vasorum and
nerves (Wheater et al. 1978). The size of the vessel
wall varies according to the vessel size and type.

Blood vessel formation during embryonic de-
velopment is achieved by two successive processes,
called vasculogenesis and angiogenesis (Risau
1997; Coultas et al. 2005). The term vasculogenesis
describes the de novo specification of endothelial
precursor cells or angioblasts from the mesoderm
(Fig. 2.1). These newly formed cells coalesce into
lumenized tubes of the primary vascular plexus,
which consists of the central axial vessels (i.e., the
dorsal aortae and the cardinal veins), as well as of
a meshwork of homogeneously sized capillaries.
Lumenization of forming capillary tubes was stud-
ied almost 100 years ago by observations of living
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Fig. 2.1. Schematic diagram of the different steps in vascular
development

chick embryos cultured on glass coverslips (Sabin
1920) and was thought to involve ‘liquefaction’ of
intracellular compartments of early EC. Recently,
two-photon imaging of living transgenic zebrafish
embryos expressing green fluorescent protein fused
to the vacuolar protein cdc42 showed that lumen
formation in the intersegmental vessels is indeed
driven by formation and fusion of intraendothelial
vacuoles (Kamei et al. 2006). The primary vascular
plexus is established before the onset of heart beat
and is ready to receive the first circulatory output.
This primitive network subsequently expands via
angiogenesis, i.e., sprouting, bridgingand branching
by intussusception of pre-existing vessels. Angio-
genesis leads to remodeling of the primary vascular
plexus into a highly branched hierarchical vascular
tree, composed of arteries and veins (Fig. 2.1). Lym-
phatic vessels develop mainly by sprouting from
embryonic veins, although existence of mesoderm-
derived lymphangioblasts has been described as
well (Wilting et al. 2001) (Fig. 2.1). Recruitment of
mural cells (pericytes in medium-sized and smooth
muscle cells in large vessels) around the endothelial
layer completes the formation of a functional net-
work. In this chapter, we will describe successively
the main cellular and molecular events that occur
during vasculogenesis and angiogenesis.

Vasculogenesis

As the diffusion distance of oxygen is limited (100-
200 um), the vascular system in any organ and tis-
sue has to be established early during development.
EC differentiation is first observed during gastru-
lation, when cells invaginate through the primi-
tive streak to form the mesoderm. Newly formed
mesodermal cells soon organize into axial meso-
derm (notochord), paraxial mesoderm (somites),
intermediate mesoderm (kidney and gonads) and
lateral plate mesoderm (Fig. 2.2a). The lateral plate
mesoderm will split into two layers after the forma-
tion of the coelom: a dorsal sheet, the somatopleural




Vasculogenesis and Angiogenesis in Development

33

mesoderm, and a ventral sheet, the splanchnopleu-
ral mesoderm. The dorsal sheet is in contact with
the ectoderm and will form the body wall and limbs
while the ventral sheet is in contact with the endo-
derm and will form the visceral organs. The pos-
terior part of the mesoderm, which occupies about
half of the embryo during early gastrulation stages,
will give rise to the extraembryonic mesoderm.
The first EC that form in the gastrulating em-
bryo originate from lateral and posterior meso-
derm (Murray 1932). These territories express
the vascular endothelial growth factor receptor-2
(VEGFR2) (Eichmann et al. 1993) (Fig. 2.2b). Vas-
cular endothelial growth factor (VEGF) and its
receptor VEGFR2 are the most critical drivers
of embryonic vessel formation (see Olsson et al.
2006 for review). VEGF is expressed in spatial and
temporal association with almost all physiologi-
cal events of vascular formation in vivo (Jakeman
et al. 1993; Shweiki et al. 1993). VEGFR2 expres-
sion is already observed at very early stages of de-
velopment (Fig.2.2b) and subsequently becomes
mainly restricted to EC of all types of blood vessels
as well as lymphatic vessels (Eichmann et al. 1993;
Yamaguchi et al. 1993; Wilting et al. 1997). Mice de-
ficientin VEGFR2 (VEGFR2") die in utero between
8.5 and 9.5 days post-coitum, as a result of an early
defect in the development of hematopoietic cells
(HC) and EC. Yolk-sac blood islands were absent at
7.5 days, organized blood vessels could not be ob-
served in the embryo or yolk sac at any stage, and
hematopoietic progenitors were absent (Shalaby et
al. 1995). VEGF-deficient mouse embryos also die
at E8.5-E9.5 and exhibit severe phenotypes similar
to that of the VEGFR2™/~ mice; this phenotype was
also observed in the VEGF*~ embryos (Carmeliet
et al. 1996; Ferrara et al. 1996). The lethality result-
ing from the loss of a single allele is indicative of a
tight dose-dependent regulation of embryonic ves-
sel development by VEGF. Taken together, the re-
sults described above confirm the major position of
the VEGF/VEGFR2 system in vascular formation.
The newly formed lateral and posterior meso-
dermal cells migrate toward the yolk sac, where
they will differentiate to blood island EC and HC.
During their migration, the precursors aggregate to

clusters, termed hemangioblastic aggregates (Sabin
1920). The peripheral cells of these aggregates sub-
sequently flatten and differentiate to EC, while the
centrally located cells differentiate to HC (Fig. 2.2c¢).
The simultaneous emergence of EC and HC in the
bloodislandsled to the hypothesis that they were de-
rived from a common precursor, the hemangioblast
(Sabin 1920). VEGFR2 expression during successive
stages of hemangioblast differentiation shows that
gastrulating precursors as well as hemangioblas-
tic aggregates are positive, while in the differenti-
ated islands only the EC express this gene and no
expression is detected in HC (Fig. 2.2¢). These ob-
servations are compatible with the hypothesis that
VEGFR2 labels a bipotent progenitor and that after
lineage diversification, only one of the two daughter
cells maintains expression of this gene. In support
of this idea, isolated VEGFR2" cells from posterior
territories of chick embryos at the gastrulation stage
cultured in semi-solid medium in vitro differenti-
ated to HC of different lineages. In the presence of
VEGEF, EC differentiation of the VEGFR2" precur-
sors was induced (Eichmann et al. 1997). These ex-
periments showed that VEGFR2* precursors could
indeed give rise to EC as well as HC, consistent with
the hypothesis that this receptor is expressed by
a common precursor. However, at the single cell
level, an individual VEGFR2" cell would either
differentiate to an EC or an HC, but not both, pre-
cluding a direct demonstration of the existence
of a ‘hemangioblast’. In cultures derived from
mouse embryonic stem (ES) cells, single-cell-de-
rived colonies were found to be able to give rise to
both EC as well as HC (Choi et al. 1998; Nishikawa
et al. 1998; Schuh et al. 1999; Fehling et al. 2003;
Huber et al. 2004; D’Souza et al. 2005), again lend-
ing support to the existence of a common precur-
sor for both lineages. However, additional studies
have shown that ES cell-derived VEGFR2* cells
could also give rise to smooth muscle cells in the
presence of platelet-derived growth factor (PDGF)
(Yamashita et al. 2000), indicating that rather
than being strictly committed to only the EC and
the HC lineages, these cells may be pluri- or mul-
tipotent progenitors. Cell-tracking experiments
in zebrafish embryos have recently revealed bipo-




34 A. Eichmann, K. Bouvrée, L. Pardanaud

Axial
mesoderm

Paraxial
mesoderm

Lateral
mesoderm

Extraembryonic
mesoderm

Fig. 2.2a-c. VEGFR2 expression during early chick vascu-
lar development. a Fate map of gastrulating chick embryo.
b, ¢ VEGFR2 in situ hybridization. b VEGFR2 is expressed
in presumptive extraembryonic mesoderm in gastrulating
chick embryos. ¢ Transverse section of a 15-somite chick em-
bryo shows that VEGFR2 is expressed by hemangioblastic
aggregates while VEGFR2 is downregulated in HC in both
blood islands and capillaries (arrowheads). In contrast,
VEGFR2 expression is maintained in EC (asterisks)
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tential hemangioblastic precursors present in the
ventral mesoderm of gastrulation-stage embryos
(Vogeli et al. 2006). Interestingly, the data pub-
lished by Vogeli et al. suggest that hemangioblasts
represent a distinct subpopulation of endothelial
and hematopoietic precursors, and that not all EC
and HC are derived from common precursors in
zebrafish embryos. Recently in the mouse, Ueno
and Weissman (2006) showed a polyclonal origin
of yolk sac blood islands using genetic cell tracking
approaches.

Formation of the Primary Capillary Plexus
and Remodeling into Arteries and Veins

Following the differentiation of the yolk sac blood
islands, EC surrounding these blood islands rap-
idly anastomose to form a capillary meshwork,
which serves as a scaffold for the beginnings of
circulation. Figure 2.3a shows the structure of the
primary capillary plexus revealed by immunohis-
tochemistry with the QH1 antibody, specific for EC
in the quail (Pardanaud et al. 1987). The embryo
has thus laid down the rudiments of its vascular
system before the onset of heart beat around the 10-
somite stage in the chick. Inside the embryo proper,
one major vessel, the dorsal aorta, and numerous
capillaries have differentiated, while a meshwork
of homogeneously sized capillaries is present in
the yolk sac (Fig.2.3a). EC differentiation in the
embryo proper during this developmental time
window occurs in the absence of associated he-
matopoiesis.

After the onset of heartbeat and of blood flow, the
yolk sac capillary plexus is rapidly remodeled into
arteries and veins and a circulatory loop essential
for survival is established. Figure 2.3b shows a chick
embryo about 24 h older than the embryo in Fig. 2.3a
injected with FITC-dextran: it is obvious that the
primary capillary plexus has been remodeled into
a functional circulatory system containing arteries,
capillaries and veins. This remodeling step is critical

for the embryo's survival and indeed, many mouse
mutants for genes involved in vascular development
die during this ‘remodeling’ phase (see Coultas et al.
2005 for review). The newly formed blood island HC
are channeled through this primitive circulation.
These yolk sac hematopoietic precursors mostly
differentiate into primitive erythrocytes, which are
replaced, as development proceeds, by definitive
hematopoietic precursors generated in the embryo
proper (Dieterlen-Lievre 1975; Cumano et al. 2001).
These definitive precursors are again observed to
develop in close association with the ventral endo-
thelium of the dorsal aorta (Pardanaud et al. 1996;
Jaffredo et al. 1998).

Molecular Markers Specific for Arteries
and Veins

Based on classic studies, it was believed that EC
of the primary capillary plexus constitute a rather
homogeneous group of cells and that differentia-
tion into arteries and veins occurred due to the
influence of hemodynamic forces (Thoma 1893).
Over the past few years, however, several signaling
molecules have been discovered that label arterial
or venous EC from early developmental stages on-
ward, prior to the onset of flow and the assembly of a
vascular wall. Interestingly, most of these molecules
are also expressed in the nervous system, where
they regulate cell fate decisions and guidance of mi-
gration of neuronal precursors as well as of devel-
oping axons (Carmeliet and Tessier-Lavigne 2005;
Eichmann et al. 2005). It is thus tempting to specu-
late that these molecules regulate similar cell be-
haviors in the developing vascular system. Arterial
ECin chick, mouse and zebrafish selectively express
ephrin-B2, neuropilin-1 (NRP-1) and members of
the Notch pathway, including Notch receptors, li-
gands and downstream effectors (Adams 2003; Alva
and Iruela-Arispe 2004; Shawber and Kitajewski
2004). Other molecules are specifically expressed
in the venous system, including EphB4, the recep-
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tor for arterial ephrin-B2 (Gerety et al. 1999) and
COUPTFII (Youetal. 2005). The neuropilin-2 (NRP-
2) receptor is expressed by veins and, at later devel-
opmental stages, becomes restricted to lymphatic
vessels in chick and mice (Herzog et al. 2001; Yuan
et al. 2002). In chick embryos, NRP-1 and -2 recep-
tors are expressed on separate, but mixed popula-
tions of cells in the yolk sac blood islands. They be-
come segregated prior to the onset of flow to arterial
(NRP-1, posterior) and venous (NRP-2, anterior)
poles of the embryo (Herzog et al. 2005). Based on
these specific expression patterns and on lineage
studies in the zebrafish embryo (Zhong et al. 2001),
it was proposed that arterial and venous fates are
genetically pre-determined. A possible role for these
signaling molecules in arterial-venous differentia-
tion was suggested by the phenotypes of mouse and
zebrafish mutants: ephrinB2 and EphB4 knockout

Fig.2.3a,b. Remodeling of the primary vascular plexus
during avian development. a Primary capillary plexus of a
12-somite quail embryo revealed by QH1 whole-mount im-
munostaining. Arrows point to dorsal aorta. b Functional cir-
culation visualized by injection of FITC-dextran in a chick
embryo 24 h older than the embryo shown in a (courtesy of J.
Favier and G. Sihn). NT, Neural tube; SR, sinus rhomboidalis;
A, arteries; V, veins

mouse embryos displayed arrested remodeling of
the primary vascular plexus into arteries and veins
during early development, leading to death around
E9.5 (Wang et al. 1998; Adams et al. 1999; Gerety
et al. 1999). Endothelial-specific nrp-1 mouse
mutants failed to express arterial markers in the
arteries of the embryonic dermis, although these
vessels were positioned properly (Gu et al. 2003;
Mukouyama et al. 2005).

Zebrafish mutant studies have shown a require-
ment for Notch signaling to repress venous fate in
arteries: inhibition of the Notch signaling pathway
using a dominant negative form of suppressor of
hairless (SuH), a downstream effector of Notch,
leads to decreased expression of arterial markers
and ectopic expression of venous markers in arter-
ies (Lawson et al. 2001). Disruption of the Notch
signaling pathway in mice also leads to significant
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vascular defects, ascribed to defective arterial-ve-
nous differentiation. Mutation of dll4, a Notch li-
gand selectively expressed in arteries, but not in
veins, leads to defective development of the dorsal
aorta and cardinal veins, with formation of arte-
rial-venous shunts (Duarte et al. 2004; Gale et al.
2004; Krebs et al. 2004). Interestingly, these defects
are already apparent when a single dll4 allele is lost.
Arterial markers such as ephrinB2 are downregu-
lated and venous markers are ectopically expressed
in the dorsal aorta of dll4 mutants and of several
other mutants of genes in the Notch pathway, in-
cluding double mutants of Notchl and Notch4, en-
dothelial knockout of RBP, the SuH ortholog and
double mutants of the downstream targets Hes and
Hey (Fischer et al. 2004; Krebs et al. 2004). Con-
versely, endothelial-specific mutation of the nuclear
receptor COUPTFII, expressed in veins, leads to ec-
topic activation of arterial markers in veins (You
et al. 2005). Taken together, these studies suggest
that the specification of angioblasts into arterial or
venous lineages is genetically determined and oc-
curs already before the onset of blood circulation.
Failure in the specification of arterial and venous
identities or in the establishment of the artery-vein
boundaries leads to vascular fusions and dyspla-
sia.

Role of Hemodynamic Forces in
Remodeling

The presence of blood flow is known to be essential
for remodeling of the primary vascular plexus into
arteries and veins to occur. Nearly 100 years ago, Chap-
man showed by surgically removing the heart of chick
embryos before the onset of circulation that the periph-
eral vasculature formed, but failed to remodel, without
blood flow and pressure (Chapman 1918). Remodeling
of the vasculature also did not occur after surgical
removal of the heart of young chicken embryos and
incubation of the embryos in high levels of oxygen to
remove the effects of hypoxia (Manner et al. 1995).

Usinginvivo time-lapseimaging of developing chick
embryos, we analyzed the effects of hemodynamics on
arterial-venous differentiation (le Noble et al. 2004).
We observed that prior to the onset of flow, EC express-
ing arterial or venous markers were localized in a pos-
terior arterial and an anterior venous pole. After the
onset of cardiac activity and the start of perfusion, the
vitelline artery forms in the posterior arterial pole by
flow-driven fusion of pre-existing capillaries branch-
ing from the aorta at the level of somite 21 (Fig. 2.3b).
During the subsequent stages, the arterial network
expands and some small capillary branches are selec-
tively disconnected from the arterial network. These
segments do not regress or apoptose; instead, the dis-
connected vessels reconnect to the venous plexus. The
disconnected segments lose their arterial identity and
start to express venous markers. Detailed high-magni-
fication intravital imaging shows that the disconnected
segments, which are filled with blood and pressurized
due to connections with more distal parts of the arte-
rial network, grow and extend over the arteries, be-
fore reconnecting to the veins of the primary network
(le Noble et al. 2004). The disconnected segments lack
tip cells or filopodia, and are instead driven by their
luminal pressure and guided by the strain fields gener-
ated by the surrounding large-caliber vessels (Nguyen
et al. 2006). The relatively high pressure in the arteries
repels the expanding disconnected segments, which
avoid the arteries and can only reconnect to lower-
pressure veins. Such avoidance of the arterial segments
is also observed in the zebrafish parachordal vessel,
which sprouts from the posterior cardinal vein and
crosses the intersegmental artery without fusing to it
(Isogai et al. 2003).

Arterial and venous identity can also be altered
experimentally by changing the flow environment of
the EC. Rerouting flow by artificially obstructing the
vitelline artery (Stéphan 1952) results in perfusion of
the arterial tree with blood of venous origin, which
transforms the arteries into veins, both morphologi-
cally (Fig. 2.4) and genetically. Perfusing veins with ar-
terial blood can likewise transform them into arteries
(le Noble et al. 2004). Thus, while it is clear that there
must be blood flow in an embryo for remodeling and
arterial-venous differentiation to occur, the essen-
tial signal that flow imparts is not known. Blood flow
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Fig. 2.4A-D. Transformation of embryonic arteries into veins by flow manipulation. Ligation of the right vitelline artery
(see Fig. 2.3b) of a 30-somite chick embryo in ovo by insertion of a metal clip underneath the artery. A-D Images of time-
lapse videomicroscopy taken at the indicated time points. The future major venous branch can be seen in C (arrow). Note
incorporation of an entire branch of the vitelline artery into this vein (arrows, C, D). Asterisks in c and d indicate another
arterial segment that is becoming venularized

carries nutrients, oxygen and signaling molecules to
the vessels and creates physical forces acting on the
EC and cells of the forming vessel wall. Therefore, the
initiation of blood flow brings many different signals
to the embryo.

Guidance of Capillaries by
Endothelial Tip Cells

Despite the crucial role of hemodynamic forces in
shapingvascularpattern,thegrossvascularanatomy
of developing mouse, chick or zebrafish embryos
is characterized by highly reproducible branching
patterns, suggesting the existence of additional pat-
terning mechanisms. Indeed, during development,
blood vessels navigate along stereotyped paths to-
wards their targets — similar to axonal growth cones
(Carmeliet 2003). The mechanisms regulating vessel
navigation remain incompletely understood. It was
only recently discovered that specialized EC termed
‘tip cells’ are located at the leading front of growing
vessels. These tip cells respond to chemoattractant
and repellent guidance cues that act over short or

long range (Ruhrberg et al. 2002; Gerhardt et al.
2003), similar to axonal growth cones. The existence
of such endothelial “growth cones” highlights the
anatomical similarities between the nervous and
vascular systems (Carmeliet 2003). Several recep-
tors for axon guidance cues are expressing on grow-
ing vessels and were shown to regulate vessel path-
finding, including PlexinD1, Robo4 and the Netrin
receptor UNC5B (Gitler et al. 2004; Torres-Vazquez
et al. 2004; Bedell et al. 2005 ; Lu et al. 2004). These
molecules are reviewed in detail by Carmeliet et al.
in this book (Chap. 3).

Endothelial tip cells extend numerous thin filo-
podia that explore their environment and regulate
extension of capillary sprouts. Using multiphoton
time-lapse imaging of transgenic Tg(flil:EGFP)yl
zebrafish, specifically expressing enhanced green
fluorescent protein in EC, Isogai et al. 2003 docu-
mented the dynamic assembly of the intersegmental
vessels (ISVs) in embryos. ISV formation is initiated
by angioblast migration from the dorsal aorta into
the intersomitic space (Childs et al. 2002). These an-
gioblasts form sprouts that grow dorsally between
the somites and the neural tube, tracking along ver-
tical myotomal boundaries. The sprouts grow in a
saltatory fashion with numerous active filopodia
extending and retracting, particularly in the dorsal-
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most leading extension. ISVs are formed before per-
fusion and filopodial movement of tip cells ceases as
perfusion of these vesselsisinitiated. Endothelial tip
cells are also seen at the front of the growing post-
natal retinal vasculature in mice (Fig.2.5) and in
the early chick embryo yolk sac prior to the onset of
flow (Fig. 2.6a). Similar to zebrafish, tip cells are far
less numerous in perfused vascular beds (Figs. 2.5,
2.6b), suggesting a correlation between flow and fi-
lopodial extension that remains to be fully explored.
However, it is clear that tip cell guidance of growing
blood vessels is a general phenomenon in vascular
development that is currently being intensely stud-
ied in pathological angiogenesis as well.
Endothelial tip cells express VEGFR-2 (Ger-
hardt et al. 2003), a high-affinity receptor of VEGF
(Ferrara et al. 2003). VEGF exists as several alter-
natively spliced isoforms, VEGF120, 164 and 188 in
mice, which differ in their matrix- and receptor-
binding affinities. The shorter VEGF120 isoform
is freely diffusible, as it lacks the heparin-binding

Fig. 2.5. Retinal vascular development. Vascular plexus of
a postnatal day 5 mouse revealed by isolectin B4. Tip cells
extending filopodia can be visualized at the edges of the vas-
cular front (arrows), but are far less numerous in remodeled,
perfused areas of the vascular plexus behind the vascular
front

domain necessary for interaction with the extracel-
lular matrix, whereas the VEGF188 isoform remains
bound to the extracellular matrix and the VEGF164
isoform has intermediate properties. In the post-
natal mouse retina, tip-cell filopodia follow a gra-
dient of matrix-bound VEGF produced by retinal
astrocytes (Gerhardt et al. 2003). Alteration of the
VEGF gradient by injection of soluble VEGFR-1 or
by blocking antibodies against VEGFR-2 but not
VEGFR-1 led to loss of tip-cell filopodia; conversely,
increased branching of hyaloid vessels was ob-
served in transgenic mice overexpressing VEGF164
under the control of the A-crystallin promoter.
Endothelial tip cells primarily migrate but prolif-
erate only minimally, in contrast to their subjacent
EC, termed the "stalk cells", which do proliferate.
Thus, these two types of EC interpret the VEGF sig-
nal differently: tip cells extend filopodia and stalk
cells proliferate. The molecular regulation of these
two distinct behaviors is currently not understood.
Evidence for a role of VEGF in tip cell guidance is
also deduced from the analysis of mouse mutants
selectively expressing different VEGF isoforms
(Ruhrberg et al. 2002). Vascular development is
normal in mice expressing only VEGF164, indicat-
ing that this isoform alone is sufficient to ensure
proper vascular patterning (Stalmans et al. 2002;
Stalmans et al. 2003). By contrast, mice expressing
only VEGF120 or VEGF188 exhibited vessel naviga-
tion defects. In VEGF120 mice, EC become incor-
porated into existing vessels and increase vessel
size rather than forming new branches. As a result,
vessels are enlarged, stunted and hypobranched.
In contrast, VEGF188 mice showed the opposite
phenotype, that is, hyperbranched and thin vessels
(Ruhrberg et al. 2002). Thus, sequestration of VEGF
isoforms as gradients in the matrix is crucial for the
balance between capillary branching and enlarge-
ment of vessel size. Application of VEGF to early
chick embryos also leads to dramatic alteration of
tip cell behavior and vascular hyperfusion, while
sequestration of VEGF by soluble VEGFR-1 inhib-
ited tip cell protrusions and proper vessel formation
(Drake et al. 2006). Collectively, these experiments
provide evidence for a positive role of VEGF in tip
cell guidance.
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Fig.2.6A-D. Tip cells in the vascular plexus of quail embryos. Whole-mount QHI staining of a 12-somite quail embryo
(A, B) and a 22-somite quail embryo (C, D). B, D Higher magnifications of boxed areas in A, C. Numerous tip cells extend-
ing filopodia can be observed in the primary vascular plexus before the onset of flow (B, arrowheads), in contrast to later
stages when flow is already established (D, arrowhead). Ao, Aorta

Circulating Endothelial Cells or
Progenitors in the Embryo

In the adult, once the definitive vascular network
is established, EC remain essentially quiescent with
neovascularization only occurring during physi-
ological or pathological events. For a long time,
adult neovascularization was thought to be exclu-
sively achieved by angiogenesis. However, the exis-
tence of adult circulating EC (CEC) or endothelial

progenitor cells (EPC) is now well established (see
Urbich and Dimmeler 2004 for review). These cells
have important potential therapeutic applications,
as their administration could stimulate blood ves-
sel growth in conditions of hypovascularization
(hind-limb ischemia, myocardial infarction, stroke,
wound healing). Genetic manipulation of CEC/EPC
could also allow inhibition of blood vessel growth
in conditions of hypervascularization (diabetic reti-
nopathy and tumorigenesis).

The origin of CEC/EPC was recently investigated
in the avian embryo, using the quail-chick para-
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biosis model in which a quail embryo is added into
a chick egg during the 2nd day of development
(Pardanaud and Eichmann 2006). From the 8th day,
the chorioallantoic membranes (CAM) of the two
embryos fused, vascular anastomes were estab-
lished, and cells could travel from one species to the
other. CEC/EPC colonizing the chick embryos could
be recognized using the QH1 monoclonal antibody
specific for quail cells. The emergence of CEC/EPC
was observed early in ontogeny, at day 2 of develop-
ment, long before the formation of the bone marrow,
although the precise territory generating these cells
is still unknown. CEC/EPC could colonize all tissues
of the chick but their number always remained low
(Fig. 2.7a, b). However, CEC/EPC could efficiently be
mobilized by wounding or grafting of an organ on
the chick CAM, resulting in a significant participa-
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Fig. 2.7A-C. Migration of QH1+ EC in parabiosis. A Isolated,

morphologically distinct QH1+ EC colonize various tissues of | .
E14 chick embryos as seen on this gut section (brown cell). =
B A small proportion of these circulating QH1+ EC integrate |

the host vascular plexus: whole-mount staining of the CAM
shows a quail EC (green) in the chick vascular plexus (red).
C When the wing of the chick embryo from a E14 parabiosis is
wounded, many QH1+ EC (arrows) invade the wounded tissue
together with QH1+ HC (brown dots)

tion of QH14+ CEC/EPC in the endothelial network
of the grafted organs (Fig. 2.7c). Interestingly, only
a minority of CEC/EPC (£5%) were integrated in
chick endothelia (Fig. 2.7b) while the majority were
located interstitially as isolated cells or integrated
into chick endothelial cords. It is possible that these
cells serve a structural bridging role or, alterna-
tively, that they secrete paracrine growth factors. In
adult ischemic tissues, Urbich and Dimmeler (2004)
reported that interstitially located EPC could influ-
ence neovascularization in a paracrine manner by
releasing pro-angiogenic factors.

Interestingly, when a chick CAM from a para-
biosis was stimulated with VEGF for 2 days, while
the vascular density was upgraded by comparison
with PBS-treated CAM, the mobilization of QHI1+
CEC/EPC did not occur. While this result seemed
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unexpected, VEGF did not always mobilize adult
EPC either (De Palma et al. 2003; Ruzinova et al.
2003). VEGF-stimulated EPC did not systematically
increase the formation of vessels (Young et al. 2002)
but seemed to act indirectly on angiogenesis via the
recruitment of bone marrow-derived circulating
cells (Grunewald et al. 2006; Zentilin et al. 2006). In
our model, CEC/EPC appeared to participate prefer-
entially in angiogenic responses related to ischemia
rather than in sprouting angiogenesis.

Perspectives

Research carried out over the past decade has pro-
vided major insights into the mechanisms regulat-
ing the emergence of endothelial progenitors from
the mesoderm, their coalescence into the primary
vascular system, and the remodeling of this system
into arteries and veins. The molecules implicated
in these different developmental processes are also
essential for the maintenance of the adult vascular
system. Elucidation of the precise function and in-
teraction of the different molecular players will thus
certainly lead to the development of novel treat-
ments for vascular disorders.

The observation that arterial-venous differentia-
tion is a flow-driven highly dynamic process that ex-
hibits a high degree of EC plasticity is an important
finding, and understanding the regulation of EC
plasticity with respect to vessel identity has obvi-
ous important implications for the use of veins in
coronary bypass surgery, restenoses and therapeutic
arteriogenesis.

A particularly interesting aspect of recent re-
search carried out on the vascular system is the
identification of neural guidance receptors on blood
vessels, in particular on endothelial tip cells. Iden-
tification of factors able to ‘guide’ developing blood
vessels has obvious implications for pro- and an-
tiangiogenic therapies that remain to be fully ex-
plored in the future. The close relation between the
nervous and the vascular system is, moreover, high-

lighted by the finding that the patterning of develop-
ing arteries in the limb skin of mouse embryos has
been shown to depend on interactions with nerves
(Mukouyama et al. 2002). Future studies will be di-
rected at exploring the precise interactions between
blood vessels and nerves during development as well
asinpathologies, in particular degenerative diseases
like diabetic neuropathy that affect both nerves and
microvessels.
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Abstract

During evolution animals had to evolve in or-
der to perform more and more complex tasks.
For this, they developed two main specialized
tissues: a highly branched vascular system to
ensure adequate blood supply, and an intricate
nervous system to transmit electrical signals
to peripheral organs. During development,
the patterning of both the vascular and the
nervous system is achieved through the coor-
dinated action of a variety of guidance cues
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that direct the growing nerves and vessels to
specific targets. Emerging evidence suggests
that the same set of attractive and repulsive
molecules drives the migration of both axons
and endothelial tip cells, thus playing a cen-
tral role in the development of an ordered
and stereotyped network. In this chapter we
will discuss the similarities between axon and
blood vessel guidance as well as the evidence
showing that molecules first identified as axon
guidance cues also play a role in blood vessel
guidance.

General Introduction

During the course of evolution, vertebrates have
learned to perform more complex and sophisti-
cated tasks - this challenge could only be met by
the coincident development of two intertwined
anatomic systems, blood vessels and nerves: the
former providing nutrients, the latter transmit-
ting electrical signals required for coordination.
Although functionally distinct, these two systems
are architecturally similar, structured into ramify-
ing and hierarchically ordered networks (Fig. 3.1).
The nervous and vascular systems share a re-
markable conservation in their overall anatomi-
cal architecture, among individuals of the same
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species and across the vertebrate phyla as well.
They often display similar patterns in peripheral
tissues, with nerve fibers and blood vessels fol-
lowing parallel routes, suggesting the existence
of developmental links between the two systems
(Carmeliet 2003). Both systems are composed of
largely separate efferent and afferent networks (i.e.
motor and sensory nerves in the nervous system
and arteries and veins in the vasculature). To follow
the same path, axons and vessels often take advan-
tage of one another. In some cases, vessels produce
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signals (such as artemin and neurotrophin-3) that
attract axons to track alongside a pioneer vessel
(Kuruvilla et al. 2004; Honma et al. 2002), and
conversely, nerves release signals to guide blood
vessels (such as vascular endothelial growth factor,
VEGF; Mukouyama et al. 2002). In addition, the
coordinated morphogenesis of the two networks
suggests that they are directed by common geneti-
cally programmed mechanisms. In fact, evidence is
now emerging that blood vessels, which arose later
in evolution than nerves, co-opted several of the or-
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Fig. 3.1a,b. Parallelism in the stereotyped branching patterns of vessels and nerves. Already five centuries ago, the Belgian
anatomist Andreas Vesalius illustrated the striking similarity between the arborization pattern of vessels (a) and nerves (b)

throughout the human body (reproduced from Vesalius 1543).
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ganizational principles and molecular mechanisms
that evolved to wire up the nervous system.

The correct wiring of the nervous system relies
on the ability of axons and dendrites to locate and
recognize their appropriate target. Neurons send
out a cable-like axon that migrates over consider-
able distances to reach its final destination. To help
it find its way in the developing embryo, the axon is
provided with a highly motile and sensitive struc-
ture, the growth cone (Huber et al. 2003; Dickson
2002) (Fig. 3.2a). Through dynamic cycles of exten-
sion and retraction of filopodia, the growth cone
continually explores and responds to the appropri-
ate set of cues, reassessing its spatial environment
and accurately selecting a correct trajectory among
the maze of possible routes.

Two successive processes underlie blood vessel
formation during embryonic development: vasculo-
genesisisthe differentiation of endothelial precursor
cells from the mesoderm and their coalescence into
tubes of the primary vascular plexus, which consists
of the central axial vessels in addition to a mesh-
work of homogeneously sized capillaries. Through
the process of angiogenesis, this primitive network
expands by sprouting, bridging and branching from
preexisting vessels and leads to a highly branched
hierarchical vascular tree composed of arteries and
veins. The recruitment of mural cells (pericytes and
smooth muscle cells) around the endothelial layer
completes the formation of a functional vascular
network (Carmeliet 2000).

Although much knowledge of the molecular
mechanisms of vasculogenesis and angiogenesis
has been generated in the past decade, critical ques-
tions on how the vessels choose and follow specific
paths to reach their targets remain unanswered. Un-
derstanding this process may have implications not
only for vascular biology but also for the develop-
ment of future strategies aimed at inducing or inhib-
iting angiogenesis.

Recent findings have shown that, like neurons
and their axons, new vessels are guided along the
correct path by integrating attractive and repul-
sive cues from the environment. Only 3 years ago,
specialized endothelial cells (ECs) in the lead-
ing forefront of capillaries, called “tip cells” (Ger-

hardt et al. 2003) (Fig. 3.2b), were found to per-
form function analogous to that of growth cones
in axons, continuously extending and retract-
ing numerous filopodia to explore their environ-
ment and functioning to define the direction in
which the new vascular sprout grows (Gerhardt
etal. 2003). These tip cells seem to ‘pave the path’ for
the subjacent ‘stalk’ ECs and proliferate minimally,
whereas stalk cells proliferate extensively while mi-
grating in the wake of the tip cells, permitting ex-
tension of the nascent vessel (Gerhardt et al. 2003).

The biological and molecular similarities between
the nervous and vascular systems have drawn a lot
of attention lately, since guidance cues, first discov-
ered in the neuronal system, have also been shown
to guide blood vessels to their targets using similar
mechanisms. In particular, four families of neuro-
nal guidance ligands and their cognate receptors
(Fig. 3.2c) have nowbeen implicated in angiogenesis:
members of the UNC-5 family, which bind netrins;
roundabouts (Robo), which bind Slits; neuropilins
(Npns), which bind semaphorins and members of
the VEGF family; and Ephs, which bind ephrins.
In this chapter we will first discuss the similarities
between the angiogenic sprouting mechanisms and
the ones that regulate axonal terminal arborization.
We will then discuss the angiogenic properties of
axon guidance cues and their possible role in tumor
angiogenesis.

Parallelism Between Terminal Axon
Arborization and Vessel Sprouting

Angiogenic and axon sprouting ensure the coverage
of a target tissue by blood vessels and nerves: the
former provide the required nutrients and remove
the toxic waste products, while the latter release
the necessary biochemical and electrical signals. In
each case, target cells regulate the release of growth
factors to direct sprouting. For axon terminals, tar-
get cells lacking a synaptic input secrete growth
factors, such as nerve growth factor (NGF), that
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Fig. 3.2a-c. Morphological and molecular similarities between axonal growth cones and endothelial tip cells. a Scanning
electron micrograph of an axonal growth cone, terminating with numerous filopodial extensions (reproduced from Wessells
and Nuttall 1978). b Multiphoton imaging of tip cell filopodia extending from the dorsal aorta in a 22-h-old zebrafish embryo.
¢ The guidance of both axons and endothelial cells is directed by four major classes of ligands and their cognate receptors.
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induce their innervation and which are downregu-
lated when the target receives appropriate electrical
stimulation (Goodman and Shatz 1993). For vessels,
a hypoxic tissue secretes regulators of angiogene-
sis, such as VEGEF, thus inviting its vascularization.
Later on, when the target cells receive appropriate
oxygen supply, VEGF expression is downregulated
(Carmeliet 2003). In both systems sprouting requires
the presence of these growth factors forming an ap-
propriate gradient.

Specific gradients of neurotrophic factors are
involved in terminal arborization of axons. For in-
stance, target innervation of sympathetic and some
sensory connections is mediated by a gradient of
NGF (Davies 2000). In NGF mutant mice, lacking
Bax (to prevent cell death), axons stall outside the
target (Glebova and Ginty 2004), indicating that
NGF-responsive axons invade target organs only
when a NGF gradient is released by the target tissue.
Similar results were obtained when the NGF gradi-
ent was reversed by autocrine expression of a NGF
transgene in neurons (Glebova and Ginty 2004). Fi-
naly, local gradients of NGF within the target organs
were also shown to regulate the degree of axon ter-
minal arborization (Diamond et al. 1992).

VEGEF stimulates division and migration of ECs,
andis critical for vascular development (Ferrara et
al. 1996; Carmeliet et al. 1996). Similar to NGF in
axon target innervation and arborization, VEGF is
critical for the guidance of ECs to their targets. In
mammals, different VEGF isoforms are generated
from alternative splicing of a single gene (Ferrara
et al. 2003). In humans the three main isoforms are
VEGF121,VEGF165 and VEGF189 while in mice the
same isoforms have one aminoacid less. All iso-
forms bind the tyrosine kinase receptors VEGFR-
1 and -2, but, of the soluble isoforms, only VEGF
binds Npn-1 and -2 (Ferrara et al. 2003; Neufeld
et al. 2002a). The shorter VEGF,,, is freely diffus-
ible, lacks the heparin-binding domain necessary
for the interaction with the extracellular matrix,
and thereby acts over along range. In contrast, the
VEGF, g, isoform acts over a short range because it
remains bound to the extracellular matrix, while
the VEGF,; isoform has intermediate properties
(Ferrara et al. 2003). By virtue of their different af-

finities for the extracellular matrix, these isoforms
produce a gradient extending from the target tis-
sue to the tip cell of the growing vessel, thus pro-
viding long-range and short-range guidance cues
for correct vessel patterning. Evidence for a role of
VEGF gradients in tip cell guidance was deduced
from the analysis of three mouse lines, each engi-
neered to express a single VEGF isoform. Thus, in
these transgenic mice the VEGF gradient is dis-
rupted by the lack of two of the VEGF isoforms.
VEGF,4, mice are normal, indicating that this iso-
form alone is sufficient to ensure proper vascular
patterning, but VEGF,,, and VEGF,g; mice exhibit
serious vascular remodeling defects (Carme-
liet et al. 1999; Stalmans et al. 2002). In VEGF,,,
mice, ECs become incorporated in existing ves-
sels and increase vessel size rather than forming
new branches. As a consequence, vessels in these
mutants are enlarged, stunted and hypobranched
(Stalmans et al. 2002; Ruhrberg et al. 2002).
VEGF,4; mice, by contrast, show the opposite
phenotype with hyperbranched and thin vessels
(Stalmans et al. 2002). Thus, a long-range VEGF
gradient (provided by the diffusible isoforms
VEGF,,, and VEGF,,,) allows ECs to maintain
their directional course to the target cell, whereas
short-range matrix-bound VEGF (due to VEGF,
and VEGF,45) guideposts are necessary for ECs to
migrate step-by-step along the journey.

Collectively, similar principles that govern axon
target innervation and the appropriate pattern of
terminal arborization are also used for blood ves-
sel formation and patterning.

Common Cues in Axon and
Blood Vessel Guidance

Another similarity between the nervous and vascu-
lar system is the requirement of common molecular
cues for their correct wiring. These cues are respon-
sible for the highly stereotyped pattern of axons and
vessels. To reach their target, axons have to travel
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long distances; they simplify this task by breaking
up their long trajectory into short segments and nav-
igating from one “intermediate target” or “choice
point” to the next (Tessier-Lavigne and Goodman
1996)(Fig. 3.3). Guidance cues can either be attrac-
tant or repellent and depending on their diffusible
properties, they may act at short-range (being cell-
or matrix-associated) or long-range (being diffus-
ible) (Tessier-Lavigne and Goodman 1996). Axons
are usually attracted to a choice point by long-range
attracting signals produced by the intermediate tar-
get. Once there, they are expelled by short or long-
range repellents, also produced by cells at the choice
point, to continue on their path (Tessier-Lavigne
and Goodman 1996). Like axons, ECs have to mi-
grate over short distances (similar in length to the
shorter segments navigated by axons) to reach their
final destination. Between choice points, both axons
and vessels are guided through tissue corridors by
combinations of attractive cues made by cells along

the corridors and repulsive signals expressed in
the surrounding tissues. As mentioned above, re-
cent findings have shown that molecules that were
originally identified as axon guidance cues also
play a role in blood vessel guidance (Carmeliet and
Tessier-Lavigne 2005). We will now discuss the
emerging evidence for the role of four families of
classical axon guidance cues in vessel guidance.

3.3.1
Netrins and Their DCC and UNC-5 Receptors

The netrins are a family of proteins that are highly
conserved from Caenorhabditis elegans to mammals.
Their structure shares similarities with the short
arms of laminin-y (Netrin-1 and -3) or B-chains
(Netrin-4). They contain a laminin VI domain, three
EGF-like repeats and a carboxy-terminal domain
that can bind heparin, heparan sulfate proteogly-
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Fig. 3.3. Model of axonal growth cone
navigation. To reach its final target,
the axon first moves towards inter-
mediate choice point, depending on
the action of specific molecular cues,
which act by either attracting or repel-
ling its growth cone (from Barallobre
et al. 2005).
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cans or membrane glucolipids, thereby allowing
interaction with components of the extracellular
matrix or the cell surface (Barallobre et al. 2005).
The extent of their diffusion is determined by both
their expression level and the concentration of bind-
ing sites in the surrounding tissue. They bind two
families of receptors, each with a single transmem-
brane domain. In vertebrates, the deleted colorectal
cancer (DCC) receptor family comprises DCC and
Neogenin, which share homology to UNC-40 in
C. elegans and Frazzled in Drosophila (Barallobre et
al. 2005). The other family of receptors that binds
netrins is the uncoordinated 5 (UNC-5) family.
Vertebrates have four homologues, UNC-54, -B, -C
and -D, which are orthologs of UNC-5 in C. elegans
(Barallobre et al. 2005). Similar to other guidance
cues, netrins have a dual role in axon guidance, i.e.
they can act as either attractant or repellent molecules
(Barallobre et al. 2005). Signaling of netrins through
DCCreceptors induces axon attraction, while a repul-
sion effect is generated by the binding of netrins to
UNC-5 receptors (short-range repulsion) or to a com-
bination of UNC-5 and DCC receptors (long-range
repulsion) (Hong et al. 1999; Keleman and Dickson
2001).

In species with bilateral symmetry, neurons con-
nect from one side of the central nervous system
(CNS) to the other by projecting axons across the
midline via commissures. In this way, a proper and
coordinated function of the brain is ensured. Netrins
are expressed in midline cells of the CNS. Netrin-1,
the most studied member of the family, is expressed
in the floor plate and in neuroepithelial cells of the
ventral region of the spinal cord during development
(Barallobre et al. 2005). Netrin-1 attracts commis-
sural axons to the midline by binding DCC expressed
on the axon surface (Fig. 3.4a). In Netrin-1- and DCC-
deficient mice, commissural axons start growing to-
wards the floor plate but most of them do not reach
it; instead, they stall or are misrouted on their trajec-
tory (Fazeli et al. 1997; Serafini et al. 1996). In wild-
type embryos, once axons have reached the midline,
their response to the chemoattractant activity of
Netrin-1 is silenced to avoid stalling at the midline.
This is achieved by the Commissureless (Comm)
receptor in Drosophila and by Robo-3 in mouse (see

below), whose expression levels become higher in
postcrossing commissural axons, by forming a com-
plex with DCC that inactivates Netrin-1 attractant ac-
tivity (Stein and Tessier-Lavigen 2001) (Fig. 3.4b).
Genetic evidence for a role for Netrin-1 in vessel
guidance has been provided recently. Lu et al. have
shown that Netrin-1 can act as a repellent in blood
vessel guidance via the UNC-5B receptor (Lu et al.
2004). UNC-5B, which is the only receptor expressed
in the vascular system during mouse early develop-
ment, is specifically expressed in arteries. Genetic
deletion of this receptor in mice (embryonic E12.5
lethal) results in excessive vessel branching and in-
creased extension of the tip-cell filopodia (Lu et al.
2004). A role for UNC-5B and Netrin-1 in mediat-
ing endothelial repulsion was also shown in a study
of the development of intersomitic vessels (ISV) in
Unc-5b and Netrin-la knockdown zebrafish embryos
(Lu et al. 2004). ISVs in zebrafish follow a very ste-
reotyped pattern. ISVs sprout from the dorsal aorta
and grow dorsally between the somites and neural
tube; eventually, they elongate and fuse with vessels
from the adjacent segments to form the dorsolateral
anastomotic vessel (DLAV) (Lawson and Weinstein
2002) (Fig. 3.5a). Secondary sprouts then come out
from the posterior cardinal vein (PCV) and migrate
dorsally up to the horizontal myoseptum to form the
parachordal vessel (PAV) (Lawson and Weinstein
2002) (Fig. 3.5b). ISV formation occurs before perfu-
sion and proceeds independently of oxygen levels,
thus suggesting that a genetic program regulates
the growth of these vessels. In Unc-5b or Netrin-la
morphants, while the initial sprouting of the ISVs
into the intersegmental space is unaffected, aberrant
pathfinding occurs at the level of either the horizon-
tal myoseptum or the floor plate (which normally
express Netrin-la), where ISVs in both morphants de-
viate laterally instead of extending dorsally (Fig. 3.5¢).
Capillary branching was increased and ISVs were
misguided, therefore, resembling the phenotype ob-
served in Unc-5b-deficient mice (Lu et al. 2004). In
vitro migration assays demonstrated that Netrin-1
inhibited migration of ECs expressing UNC-5B, con-
sistent with a possible negative role of Netrin-1 on fi-
lopodial extension. Moreover, when injecting recom-
binant Netrin-1 into hindbrains of E10.5 wild-type
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Fig. 3.4a-c. Mechanisms of axon guidance at the spinal cord midline in mammals. a Before crossing, netrins expressed at
the midline attract commissural axons through the DCC receptor. At the same time, Rigl/Robo3 silences Robo, which would
otherwise repel axons from entering the midline. b At the midline, Slit activates Robo, which in turn silences DCC, thereby
preventing axon stalling and promoting axon expulsion from the midline. ¢ After crossing, high levels of Robo expression

on the axons prevent them from recrossing the midline.

embryos a marked retraction of the tip cell filopodia
occurred compared to BSA-injected control. In ad-
dition, this effect was abolished in Unc-5b knockout
mice (Lu et al. 2004). Taken together, these results
suggest that Netrin-1, by binding to UNC-5B, inhibits
vessel branching at specific “signaling points™.
Another study reported that Netrin-1 stimulates
the proliferation and migration of ECs and vascular
smooth muscle cells (SMCs) in vitro (Park etal.2004).
The Neogenin receptor seems to be responsible for
transducing these effects in SMCs, but the receptor
through which Netrin-1 is signaling in ECs remains
undefined (Park et al. 2004). A possible candidate is
the adenosine A2b receptor, which is expressed in
ECs and binds Netrin-1 (Corset et al. 2000), but its
functional role remains to be determined. Besides
Netrin-1, Netrin-4 also stimulates EC proliferation
and tube formation (Wilson et al. 2006); in this case,
the responsible receptor was not identified since

Netrin-4 did not bind any of the known netrin
receptors (Wilson et al. 2006). After knockdown of
Netrin-la in zebrafish embryos, the ISVs and the
DLAVs formed normally but the formation of the
PAVs was inhibited, presumably because Netrin-la
is required to induce EC migration along the mus-
cle pioneer cells when forming the PAV (Wilson
et al. 2006). Netrins also promoted neovasculariza-
tion and reperfusion in a murine model of periph-
eral vascular disease (hindlimb ischemia) (Wilson
etal.2006). Therefore,itremainstobeestablished why
Netrin-1 has been reported to have repulsive and
attractive activities. One possible, but outstanding,
reconciling hypothesis is that Netrin-1 may act as
a repulsive or attractant cue for ECs depending on
the receptor type to which it binds. Obviously, addi-
tional studies will be required to better understand
the intricate mechanisms of this vessel-guidance
system.
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Control Morphant

Netrin-1a guides Unc5b™ ISVs In the absence of Netrin-1a or
along the myoseptum (My) and Unc5b, ISVs are misrouted
the floorplate (FP) of the neural

tube (NT)

Fig. 3.5a-c. Role of netrins in the regulation of vascular development in zebrafish. a Lateral view of a 36-h-old zebrafish
embryo, showing primary sprouting of ISVs from the DA et each myoseptal boundary, elongating dorsally and interconnect-
ing to form the DLAV. b Later in development, a secondary set of vascular sprouts emerge from the PCV, often alongside
the nearest primary vessels, contributing to the formation of the PAV. ¢ Schematic representation of ISV guidance defects
observed in zebrafish embryos after morpholino knockdown of Netrin-1a or Unc-5B. The left panel shows normal ISV de-
velopment, which is severely impaired in the absence of the guidance molecules Netrin-1a or Unc-5B (right panel). FP, floor
plate; My, myoseptum; NC, notochord; S, somites, NT, neutral tube.
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3.3.2
Slits and Roundabouts

Slits are proteins that have multiple binding do-
mains, including four leucine-rich repeats (LRRs),
nine EGF-like repeats (seven in Drosophila) and a
C-terminal cystenin knot. They are highly conserved
from C. elegans to vertebrates (Brose and Tessier-
Lavigne 2000). In mammals, three family members
have been identified (Slit-1, -2 and -3), which are
orthologs of the one identified in Drosophila (Slit).
Slits are expressed in the nervous system midline
(Brose and Tessier-Lavigne 2000) and may have a
dual role, as they repel certain axons but, conversely,
also stimulate branching and elongation of others
(Kidd et al. 1999; Li et al. 1999; Wang et al. 1999).
Slits signal through binding single transmembrane
receptors of the roundabout (Robo) family (Kidd
et al. 1998). These receptors contain an extracellular
region with five immunoglobulin (Ig) domains and
three fibronectin type III repeats. In Drosophila, Slit
binds to one Robo receptor; in vertebrates, four Robo
receptors (Robo-1, -2, -3 and -4) are known, with
Robo-4 (also known as magic roundabout) being
structurally divergent from the other Robos.

Slit proteins have been shown to regulate mid-
line guidance in Drosophila and vertebrates. In flies,
Slit is expressed at the ventral midline, where it acts
(through Robo) as a short-range repellent to prevent
ipsilateral axons from crossing the midline and com-
missural axons from recrossing (Kidd et al. 1999). In
flies lacking Slit, axons that normally do not cross
the midline do so, and axons that cross it only once
can then cross it several times. Mice lacking Slit-1
and Slit-2 display midline defects in major forebrain
tracts and at the optic chiasm, yet spinal commis-
sural axons appear unaffected (Plump et al. 2002).
Analysis of a triple mouse Slit knockout showed that
Slits, by binding to Robo-1 and -2, also repel com-
missural axons after they have crossed the midline
(Long et al. 2004). How can commissural axons,
which are attracted to the midline by Netrin-1, cross
the midline if they are also repelled by Slits? A con-
trolled switch ensures that Slits expel crossing axons
only after they cross the midline, not before. Two

mechanisms have been proposed to underlie this
switch. First, Robo receptors are expressed at low
levels in precrossing commissural axons (Kidd et al.
1998; Long et al. 2004). In Drosophila, the regulatory
protein Commissureless (Comm) keeps the Robo
receptor intracellularly away from the plasma mem-
brane, thereby lowering Robo surface expression
in precrossing commissural axons (Keleman et al.
2002, 2005). Once commissural axons have crossed
the midline, Comm repression is lost and Robo be-
comes expressed at the axon surface. Consequently,
axons become sensitive to Slits and are expelled from
the midline. In mammals, a different mechanism for
this switch has been described. In this case, Robo-1
and Robo-3 are expressed in precrossing commis-
sural axons. Robo-3 functions as an “anti-Robo”
in that it plays a role similar to that of Comm in
Drosophila: it silences Robo-1 and blocks the bind-
ing of Slits to Robo-1, thereby eliminating its repul-
sive activity (Sabatier et al. 2004). After crossing,
Robo-3is downregulated and Robo-1 and Robo-2 be-
come upregulated, ensuring in this case that Slit-me-
diated repulsion in axons starts only after they have
crossed the midline (Sabatier et al. 2004) (Fig. 3.4b,
c). Together with the silencing of midline attraction
described above for Netrin-1, this mechanism assures
that axons cross and leave the midline efficiently.

Several recent studies have implicated Slits and
their receptors in angiogenesis. During mouse em-
bryonic development, Robo-4is selectively expressed
in developing blood vessels (Park et al. 2003). In the
adult, Robo-4 is expressed only at sites of active an-
giogenesis, including tumor vessels (Huminiecki
et al. 2002). In zebrafish, knockdown of Robo-4 re-
sulted in ISV sprouting defects: ISVs failed to sprout
from the dorsal aorta or were arrested midway along
their migration pathway (Bedell et al. 2005). These
findings donot,however, provideinsightinto whether
Robo-4 functions as an attractant or repellent guid-
ance cue in ISV guidance. Although one study failed
to detect binding of Slit-2 to Robo-4 (Suchting et al.
2005), in vitro experiments in another study showed
that Robo-4 on human ECs bound soluble Slit-2 and
that this binding inhibited EC migration, suggest-
ing a repulsive role for Robo-4/Slit-2 in angiogenesis
(Park et al. 2003).
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A role for the binding of Robo-1/Slit-2 axis in tu-
mor angiogenesis has also been described (Wang
et al. 2003). In vitro studies with human umbili-
cal vein endothelial cells (HUVECs), which express
Robo-1, showed that their exposure to a Slit-2 source
stimulated their chemotaxis. In addition, Slit-2 was
found to be expressed in many tumor cell lines and
biopsies around the central necrotic area. In vivo ex-
periments also supported an attractive role for Slit-2
on Robo-1 expressing vessels. These results are thus
in disagreement with the documented repulsive ac-
tivity of Slit-2, as mentioned above (Park et al. 2003).
Additional studies will help to clarify the role of Slit-2
in developmental and pathological angiogenesis and
explain whether it has opposite effects depending on
the Robo receptor subtype to which it binds.

3.3.3
Semaphorins, Neuropilins and Plexins

Semaphorins belong to a large family of both mem-
brane and secreted proteins, characterized by the
presence of a highly conserved 500-amino-acid
extracellular domain (Sema domain) that medi-
ates the binding to multimeric receptor complexes,
mainly composed of plexins and neuropilins, but
often including additional molecules (Suchting et al.
2005). To date, more than 20 semaphorins have been
identified, categorized into eight classes according
to sequence similarities and structural properties.
Generally, membrane-associated semaphorins bind
directly to plexins, while class 3 secreted sema-
phorins (Sema3A-F) require neuropilins, which do
not signal themselves but act as coreceptors for plexin
signaling. Originally, genetic studies in Drosophila
and mice implied semaphorins as major cues in axon
guidance and neuronal cell migration. In general,
they are considered to act as repellents, though
Sema3A can also function as a chemoattractant, de-
pending on the intracellular levels of cyclic nucleo-
tides (Carmeliet and Tessier-Lavigne 2005). More re-
cently, a large series of sophisticated loss of function
approaches in different animal models have high-
lighted the importance of semaphorins in a variety of
neuronal wiring processes. Collectively, these stud-

ies indicate that insufficient semaphorin signaling
results in major axon projection defects, including
axon defasciculation, overshooting, abnormal trajec-
tories, misrouting and ectopic termination. Finally,
semaphorins regulate the pruning of pre-existing
axon branches in the hippocampus, but it is likely
that they play a similar role in other regions of the
brain as well (Carmeliet and Tessier-Lavigne 2005).

As mentioned above, the main signaling receptors
for semaphorins in the nervous system are plexins,
either alone or complexed with members of the neu-
ropilin family. In mammals, there are at least nine
plexins, most of which were originally described
in mediating neuronal cell adhesion and contact,
axon guidance and fasciculation (Tamagnone et al.
1999). However, more recently, plexin-semaphorin
interactions have been implicated in a large series of
other biological processes, including loss of cell-cell
contacts in epithelia, regulation of angiogenesis, tu-
mor growth and metastasis, and immune response
(Kruger et al. 2005). The plexin family was originally
identified via homology in the extracellular domain
with the scatter factor receptors, the prototype of
which is c-Met, the main receptor for HGF (hepato-
cyte growth factor, also called scatter factor-1). c-Met
also regulates branching morphogenesis and axo-
nal guidance in neuronal tissues (Zhang and Vande
Woude 2003). In addition to sharing structural ho-
mology, plexins and scatter factor receptors mediate
similar responses in target tissues, by inducing sur-
vival of sensory neurons, outgrowth of motoneuron
axons, cell migration, proliferation and branching
morphogenesis (known as the “scatter phenotype”)
in the epithelium. Furthermore, there are some hints
that the two systems (class 3 semaphorins/plexins
and HGF/c-Met) might be functionally linked, be-
cause Plexin-Bl, upon binding Sema4D, interacts
with c-Met via its extracellular domain; furthermore,
c-Met phosphorylation seems to be essential for
proper Plexin-B1 signaling (Giordano et al. 2002). In
general, secreted class 3 semaphorins signal through
Plexin-A, although, as already mentioned, they bind
a member of the neuropilin family, acting as a co-
receptor. An exception to this rule is the secreted
Sema3E, which binds Plexin-D1 directly (Carmeliet
and Tessier-Lavigne 2005).
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The neuropilin (Npn) receptor family comprises
two members, Npn-1 and Npn-2, with about 50%
sequence homology and similar domain structure
(Neufeld et al. 2002b). As the intracellular domain
of neuropilins is extremely short, it is assumed that
signaling through these receptors requires the as-
sociation with other signaling moieties. Evidence
for the importance of neuropilin’s function was ob-
tained almost a decade ago, when Npn-1 was shown
to act as a coreceptor for Sema3A, inducing repul-
sion of the growth cone during development of the
CNS (He and Tessier-Lavigne 1997). While Sema3A
binds only Npn-1, other members of the family, such
as Sema3B, Sema3C and Sema3F, bind both Npn-1
and Npn-2 (Chen et al. 1998; Takahashi et al. 1998).

It has been now established that both Npn-1 and
Npn-2 are expressed by ECs and associate with
VEGFR-1 and VEGFR-2 (Fig. 3.6). This unexpected
finding was one of the first hints that molecules in-
volved in semaphorin signaling in the nervous sys-
tem might also play a role in vessel guidance. The
expression of Npn-1 in ECs increases the affinity of
VEGF,4, for VEGFR-2, thus enhancing VEGFR-2 sig-
naling, leading to EC chemotaxis and other angio-
genic steps (Miao etal. 1999). In contrast, when com-
plexed with VEGFR-1, Npn-1 seems to prevent the
binding of VEGF to this receptor (Fuh et al. 2000),
but the general relevance of this finding remains to
be determined. The heparin-binding form of PIGF
(PIGF-2) and VEGF-B, two additional members of
the VEGF family, also bind Npn-1 (Makinen et al.
1999; Migdal et al. 1998). Therefore, neuropilins have
the unusual property of acting as receptors for two
disparate ligand families, the semaphorin family of
axonal guidance mediators and the VEGF family of
angiogenic factors, suggesting the existence of com-
mon molecular mechanisms in these two biological
processes (Fig. 3.6).

During embryogenesis, Npn-1 and Npn-2 display
overlapping but distinct expression patterns in the
nervous system. In the vascular system, both neu-
ropilins are expressed in yolk sac ECs during vas-
culogenesis. At later stages, Npn-1 is preferentially
expressed in arterial endothelium, whereas Npn-2
labels venous and lymphatic vessels (Eichmann et al.
2005). Interestingly, npn-1 mutant mice exhibit de-

fects in projections of the spinal and cranial nerves,
and die at the embryonic stage due to severe cardio-
vascular dysfunction (Kawasaki et al. 1999). In con-
trast, mice lacking functional Npn-2 receptors are
viable, with no evidence of cardiovascular defects,
although small lymphatic vessels and capillaries fail
to form (Chen et al. 2000).

The fact that both neurons and ECs express neu-
ropilins, plexins, and VEGF receptors suggests a
functional interplay between VEGF and semapho-
rins in the regulation of both vessel and nerve guid-
ance and branching. In support of such a neural-
vascular link, VEGF antagonizes the pro-apoptotic
and collapsing effect of Sema3A on axons (Gu et al.
2002), while ECs respond to Sema3A by decreasing
their migratory capacity, as well as microvessel and
lamellipodia formation - effects that are reversed by
VEGF (Miao et al. 1999). Moreover, VEGF induces
the proliferation of different tumor cell lines, while
Sema3A exerts a pro-apoptotic effect on most of the
same cells (Guttmann-Raviv et al. 2006). The oppos-
ingeffectof VEGFand Sema3A mightimplythatthese
two factors compete for overlapping binding sites in
the extracellular domain of a series of shared recep-
tors. An alternative mechanism is that they provide
independent, opposite intracellular signals to their
target cells. In support of the latter hypothesis, class
3 semaphorins participate in vascular morphogen-
esis by promoting an autocrine chemorepulsive sig-
nal, independent of VEGF (Serini et al. 2003; Bates et
al. 2003; Bielenberg et al. 2006). However, the precise
role of Sema3A in vascular morphogenesis in vivo
remains to be elucidated, as others have not detected
vessel defects in the same Sema3A-deficient mice (C.
Ruhrberg, personal communication). Furthermore,
additional genetic studies revealed that neural - but
not vascular - morphogenesis was severely affected
in mice, expressing a mutant Npn-1 that could no
longer bind Sema3A, while still binding VEGF
(npn-1¢"4-mice), indicating that Sema3A/Npn-1
is dispensable for vascular development (Gu et al.
2003). In addition, conditional silencing of Npn-1
in endothelial cells caused vascular malformations.
As these defects were not present in npn-15m2-mice,
they may have been caused by impaired VEGF/Npn-
1 signaling in ECs - consistent with the concept
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Fig. 3.6. Interplay between semapho-
rin and VEGF signaling during vessel
and nerve growth. Semaphorins and
VEGFs share the neuropilin receptors.
Semaphorin signaling is traditionally
considered to require neuropilin asso-
ciation with a transmembrane plexin,
whereas the formation of a neuro-
pilin/VEGFR complex promotes the
binding of VEGF, thereby enhancing
its activity. Although semaphorin and
VEGF binding to neuropilins has been
originally described in neurons and in
ECs, respectively, it is likely that the
two signaling events play a key role in
the development of both vessels and
nerves.

NEUROPILIN

that VEGF signaling through Npn-1 is essential for
proper vessel morphogenesis.

Sema4D has also recently been implicated in
the regulation of EC biology, probably via binding
Plexin-Bl1. The latter receptor is widely expressed
in the nervous tissues, where it induces repulsion
in developing axons and plays a part in mainte-
nance of established neural pathways in the adult
(Kruger et al. 2005). More recent studies now reveal
that Plexin-Bl is also expressed in adult ECs and
that Sema4D, via activation of Plexin-B1, induces tu-
bulogenesis and migration of ECs, and angiogenesis
in vivo (Basile et al. 2004).

Other plexins have been similarly implicated in
vessel morphogenesis. Indeed, a series of genetic
studies in zebrafish and mice revealed that Plexin-
D1 mediates the vessel guidance activity of sema-
phorins (Weinstein 2005). Plexin-D1 is expressed
nearly exclusively in ECs during development and is
required for proper patterning of ISVs in zebrafish
embryos. Class 3 semaphorins are expressed in so-

= NEUROPILIN

mites in a complementary fashion, acting as a repul-
sive cue for ECs, thereby allowing them to select the
appropriate ISV branching site (Weinstein 2005). In-
terestingly, Sema3E is expressed in the caudal region
of the somites and binds Plexin-D1, independently
of neuropilins (Gu et al. 2005). Moreover, Sema3E
and Plexin-D1 mouse mutant embryos exhibit simi-
lar vascular phenotypes, suggesting that Sema3E
signals through Plexin-D1 to restrict blood vessel
growth to the intersomitic boundaries. Of note,
however, Sema3E-deficient mice are viable, while
Plexin-D1-deficient mice die shortly after birth due
to major defects in the cardiac outflow tract, sug-
gesting that different ligands, other than Sema3E,
are required for proper cardiovascular patterning.
Indeed, a model has been proposed according to
which morphogenesis of the outflow tract requires
coordinated signaling of VEGF through VEGFR-
2/Npn-1, and of Sema3A and Sema3C through
Plexin-D1/Npn-1 and PlexinD1/Npn-2, respectively
(Eichmann et al. 2005).
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Additional recent data have implicated sema-
phorins and neuropilins in tumor development
(Bielenberg et al. 2006). Tumors produce a naturally
occurring secreted soluble form of Npn-1 (sNpn-1),
which may function as a VEGF trap, thus inhibiting
tumor angiogenesis and growth (Guttmann-Raviv et
al.2006). However, the precise role of sNpn-1 remains
unknown, as dimeric forms of sNpn-1 enhance the
activity of VEGF and would therefore be expected
to stimulate VEGF-induced tumor angiogenesis
(Guttmann-Raviv et al. 2006). A role for Sema3F as
a metastasis suppressor has been recently shown in
different animal models, based on its ability to block
the sprouting of peritumoral vessels, and to inhibit
tumor cell adhesion and migration (Bielenberg et al.
2006).

3.3.4
Ephrins and Eph Receptors

The Eph receptors and their ligands, the ephrins, were
first identified as repellent axon guidance molecules
in the retino-tectal projection system (Carmeliet
et al. 2005). Subsequently, they were recognized to
act as guidance cues in a variety of developmental
processes, including cell migration and positioning,
axonal outgrowth and pathfinding, axon fascicula-
tion and angiogenesis (O’Leary and Wilkinson 1999).
Ephreceptors and ephrins are membrane-bound pro-
teins that function as a receptor-ligand pair, with 16
Eph receptors (the largest family of protein-tyrosine
kinases) and nine ephrins identified so far in mam-
mals. Both Eph receptors and their ephrin ligands
are classified into A and B subfamilies, according to
distinct structural properties of the ephrin ligands.
Ephrin-A ligands are GPI-anchored peripheral mem-
brane molecules, while ephrin-B ligands are trans-
membrane proteins. Although there is considerable
crosstalk between A and B family members, type A
ephrins preferentially bind EphA receptors and type
B ephrins bind EphB receptors (Heroult et al. 2006).

The mechanisms via which Eph receptors are ac-
tivated by ephrins have been mainly investigated by
studying the establishment of topographically orga-
nized neuronal connections in many regions of the

CNS. Although Ephs are generally described as recep-
tors and ephrins as ligands, their interaction initiates
bi-directional signals in both the Eph- and the eph-
rin-expressing cell (forward and reverse signaling,
respectively; Kullander and Klein 2002). In addition,
interactions between Eph receptors and ephrins on
adjacent cells result in clustering of these molecules
at the site of cell contact. This clustering appears to
be crucial for signal initiation and the subsequent
cellular response, which often results in a profound
rearrangement of the assembly state of the local ac-
tin cytoskeleton. In fact, soluble monomeric ephrins
cannot activate Eph receptors and often function as
Eph receptor antagonists. Finally, both proteolysis
and endocytosis of Eph-ephrin complexes consti-
tute mechanisms to precisely regulate cell adhesion
at sites of cell-cell contact. All these properties place
Ephs and ephrins in a key position for processing in-
formation at the cell-cell interface. Depending on the
cell type and the members of the Eph/ephrin family
involved, the outcome of the interaction can be either
increased adhesion (attraction) or decreased adhe-
sion (repulsion).

At the level of the whole organism, the role of these
molecules has been mainly investigated by loss-of-
function studies that abolish both forward and re-
verse signaling, or by the use of “signaling” mutant
forms of the proteins, which impair either one or the
other of the signaling cascades. Phenotypic analysis
of mice, expressing a mutant form of EphB2, lacking
the tyrosine kinase intracellular domain, revealed
that only the extracellular domain of EphB2, but not
its signaling activity, is required for proper projec-
tion of anterior commissural axons (Henkemeyer
et al. 1996). Because ephrins were detected in the an-
terior commissure tract, EphB2 might induce reverse
signaling in ephrin-expressing axons (Henkemeyer
et al. 1996). Ephrins also regulate the topographic
projections of the retinal ganglion cell axons to the
midbrain superior colliculus. Indeed, axons from the
nasal retina, expressing low EphA levels, project to
the posterior colliculus, containing abundant levels
of the repellent ephrin-A. In contrast, axons from the
temporal retina, which express a high density of EphA
receptors, project to the anterior colliculus, where ex-
pression of the ephrin-A repellent is low (Carmeliet
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and Tessier-Lavigne 2005). Overall, it has become
clear that the direct interaction between ephrins and
Eph receptors provides adhesive forces between cells,
whereas more complex interactions and coupling
with intracellular signaling molecules translate such
contacts into both repulsive signals between adjacent
cells and attractive guidance cues for cell migration,
two events of paramount importance in both nerve
and vessel development (Janes et al. 2005; Zimmer
et al. 2003).

Ephrins and their receptors are widely expressed
during embryonic development, playing versatile
roles in morphogenesis - including vessel assembly
and differentiation. For instance, ephrin-B2-null
mice die at E10.5 as a consequence of impaired vas-
cular differentiation and arterio—venous remodeling,
which results in a failure to form a properly branched
capillary network (Wang et al. 1998). EphB4-null
mice essentially phenocopy ephrin-B2-null mice,
thus defining EphB4/ephrin-B2 as principal regula-
tors of vascular morphogenesis (Gerety et al. 1999)
(Fig. 3.7). Notably, these loss of function studies in

Fig. 3.7a,b. Role of
ephrin-Eph signaling

in the specification of
artery-vein boundar-
ies. a A blood vessel
network is composed of
arteries, ramifying into
capillaries, which drain
into veins. b Repulsion
between EphB-express-
ing venous endothelial
cells (forward signaling
in blue) and Ephrin-
B-expressing arterial
endothelial cells (reverse
signaling in red) controls
the demarcation between
arteries and veins, pre-
venting the intermixing
of the two vessel types.

mice also highlighted that repulsive ehphrin-B2/
EphB4 signaling is a key event in preventing the mix-
ing of venous and arterial ECs and in demarcating ar-
terial-venous cell boundaries. Consistent with their
role in these processes, ephrin-B2 and EphB4 are se-
lectively expressed in arteries and veins, respectively,
in mouse embryos and this pattern seems to persist
in the adult mouse as well (Gale et al. 2001; Shin et
al. 2001). However, in humans, ephrin-B2 and EphB2
are mainly expressed by arterial endothelium, while
EphB4 is expressed by both arterial and venous ECs.
Moreover, expression analysis in human embryos
indicates that the pattern of ephrin-B2/EphB4 is not
strictly arterial-venous, suggesting that local envi-
ronmental cues might also influence the expression
of arterial and venous markers (Heroult et al. 2006).
Indeed, mechanical forces, such as shear stress, have
also been shown to control ephrin-B2 expression in
arterial ECs, as demonstrated by flow manipulation
experimentsin the chick embryo (le Noble et al. 2004).
Ephrin-B2 is also expressed by proliferating endo-
thelium in different settings of physiological and

Reverse signaling

Forward signaling
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pathological angiogenesis, including tumor growth,
reproductive uterine cycle, and neovascularization
following tissue ischemia (Gale et al. 2001).

The repulsive activities of EphB4 and ephrin-B2
suggest an “artery-to-vein push and pull” model of
angiogenesis, reminiscent of the repulsive function
of Eph receptors in neurons (Pasquale 2005). Neu-
ronal activation of Eph receptors generally inhibits
axonal growth and leads to growth cone collapse, as
a consequence of either crosstalk with integrins or
cytoskeletal reorganization involving the Rho path-
way (Pasquale 2005). EC mixing experiments sup-
port a model whereby signaling via ephrin-B2 and
EphB4 leads to propulsive and repulsive effects on
ECs, respectively (Hamada et al. 2003). Expression
of ephrin-B2 and EphB4 in ECs not only controls the
positioning of ECs relative to each other; they also
seem to play an important role in the complex mor-
phogenic interactions of ECs with their neighboring
stromal and mural cells (Heroult et al. 2006). Ephrins
also have direct guidance functions in vascular de-
velopment. For instance, ephrin-B2 is expressed in
somites, where it prevents EphB3-/EphB4-expressing
ISVs from entering somites, thus providing short-
range guidance cues for vessels to navigate through
tissue boundaries (Carmeliet and Tessier-Lavigne
2005). More recently, it has been proposed that Eph
receptors might act in a bimodal manner, being ca-
pable of transmitting both pro-adhesive as well as
anti-adhesive signals. In particular, reverse ephrin-B
signaling has been implicated in both attractive and
repulsive functions (Kullander and Klein 2002), sug-
gesting that EphB receptors are able to transmit both
propulsive and repulsive signals on EphB/ephrin-B
interacting cells in the nervous, and likely also in the
vascular system.

Similar Eph/ephrin events are likely to affect tu-
mor angiogenesis and growth as well. Indeed, EphA1l
was the first Eph receptor family member to be identi-
fied in an erythropoietin-producing human hepato-
cellular carcinoma cell line (Hirai et al. 1987). Since
then, several members of the ephrin family have
been recognized to be overexpressed or dysregu-
lated in different tumor types (Surawska et al. 2004).
The best-studied Eph receptor involved in cancer is
EphA2, the expression levels of which correlate with

tumor stage and tumor progression. Moreover, over-
expression of EphA2 induces malignant transforma-
tion and confers tumorigenic potential to mammary
epithelial cells. On the basis of these findings, EphA2
is currently considered a promising target for anti-tu-
morigenic and anti-angiogenic interventions. Indeed,
interference with EphA2 signaling by different ap-
proaches has been invariably shown to decrease cell
adhesion, to increase anoikis, and to inhibit tumor
growth, tumor angiogenesis and metastasis (Heroult
et al. 2006). Interestingly, perturbation of bi-direc-
tional EphB/ephrin-B signaling by overexpression of
a soluble form of EphB4 inhibits tumor growth and
tumor-associated angiogenesis in a melanoma model,
probably as a result of interference with tumor-stro-
mal cell interactions.

Perspectives

Emerging evidence has highlighted the importance
of the neural-vascular link. Not only is there a clear
parallelism in how blood vessels and nerves develop
and branch topographically, but also how they share
common mechanisms for cell signaling and path-
finding. First, there are striking similarities between
the growth cone of axons and the endothelial tip cell
inblood vessels. Both play a similar role in exploring
the environment and function to define the direction
in which the axon or the new vascular sprout grows.
Second, increasing evidence reveals an angiogenic
role for molecular cues previously described as axon
guidances. Initial observations suggest that netrins
or Slits may act as attractant or as repellent cues
for ECs, but the underlying molecular mechanisms
remain to be further resolved: Is this dual function
dependent on the cellular context or the receptor
type to which they bind? In addition, more research
is required to elucidate the intracellular pathways
linking guidance receptor activation to cytoskel-
etal changes in ECs: Are the signaling cascades in
neuronal guidance systems similar in ECs? Another
exciting new development is that at least some of
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the molecules involved in vessel guidance similarly
regulate axon guidance. For instance, VEGF, the
key angiogenic factor, has been recognized to be
involved in many neurobiological processes, includ-
ing growth cone movement, neuronal survival and
maintenance of neuronal circuitries (Carmeliet and
Tessier-Lavigne 2005).

From a therapeutic perspective, the discovery of
this neural-vascular link might also pave the way for
the development of novel pro- and anti-angiogenic
therapeutic strategies. The increasing evidence that
several of the molecules involved in the pathfinding
of vessels and nerves are also expressed by different
tumor cells and regulate tumor cell growth, motility
and invasion (Klagsbrun and Eichmann 2005) offers
new therapeutic concepts. Initial evidence that in-
terfering with Robo, semaphorin or ephrin signal-
ing inhibits tumor angiogenesis in different animal
models provides a first glimpse of this therapeutic
potential (Wang et al. 2003; Bielenberg et al. 2006;
Heroult et al. 2006). It also remains to be determined
whether some of these molecules will be useful for
stimulating the reperfusion of ischemic tissues in
the clinic, an unmet medical need to date.
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Abstract

Rapidly growing cancer tissue necessitates an
increased blood supply. This is provided mainly
by angiogenesis (blood vessel formation from
pre-existing vessels) and vasculogenesis (de
novo formation of vessels). Vascular co-option
and vasculogenic mimicry may also play a role.
The transition from a pre-vascular to a vascu-
larized tumor phenotype is called the angio-
genic switch. This switch is controlled by a bal-
ance between pro- and anti-angiogenic factors,
which are secreted by the tumor cells themselves
or by cells of the tumor microenvironment (in
particular stromal cells and immune cells).
The most prominent pro-angiogenic factors are
vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF). Conversely, pro-
teolytic fragments of the extracellular matrix
(ECM) can act as potent angiogenesis inhibitors
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The Angiogenic Switch Helps the Tumor to
Overcome Growth Limitations Imposed by
an Insufficient Blood Supply

With the induction of cellular hyperproliferation
during tumor development, tumor outgrowth is
usually restricted to no more than 1-2 mm in di-
ameter. This phase is often called the avascular
phase, in which the tumor is nourished by diffu-
sion of oxygen and nutrients provided by nearby
blood vessels, and tumor-associated formation of
new blood vessels is not observed. Avascular tu-
mors can reach a steady state, where tumor cell
proliferation and apoptosis are in balance and a net
increase in tumor volume does not occur. Such oc-
cult or dormant lesions may be found upon autopsy
of individuals who have died of causes other than
cancer. In order to exceed the size limit, tumors
must gain access to an increased supply of oxygen
and nutrients. These growing needs of enlarging
tumors are usually met by angiogenesis, the for-
mation of new blood vessels from existing vessels,
such as capillaries or venules. The transition from
the avascular phase of tumor development to the
angiogenic phase is often referred to as the “angio-
genic switch”. The angiogenic switch, and the sub-
sequent increase in tumoral blood vessel density
induced by it, is the most important mechanism
allowing tumors to overcome growth limitations
imposed by insufficient blood supply.

When diffusion from nearby pre-existing vessels
is no longer sufficient to sustain the tumor, there
are at least four ways for a tumor to solve this di-
lemma and to continue to grow by gaining access
to an enhanced supply of oxygen and nutrients
(see Table 4.1) (Bergers and Benjamin 2003; Ribatti
et al. 2003). The first and most important strategy is
to induce the angiogenic switch and to initiate the
process of angiogenesis. The tumor achieves this
goal by secreting pro-angiogenic factors and/or by
suppressing anti-angiogenic effectors resulting in
the induction of endothelial cell proliferation and
migration, vessel sprouting and tube formation. In
addition, vessels may also increase in numbers by

Table 4.1. Tumor strategies to enhance blood supply

1. Angiogenesis
- Vascular sprouting from pre-existing capillaries or
venules

- Vascular intussusception of pre-existing vessels
2. Vascular co-option

3. Vasculogenesis

- Mobilization, expansion and integration of vascular
and hematological progenitor cells for de novo vessel
formation

-Formation of mosaic vessels by integrating both tumor
cells and vascular as well as hematological progenitor
cells in de novo vessels

4. Vasculogenic mimicry

- Formation of vasculogenic networks by tumor cells
without the contribution of vascular cells

intussusception, i.e. the division of one vessel into
two by the formation of a new vessel wall in the lu-
men of the original vessel (Burri et al. 2004).

Using a second strategy, tumors grow along pre-
existing blood vessels and use these vessels for their
own needs. Such co-option of existing blood ves-
sels makes additional angiogenesis superfluous. A
classical example of tumors using this strategy is
provided by astrocytomas, which are often found to
grow along blood vessels without forming a tumor
capsule (Vajkoczy et al. 2002).

The third strategy is vasculogenesis, i.e. the de
novo formation of blood vessels from bone mar-
row-derived precursor cells (Rafii et al. 2002). The
formation of mosaic tumor blood vessels made up
from both recruited vascular cells and non-vascular
tumor cells may be viewed as a specific subtype of
vasculogenesis.

The fourth strategy, whose relevance is still
under debate, is the formation of a luminal network
thatinstead of beinglined by endothelial cells is gen-
erated by tumor cells themselves, a process called
“vascular mimicry”. Vascular mimicry has been
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observed in highly aggressive melanomas, where
tumor cells form PAS- and laminin-positive lumi-
nal networks that morphologically mimic blood
vessels. However, the functional contribution of this
type of vascular network to tumor progression has
remained elusive (Hendrix et al. 2003).

More than one strategy may be found in the same
tumor, and tumors might adopt different strategies
according to their stage and grade of malignancy.
In this chapter we will discuss the role of the angio-
genic switch in inducing tumor angiogenesis and
tumor progression.

Does Tumor Progression Depend on the
Angiogenic Switch?

Since the first description of the angiogenic switch,
its requirement for the outgrowth of many if not
all types of solid tumors has been established
(Folkman 1990). Strong evidence that the angiogenic
switch is required for tumor outgrowth in vivo has
been obtained by transplanting tumor cells into the
avascular cornea of rabbits (Gimbrone et al. 1974).
The transplanted tumor did not grow before ves-
sels sprouting from the limbus reached the implant.
If angiogenesis was inhibited, tumor growth was
dramatically impaired, restricting the tumor nodule
to a diameter of approximately 0.4 mm. Non-tumor
tissue was not able to attract vessels to grow into the
cornea. These findings were confirmed by experi-
ments employing the chicken embryo chorioallan-
toic membrane (CAM) assay (Ausprunk et al. 1975).
Tumors implanted into a CAM regressed within the
first 3 days. However, when new vessels formed from
pre-existing vessels and perfused the tumor tissue,
tumors started to grow again.

As described above, the implantation of tumors
into either an avascular compartment, such as the
cornea, or into a vascularized surface, such as the
chicken CAM, can elicit the ingrowth of new cap-
illaries, suggesting that tumors release diffusible
factors able to activate angiogenesis. Subsequent

experiments showed thatin the absence of adequate
vasculature, tumors become necrotic and/or apop-
totic. These observations underline the fact that
proliferating tumors depend on sufficient access to
the vasculature in order to thrive (Holmgren et al.
1995). In the past years, numerous results from dif-
ferent experimental systems and from first clinical
trials have clearly demonstrated that angiogenesis,
and hence the angiogenic switch, is required for
tumor outgrowth (see also several chapters of this
book).

Visualizing the Angiogenic Switch

Comparable to many human cancers, in some
mouse models tumors develop in temporally and
histologically distinct stages. Thereby, the experi-
mental amenability and reproducibility afforded
by the genetic predisposition to specific cancers
in these mouse models allow a highly detailed
investigation of the individual stages of tumori-
genesis. Particularly well studied is the Rip1Tag2
transgenic mouse model of pancreatic B cell car-
cinogenesis. In these mice SV40 large-T antigen
(Tag) is expressed under the control of the rat in-
sulin promoter (Rip) (Hanahan 1985), resulting in
the reproducible development of islet cell cancer in
histologically distinct stages. Initially, all B cells in
allislets of Langerhans express the oncogene, while
the morphology of the islets remains normal. Sub-
sequently, focal proliferation occurs in individual
islets, which become hyperplastic (Teitelman et al.
1988). Hanahan and Folkman have identified a dis-
tinct stage, referred to as an angiogenic islet, which
appears to be an intermediate stage between the
hyperplastic islet and solid insulinoma (Folkman
et al. 1989). By co-culturing capillary endothelial
cellswith hyperplasticisletsisolated from Rip1Tag2
mice in a three-dimensional collagen gel, they ob-
served that a subset of hyperplastic islets was able
to induce the chemotactic migration, proliferation
and tube formation of endothelial cells (angiogenic
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islets), while other islets did not exert any effect
on the co-cultured endothelial cells (non-angio-
genic islets) (Fig.4.1). These experiments clearly
demonstrated that a switch to angiogenesis has oc-
curred during the transition from non-angiogenic
to angiogenic hyperplastic islets and that soluble
pro-angiogenic factors are released to induce in
vitro angiogenesis in this assay.

Subsequently, the angiogenic switch was also
demonstrated in a number of other mouse models
of carcinogenesis. The expression of bovine papillo-
mavirus oncogenes elicits the formation of dermal
fibrosarcomas in mice (Lacey et al. 1986). In this
model, first angiogenic activities became evident
in a late, pre-malignant stage (aggressive fibroma-
tosis), for example by an increase in tumoral mi-
crovessel density, before the tumors progressed to
highly vascularized end-stage fibrosarcomas (Kan-
del et al. 1991). In a third transgenic mouse model,
papillomavirus type 16 (HPV-16) E6/E7 oncogenes
were expressed in the epidermis to instigate the
development of squamous cell carcinoma of the
skin (K14HPV16; Arbeit et al. 1994). Again, weak
angiogenic activity could be detected in the hyper-
plastic stage of the disease by a modest increase of
vascularization in the underlying dermis. In a next

non-angiogenic islet

step, progressive dysplasia led to an abundant for-
mation of capillaries in the vicinity of the basement
membrane between dermis and epidermis. A high
density of vessels persisted in invasive squamous
cancers that resulted from such dysplastic lesions
(Smith-McCune et al. 1997).

The Angiogenic Switch in Human Cancer

The results from the mouse models suggest that
the initiation of angiogenesis is indeed a rate-
limiting step in tumor progression. Quantitative
analysis of microvessel densities in many differ-
ent cancer types in patients revealed that the an-
giogenic switch and the initiation of angiogenesis
also occur during the growth of human cancers.
Hyperproliferative lesions in humans, such as car-
cinomas in situ (CIS), have been screened for the
occurrence of an angiogenic switch. In contrast
to the comprehensive temporal and histological
analysis in the mouse models, these studies ini-
tially concentrated on staining biopsy or autopsy

angiogenic islet

Fig. 4.1. Visualizing the angiogenic switch. Hyperplastic islets of Rip1Tag2 mice are co-cultured with endothelial cells in
a three-dimensional collagen gel matrix. Islets that have not undergone the angiogenic switch (left panel) do not influence
the distribution of the endothelial cells in the gel. In contrast, an islet that has undergone the angiogenic switch attracts
endothelial cells, which converge upon the islet (right panel). The arrows indicate endothelial cells forming tubes in the col-
lagen gel. Apparently, the proliferation and orientation of the endothelial cells is induced by pro-angiogenic factors, which

are secreted by the angiogenic islet. Scale bar 50 pm
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samples with antibodies against von Willebrand
factor (vWF) and CD31 to localize and quantify
vessels in pre-cancerous lesions. First evidence for
the existence of an angiogenic switch in human
cancers was obtained from histological stainings
of pre-neoplastic lesions of the breast, including
hyperplastic mammary gland ducts, dysplastic
ducts and CIS. Using anti-vWF antibodies, a sub-
set of CIS was considered angiogenic by its in-
creased microvessel density (Weidner et al. 1992).
Another human cancer that has been analyzed for
its angiogenic status is cervical squamous cell car-
cinoma, a cancer type which also has been char-
acterized extensively through the routine gyneco-
logical collection of Papanicolaou-stained cervix
smears (Pap smears). Cervical dysplasia is graded
as cervical in situ neoplasia (CIN) I-III, which is
followed by the invasive cancer. When biopsies of
cervical lesions were analyzed by staining with
anti-vWF antibodies to quantify capillaries, an an-
giogenic switch was apparent in CIN II and CIN
III lesions, with a marked increase of blood vessel
density under the basement membrane underlying
the dysplastic epithelium of CIN II and III lesions
(Smith-McCune and Weidner 1994; Guidi et al.
1995). Moreover, histological analysis of benign
squamous mucosa of the cervix in the neighbor-
hood of CIN lesions revealed initial stages of an-
giogenesis, and expression of the pro-angiogenic
vascular endothelial growth factor (VEGF-A, see
below), while rare in normal cervical epithelium,
could be detected in more than 90% of samples of
benign cervix epithelium adjacent to CIN (Smith-
McCune et al. 1998).

The angiogenic switch is executed by two differ-
ent types of tissue: on one hand, tumor cells them-
selves, stromal cells or tumor-infiltrating immune
cells begin to release soluble factors, whose main
targets are endothelial and other vascular cells in
the tumor microenvironment. On the other hand,
the targeted endothelial and vascular cells are
susceptible to the secreted factors by expressing
the cognate receptors. The interplay between both
pro- and anti-angiogenic factors and their respec-
tive receptors on cells of the vascular compartment
is a key to understanding the angiogenic switch.

Pro-Angiogenic Factors

Angiogenesis is regulated by a tightly controlled
balance between pro- and anti-angiogenic factors,
which are secreted by the tumor cells themselves,
by stromal cells or by cells of the immune system.
The main targets of these factors are the endothelial
cells of nearby vessels. Normal endothelial cells are
the longest-lived cells outside of the nervous system.
Only one in 10,000 endothelial cells of the body par-
ticipates in the cell cycle, the others are quiescent
(Engerman et al. 1967). An increase in endothelial
cell proliferation and migration is an indicator that
angiogenesis has been turned on by the angiogenic
switch.

Many in vitro and in vivo assays have been de-
veloped to monitor the process of angiogenesis
and to identify pro- and anti-angiogenic effectors
(Cockerill et al. 1995). Most important are assays
that quantitatively measure endothelial cell prolif-
eration and migration. In the proliferation assay,
the expansion of cultured capillary endothelial cells
can be measured by counting the cells, by assessing
the incorporation of radiolabeled nucleotides or by
photometrically measuring mitochondrial activity.
To quantify cell migration, two-chamber migration
assays are often employed. Cells are seeded in an up-
per chamber separated by a porous membrane from
a lower chamber. The lower chamber is filled with
medium containing a chemoattractant, whereupon
the cells migrate through the pores following the
chemotactic gradient.

The prototype pro-angiogenic factor involved
in many different processes of physiological and
pathological angiogenesis is vascular endothelial
growth factor A (VEGF-A). VEGF is a homodimeric
glycoprotein with a molecular weight of approxi-
mately 45 kDa. Five main VEGF isoforms (121, 145,
165, 189 and 206 amino acids long) exist as a result
of alternative splicing. The larger isoforms (VEGF
145, 165, 189 and 206) display basic surface charges
and therefore are easily sequestered by heparin and
heparin proteoglycans of the cell surface and the ex-
tracellular matrix (ECM). In contrast, VEGF 121 is
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acidic and more freely diffusible. Heparin-binding
VEGFs have been shown to play a role in vascular
branching at the earliest stages of angiogenic inva-
sion in several organs (Ruhrberg et al. 2002). The
heparin-bound forms of VEGF can be released and
thus activated by heparinases, plasmin, urokinase
plasminogen activator (uPA) and matrix metal-
loproteases (MMPs). VEGF induces both endothe-
lial cell proliferation and migration. More details
concerning the function and regulation of VEGF
are discussed in a separate chapter of this book. A
second important group of pro-angiogenic factors
is the fibroblast growth factor (FGF) family, in par-
ticular basic fibroblast growth factor (bFGF, FGF2)
and acidic fibroblast growth factor (aFGF, FGF1)
(Friesel and Maciag 1995; Folkman and Shing 1992;
Christofori 1996). Both proteins belong to a fam-
ily of growth factors that bind with high affinity to
heparin and lack a typical consensus sequence for
secretion. Nevertheless, they can be secreted from
cells under certain circumstances and induce an-
giogenesis (Christofori 1996). Whereas the expres-
sion of VEGF-R is restricted to endothelial cells on
blood and lymphatic vessels, FGF and FGF-R are
expressed widely in the organism. Another factor
reported to have pro-angiogenic activity is plate-
let-derived growth factor B (PDGF-B). PDGEF-B
induces tube formation, cell sprouting and prolif-
eration of endothelial cells in vitro (Battegay et al.
1994). It is also mitogenic for smooth muscle cells
and pericytes and induces the expression of VEGF
and VEGF-R2 in cardiac endothelial cells (Edelberg
et al. 1998). An additional group of pro-angiogenic
factors are the angiopoietins. Although angiopoi-
etins cannot elicit endothelial cell proliferation per
se, they play an important role in the development
of newly formed vessels. Angiopoietin-1 (Angl) acts
as a maturation factor and promotes the recruit-
ment of pericytes and smooth muscle cells to the
developing vessel. Angiopoietin-2 (Ang2) seems to
antagonize Angl activity, and its expression is of-
ten upregulated prior to vessel sprouting (Tait and
Jones 2004). Both Angl and Ang2 are upregulated in
a number of human cancers, yet Ang2 upregulation
is more frequent. The shift of the Angl/Ang2 bal-
ance in favor of Ang2 makes the vasculature more

plastic and amenable to sprouting. Another large
group of pro-angiogenic effectors consists of cyto-
kines. Growth-related oncogenes (Gro) o, 8 and v,
interleukin-8 (IL8), granulocyte chemoattractant
protein-2 (GCP2) and epithelial neutrophil-acti-
vating protein 78 (ENA78) share three amino acids
(Glu-Leu-Arg), the so-called ELR motif. Members of
this subgroup of cytokines are chemotactic for endo-
thelial cells in vitro and induce angiogenesis in the
cornea pocket model in vivo (Belperio et al. 2000).
Two other inflammation-associated factors, TGFf}
and TNFa, have a dose-dependent impact on an-
giogenesis: low doses of TGF} and TNFa, stimulate
proliferation of endothelial cells and tube formation
in vitro, whereas higher doses exert the opposite
effect (Frater-Schroder et al. 1987). Finally, MMP2
and MMP9 participate in the angiogenic switch.
They clear the path for the migrating and prolifer-
ating endothelial cells by enzymatically degrading
the matrix. MMP9 also renders hyperplastic islets
and the epidermis angiogenic by releasing latent
sequestered VEGF, as shown in the RiplTag2 and
K14HPV16 mouse models (Bergers et al. 2000; Fang
et al. 2000; Coussens et al. 2000). This dual action of
activating endothelial cells by releasing latent pro-
angiogenic factors and by degrading components of
the ECM in the path of migrating endothelial cells is
central to the pro-angiogenic effect of MMPs.

The expression of these pro-angiogenic effectors
is regulated by upstream signals that have been par-
tially characterized. Pro-angiogenic factors can be
induced by cellular stress [in particular by hypoxia,
glucose deprivation, formation of reactive oxygen
species (ROS), cellular acidosis and iron deficiencyl],
by the activation of oncogenes or by the loss of func-
tion of tumor suppressor genes (reviewed by Stein
et al. 1995; North et al. 2005; Verheul et al. 2004;
Kerbel and Folkman 2002). Table 4.2 summarizes
the different factors capable of triggering the angio-
genic switch and initiating angiogenesis. The com-
bined action of the aforementioned pro-angiogenic
factors initiates and sustains the tumor-associated
angiogenesis. In this process, the pro-angiogenic fac-
tors VEGF, FGF, PDGF, Ang and TGEFp play distinct
roles. The various functions of these pro-angiogenic
factors are schematically depicted in Fig. 4.2.
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Table 4.2. Induction of the angiogenic switch

Hypoxia / HIF-1ot VEGE-AT!

Hypoxia / HIF-20. VEGF-R2T?

Glucose deprivation VEGFT3, bFGFT?

ROS / NF-xB VEGFT4, IL-81%

Cellular acidosis VEGETS

Iron deficiency VEGF1?

2. Gain of function: oncogenes Pathway (effectors)
Phosphatidyl-inositol-3-kinase (PI3K) VEGFT?

Human papilloma virus (HPV) VEGF1?, FGF-BP T

H-Ras VEGFT!, TSP-1112, MMPs" T
EGFR VEGFT!315, bFGFT14 15, TL-8T1°
Erb/B2 VEGET!®

Bcl2 VEGETY

Src VEGFT'S, TSP-111°

c-Myb TSP-202

Polyoma virus middle T (PyMT) TSP-112

Fos VEGF expression??

Pituitary tumor-derived transforming VEGET?, bFGF 12

gene 1 (PTTG1)

3. Loss of function: tumor suppressor genes Pathway (effectors)
p53 VEGFT24, HIF-10:124, TSP-1{%
PTEN VEGF1%

4. Transcription factors/repressors Pathway (effectors)

1d1 TSP-11%7

References: ! = Blouw B et al., Cancer Cell, 2003, Semenza GL, Nat Rev Cancer, 2003; > = Elvert G et al., ] Biol Chem, 2003; 3
= Shweiki D et al., Proc Natl Acad Sci, 1995, Stein I et al., Mol Cell Biol, 1995; * = Carmeliet P et al., Nature, 2000, Schafer T et
al., J Biol Chem, 2003; > = Shono T et al., Mol Cell Biol, 1996; ¢ = Shi Q et al., Oncogene, 2001; 7 = Beerepoot LV et al., Cancer
Res, 1996; 8 = Jiang B et al., Proc Natl Acad Sci, 2000; ° = LeBuanec H et al., Biomed Pharmacother, 1999, Lopez-Ocejo O et al.,
Oncogene, 2000; 1° = Stoppler H et al., Oncogene, 2001; 1! = Arbiser JL et al., Proc Natl Acad Sci, 1997; Rak J et al., Cancer Res,
1995; Grugel S et al., ] Biol Chem, 1995; ' = Zabrenetzky V et al., Int ] Cancer, 1994; !* = Petit AM et al., Am ] Pathol, 1997, 1
= Inoue K et al,, Clin Cancer Res, 2000; 1> = Perrotte P et al., Clin Cancer Res, 1999; ¢ = Petit AM et al., Am J Pathol, 1997; 17
= Fernandez A et al., Natl Cancer Inst., 2001; '* = Mukhopadhyay D et al., Cancer Res, 1995, Rak J et al., Cancer Res, 1995; 1 =
Slack JL et al., Cell Growth Differ, 1994; 2° = Bein K et al., ] Biol Chem, 1998; 2! = Sheibani N et al., Cancer Lett, 1996; 22 = Saez
E et al, Cell, 1995; > = Heaney AP et al., Nature Med, 1999; >* = Ravi R et al., Genes Dev, 2000; > = Dameron KM et al., Science,
1994; 2 = Koul D et al., Int ] Oncol, 2002; ¥ = Volpert OV et al., Cancer Cell, 2002.
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nascent tumor

vessel stalk
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vessel tip
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sprouting vessel

VEGF —_— VEGF-R2

FGF —_— FGF-R1-4

PDGF-B — PDGF-RB

Angiopoietin -1, -2 —_ Tie-2 receptor

TGFB N ALK-5, ALK-1 (two types of TGFp receptor )

Fig. 4.2. Pro-angiogenic factors and the angiogenic switch. Pro-angiogenic factors that are released by tumor cells act on
endothelial cells of a nearby vessel. VEGF mainly activates endothelial cell proliferation in the sprout stalk and migration of
endothelial cells at the tip of the forming vessel. FGF appears to be important for maintaining angiogenesis. PDGF, produced
by tumor or endothelial cells, is a potent mitogen and chemoattractant for precursors of pericytes and smooth muscle cells.
Angiopoietins, secreted by either tumor or vascular cells, modulate vessel formation and maturation. Angiopoietin-1 stimu-
lates endothelial cell differentiation and maturation, while angiopoietin-2 enhances vessel sprouting and vessel plasticity.
Smooth muscle cells can secrete TGF-f, which modulates endothelial cell proliferation, differentiation, and maturation

Pro-Angiogenic Factors Possess Distinct
Functions in the Initiation and Mainte-
nance of the Angiogenic Switch

Different stages of the angiogenic switch, such as
initiation and maintenance of angiogenesis, are
regulated by different pro-angiogenic effectors.
An example for this phenomenon is the temporally
distinct action of VEGF and FGF. Both VEGF and

FGF act directly on endothelial cells, stimulating
proliferation and migration. To dissect the action
of VEGF and FGF, soluble forms of the VEGF recep-
tor (sSVEGF-R) and the FGF receptor (sFGF-R) were
cloned into an adenoviral vector and injected into
RipTag mice. These soluble receptors then trapped
the free forms of VEGF and FGF, thus selectively
inhibiting their action. Whereas adenoviral expres-
sion of sSVEGF-R predominantly affected the initia-
tion of angiogenesis, SFGF-R impaired the mainte-
nance of tumor angiogenesis (Compagni et al. 2000).
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This phenomenon is also clinically important, since
it has been shown that resistance to pharmaceuti-
cal VEGF blockade can be mediated by the action
of other pro-angiogenic factors, in particular FGF
(Casanovas et al. 2005).

Anti-angiogenic Factors

Anti-angiogenic factors, which can be produced by
stromal cells or cells of the immune system, play a
central role in controlling the fragile balance be-
tween initiation and termination of angiogenesis.
There are two groups of endogenous anti-angiogenic
factors: (1) proteins and protein-fragments of natu-
rally occurring extra-cellular matrix and basement
membrane components, and (2) growth factors,
cytokines and other non-matrix-derived proteins
that directly repress endothelial cell proliferation
and migration. The first non-matrix-related anti-
angiogenic factors to be identified were interferon-o.
and -f (IFNa, IFN). Interferons have been shown
to inhibit tumor cell-induced angiogenesis in mice
(Mitsuyasu 1991). IFN«. is also capable of inhibiting
MMP?9 activity and expression (Ma et al. 2001). Fur-
thermore, it reduces the secretion of pro-angiogenic
IL8 (Lingen et al. 1998). Another important non-ma-
trix-derived inhibitor of angiogenesis is angiostatin.
Angiostatin has been reported to bind to a variety
of cell surface molecules, including cell membrane
ATPase, angiomotin, integrin ovP3, annexin II, an-
giostatin-binding-sequence protein, c-met and NG2
proteoglycan (reviewed in Wahl et al. 2005). It in-
hibits both endothelial cell proliferation and migra-
tion and thus hinders tumor-associated angiogen-
esis. Furthermore, angiostatin can directly inhibit
tumor growth and metastasis formation (O’Reilly
et al. 1994).

The first matrix-related angiogenesis inhibitor
to be characterized was thrombospondin 1 (TSP1),
a large multifunctional ECM glycoprotein, which,
apart from its anti-angiogenic properties, modu-
lates cell adhesion, cell proliferation and survival,

TGFP activation and protease activation (Chen
et al. 2000). A truncated and highly anti-angiogenic
form of TSP1 was purified from a hamster cell line
that had become tumorigenic concomitant with a
mutation of p53 (Rastinejad et al. 1989; Good et al.
1990). Another matrix-related anti-angiogenic fac-
tor is endostatin, a proteolytic cleavage product of
collagen XVIII. Endostatin specifically inhibits en-
dothelial cell proliferation and potently inhibits an-
giogenesis and tumor growth (O'Reilly et al. 1997).
Endostatin probably acts by blocking VEGF-R2 and
suppressing Wnt signaling (reviewed by Dixelius
et al. 2003). Canstatin and tumstatin, proteolytic
cleavage products of collagen IV, have also been show
to exhibit an anti-angiogenic effect. While canstatin
promotes apoptosis of endothelial cells (Magnon
et al. 2005), tumstatin acts as a specific inhibitor of
endothelial cell protein synthesis (Maeshima et al.
2002). Table 4.3 presents a list of matrix-derived and
non-matrix-derived anti-angiogenic factors. Their
exact function in tumor angiogenesis is discussed
in detail elsewhere in this book.

Obviously, the regulation of the expression and
activities of anti-angiogenic factors directly af-
fects the onset and maintenance of angiogenesis.
In principle, the regulation of matrix-derived anti-
angiogenic factors can take place either at the level
of gene expression and cell secretion or at the level
of proteolytic activation in the extracellular ma-
trix ECM. The emerging concept is that expression
and release of matrix-related anti-angiogenic fac-
tors by cancer cells can be regulated by both loss
of function of tumor suppressor genes and activa-
tion of proto-oncogenes. Table4.4 summarizes
the influence of several signaling pathways on the
expression of pro- and anti-angiogenic effectors.
Expression of TSP1 has been shown to be directly
regulated by wild-type p53 in fibroblasts and mam-
mary epithelial cells (Dameron et al. 1994). Upon
loss of p53, the levels of TSP1 drop dramatically in
these cells and the surrounding ECM. Moreover,
the cellular proto-oncogene Ras can modulate
Myc activity to repress TSP1 expression (Watnick
etal. 2003). The mechanism by which TSP1 and other
matrix-related anti-angiogenic factors are then acti-
vated by proteases, either inside the producer cell or
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Table 4.3. Anti-angiogenic effectors (reviewed by Nyberg et al., 2005)

Precursor molecule

Matrix-derived anti-angiogenic factors
ol-chain of collagen IV

02-chain of collagen IV

o3-chain of collagen IV

Perlecan

Collagen XVIII

Collagen XV

Fibronectin

Basement membrane preparations
TSP1

TSP2

Non-matrix-derived anti-angiogenic factors
Plasminogen

Antithrombin IIT

Prothrombin

Chondromodulin I

VEGEF-R1

Interferon o, interferon 3
1L4,1L12,1L18

2-Methoxyestradiol

Pigment epithelium derived factor (PEDF)
Matrix-metalloprotease-2

Platelet factor 4 (PF4)

Prolactin (PRL)

Tissue inhibitors of MMPs (TIMPs)
Troponin I

Calreticulin

A/N

B I I I I (O I I

zZ > >z > Z o> > > > Z > > > >

Fragment/domain

Arrestin

Canstatin

Tumstatin
Endorepellin
Endostatin
Endostatin-fragment
Anastellin

Fibulin

TSP1 fragments

TSP2 fragments
Angiostatin
C-terminal antithrombin fragment

Prothrombin kringle 2

Soluble VEGF-R1

Hemopexin-like domain (PEX) of MMP-2

Prolactin fragment

Vasostatin

A, The precursor molecule exhibits anti-angiogenic properties; N, an anti-angiogenic effect of the precursor molecule has not

been observed.
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Table 4.4. Inhibition of the angiogenic switch

Regulatory factor Pathway (effectors)

Aktl TSP-1T1, TSP-2T1, NOT!

p53 TSP-11%3, BAI-1T*, EphA2T5,
MMP-216, VEGF-Al7, HIF-10ul8,
Cox2T°, MMP-119)

Rb2/p130 VEGE{!!
TrkB VEGF{ 12
VHL HIF-10l13, VEGF{ 12

BAI, brain-specific angiogenesis inhibitor.

References: ! = Chen J et al., Nat Med, 2005; 2 = Dameron et
al., Science, 1994; % = Volpert OV, Breast Cancer Res Treat, 1995;
4 = Nishimori H et al.,, Oncogene, 1997; > = Dohn M et al.,
Oncogene, 2001, Brantley DM et al., Oncogene, 2002; Bian J et
al., Mol Cell Biol, 1997; Pal S et al., Cancer Res, 2001; = Ravi
R et al., Genes Dev, 2000; ° = Subbaramaiah K et al., ] Biol
Chem, 1999; 1 = Sun Y et al., Ann NY Acad Sci, 1999, Zhou Z
et al., Proc Natl Acad Sci, 2000; !' = Claudio PP et al., Cancer
Res, 2001; 2 = McGregor LM et al., Proc Natl Acad Sci, 1999; 13
= Leung SK et al., ] Biomed Biotechnol, 2002.

in the ECM after secretion, has remained elusive. In
SUIT-2 cells, derived from human pancreatic cancer,
proteolytic cleavage of collagen XVIII by cathepsin
D, cathepsin L, several MMPs and elastase resulted
in the formation of the anti-angiogenic protein end-
ostatin (Brammer et al. 2005a). Canstatin and tum-
statin are also activated through proteolytic cleavage
of collagen residues. This underlines the polyvalent
regulation of matrix-derived anti-angiogenic factors
both at the level of production and secretion and at
the level of activation and inactivation through dif-
ferent proteases.

Anti-angiogenic factors that are not derived from
the extracellular matrix are also regulated at the
level of gene expression and/or activation through
proteolytic cleavage. The factors that are regulated
at the expression level include interferons and the
anti-angiogenic interleukins 4, 12 and 18, which
are released from cells of the immune system. The
release itself is regulated by inflammatory signals
(Naldini and Carraro 2005). An example of a non-
matrix-derived anti-angiogenic factor that is regu-
lated at the level of proteolytic cleavage is angio-

statin. Angiostatin is derived from plasminogen by
various proteolytic cleavages and represents kringle
domains 1-5 of plasminogen. Proteases that re-
lease angiostatin from plasminogen include several
MMPs (MMP2, MMP3, MMP7, MMP9, MMP12),
elastase, 13-kDa serine peptidase, 24-kDa endopep-
tidase, cathepsin D and prostate-specific antigen
(PSA) (reviewed Cao and Xue 2004). Furthermore,
plasmin auto-digestion also results in the forma-
tion of angiostatin. Such conundrum of activating
proteases adds considerably to the complexity of the
regulation of anti-angiogenic factors by proteolytic
cleavage.

The Angiogenic Switch: A Balance Between
Pro- and Anti-angiogenic Factors

Hanahan and Folkman hypothesized that the bal-
ance between pro-angiogenic factors and anti-an-
giogenic factors governs the angiogenic switch
(Hanahan and Folkman 1996). In that model, the
angiogenic switch tips the balance in favor of an-
giogenesis by either promoting the activities of pro-
angiogenic factors or by inhibiting anti-angiogenic
factors (Fig.4.3). This hypothesis is supported by
a number of experimental evidence. For example,
adding increasing amounts of TSP1 to FGF2- and
VEGF-stimulated endothelial cells abrogates their
proliferation and migration (Good et al. 1990).
Moreover, the restoration of p53 in tumor cells leads
to an enhanced expression of TSP1, which in turn
overrules the activities of pro-angiogenic factors
either produced by the cells themselves or added
exogenously (Dameron et al. 1994).

There are several ways to influence the balance
between pro- and anti-angiogenic effector mol-
ecules and, thus, the angiogenic switch. Increased
and decreased production and secretion of pro- and
anti-angiogenic factors, respectively, will tip the
balance to the angiogenic state, as described above.
However, other mechanisms may also regulate the
angiogenic balance. For instance, the specific secre-
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angiogenic switch

angiogenesis

Fig.4.3. The angiogenic balance. The angiogenic switch is governed by the balance between pro- and anti-angiogenic
factors. Angiogenesis can be induced by upregulation of pro-angiogenic factors, downregulation of anti-angiogenic factors
or both. The angiogenic switch tips the balance in favor of angiogenesis

tion of signal peptide-less FGF1 and FGF2 by tumor
cells but not by non-transformed cells may contrib-
ute to the angiogenic switch (Christofori and Luef
1997; Kandel et al. 1991).

Also, the angiogenic activities of pro-angiogenic
VEGF are controlled very tightly by several mecha-
nisms. An interesting regulatory process is the inhi-
bition of VEGF-A by soluble VEGF-R1 (sVEGF-R1),
which is shed by endothelial cells. Upon binding of
the ligand, sVEGF-R1 dimerizes and forms a domi-
nant-negative complex with the mitogenically com-
petent full-length VEGF-R2 (Kendall et al. 1996;
Kendall and Thomas 1993). Moreover, shed VEGE-
R1 also directly sequesters VEGF-A and prevents it
from binding to VEGF-R2 on endothelial cells. In-
vestigations in human breast cancer patients dem-
onstrated that with increasing tumor size the ratio
of VEGF-A to sVEGF-RI shifts in favor of VEGF-
A, thereby favoring the pro-angiogenic activity of
VEGE-A (Hoar et al. 2004).

Different splice variants add an additional level
of complexity to the regulation of VEGF-A. As
mentioned above, VEGF-A exists in five main iso-
forms of different size, whereby the larger isoforms
are sequestered at the cell surface or the ECM and
the shorter isoforms are diffusible. The proteolytic
cleavage and release of heparin-binding isoforms

(latent VEGF) from the ECM represents a further
important mechanism of angiogenesis control,
as has been nicely demonstrated in the RiplTag2
transgenic mouse model of pancreatic B-cell carci-
nogenesis. Expression analysis of VEGF mRNA and
protein during B-cell tumorigenesis in these mice
revealed a constitutive expression of VEGF-A in
normal islets and only a moderate upregulation of
its expression during the late stages of tumorigen-
esis (Christofori et al. 1995). Yet, genetic ablation
of VEGF-A gene function by knockout technology
or repression of VEGF-A activity by the expres-
sion of soluble VEGF-R1 efficiently repressed the
angiogenic switch and thus tumor outgrowth, in-
dicating that VEGF-A plays an important role dur-
ing the angiogenic switch in this model (Compagni
etal. 2000; Inoue et al. 2002). Crossing Rip1Tag2 mice
with MMP9 knockout mice also repressed the onset
of angiogenesis, and detailed functional analysis re-
vealed that MMP9 is required for the release of la-
tent VEGF-A during the angiogenic switch (Bergers
et al. 2000). Similar experiments in the K14-HPV16
mouse model of squamous cell carcinoma showed
that MMP9 is actually supplied by infiltrating mast
cells and monocytes, suggesting an important role
of immune cells in the angiogenic switch (see below)
(Coussens et al. 1999, 2000).
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The importance of MMPs in manipulating the an-
giogenic balance has also been investigated in a modi-
fied chick CAM assay, where a nylon mesh coated with
fibrillar type 1 collagen was implanted into the CAM.
Expression ofboth FGF2 and VEGF resulted in a strong
angiogenic response with migration of endothelial
cells into the chick CAM implant. This response could
be blocked by MMP inhibitors (Seandel et al. 2001).
In addition, angiogenesis was markedly reduced if
the implant was coated with collagenase-resistant
collagen instead of wild-type fibrillar collagen. Inter-
estingly, the migration of fibroblasts and monocytes
into the modified implant was not reduced, indicating
a specific role of MMP-mediated collagen cleavage in
growth-factor-stimulated angiogenesis.

Feedback loops provide a further mechanism by
which the angiogenic balance is modulated. Pro-an-
giogenic signals can induce the stimulation of anti-
angiogenic signals to terminate angiogenesis and vice
versa. For example, the generation of anti-angiogenic
endostatin through elastase-mediated cleavage of
collagen type XVIII is promoted by stimulation of hu-
man pancreatic cancer cells (SUIT-2 cells) with TNFo.
(Brammer et al. 2005b). Since TNF itself is known to
increase the secretion of VEGF and thus to be pro-an-
giogenic, this exemplifies the interplay between sev-
eral regulatory circuits governing the availability and
the activities of pro- and anti-angiogenic factors.

The Tumor Microenvironment

It is now well appreciated that the tumor microenvi-
ronment exerts an important role in tumor progres-
sion. It not only contributes to the onset of tumor
angiogenesis but also affects the malignant pheno-
type of tumor cells. Thereby, pro- and anti-angio-
genic factors are not exclusively produced by tumor
cells, they are also derived from stromal cells of
the tumor microenvironment, including endothelial
cells themselves, pericytes and smooth muscle cells,
myoepithelial cells, fibroblasts and myofibroblasts
and infiltrating cells of the immune system, such as

macrophages, mast cells, dendritic cells, NK cells,
and T and B lymphocytes (Coussens and Werb 2001;
Egeblad and Werb 2002). Tumor-associated immune
cells can modify and contribute to the angiogenic
switch by secreting pro-angiogenic factors and pro-
teases that are comparable to those secreted by the
tumor cells themselves (Yu and Rak 2003; Bingle
et al. 2002). Macrophages and monocytes seem to
play a distinct role in tumor arteriogenesis, i.e., dila-
tation of primary blood vessels and formation of an
arterial cell wall (Scholz et al. 2001). However, as
with most aspects of tumor angiogenesis, inflamma-
tory cells have a dual function and can also medi-
ate a repertoire of anti-angiogenic factors and an-
giogenesis-inhibiting proteases. Table 4.5 gives an

Table 4.5. Immune cells and the angiogenic switch

Cell type  Function Effectors
Macro- Pro-angiogenic VEGE TGFo, IL8, FGF2,
phages! PDGE, substance P, prosta-
glandins, angiogenin
Anti-angiogenic TSP-1, IFNo, IFNy
Surface proteases  cathepsin D, tPA, uPA,
MMP], 2,3,7,9,12
Mast Pro-angiogenic VEGE, FGF2, TGFf, TNFa,
cells? IL8, histamine, NGF
Surface proteases  Chymase, tryptase,
MMP2, 9, heparanase
Neutro- Pro-angiogenic VEGE IL8
phils? . . .
Anti-angiogenic ~ IL12,IP10
Surface proteases MMP9, uPA, elastase
Eosino- Pro-angiogenic VEGE FGF2, TNFo, GM-
phils* CSE, NGF, IL8, eotaxin

PA, plasminogen activator (tissue or urokinase type); NGEF,
nerve growth factor; IP, interferon inducible protein; GM-
CSE, granulocyte and macrophage colony-stimulating factor.
Depending on the type of the expressed surface protease,
angiogenesis can be enhanced or inhibited

References: ! = reviewed by Yu JL et al., Breast Cancer Res,
2003 and Bingle L, J Pathol, 2002; 2 = reviewed by Yu JL et al.,
Breast Cancer Res, 2003 and Ribatti D et al., Clin Exp Allergy,
2004; 3 = reviewed by Yu JL et al,, Breast Cancer Res, 2003;
4 = Puxeddu I et al., IJBCB, 2005
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overview on the different pro- and anti-angiogenic
factors contributed by inflammatory or other cells
of the immune system.

Notably, cells of the immune system appear to
modulate both tumor growth and tumor angiogen-
esis: they stimulate the adaptive immune response
against tumor-specific antigens to repress tumor
growth, yet at the same time they can promote
tumor angiogenesis and progression by supporting
innate and inflammatory responses. While the role
of tumor-associated macrophages (TAMs) has been
extensively addressed (reviewed in Pollard 2004),
other cells of the immune system seem to contrib-
ute to tumor progression as well. Examples are mast
cells providing MMPs for the activation of matrix-
bound latent VEGF-A (see above; Coussens et al.
1999) or B cells which also appear to contribute to
tumor progression (de Visser et al. 2005).

Tumors, i.e. tumor cells themselves and/or cells
of the tumor microenvironment, respond to tumor
hypoxia, necrosis, tissue repair and general inflam-
mation and release a number of cytokines and che-
mokines that are chemoattractive for monocytes
and macrophages, including CSF1, GM-CSF, MSP,
TGFp, CCL2, CCL7, CCL3, CCL4, and MIF. In turn,
infiltrating macrophages secrete growth factors that
affect tumor cells or tumor endothelium, includ-
ing VEGF-A and -C, FGF2, TNFo.,, HGF, EGF family
members, and PDGF (Balkwill et al. 2005; Pollard
2004). These cytokines and chemokines are also
critical in the recruitment of secondary inflamma-
tory cells, such as mast cells and neutrophils, which
in turn support tumor progression by secreting pro-
inflammatory, pro-angiogenic and pro-tumorigenic
cytokines and proteases. Thus, depending on the
chemokine milieu in the tumor environment, TAMs
can be programmed to support an immune response
against the tumor or rather repress adaptive im-
mune responses and induce trophic activities of the
tumor environment (Pollard 2004). Consistent with
this notion, clinical studies have shown that in most,
though not all, cancer types the presence of TAMs
correlates with advanced tumor progression and
poor prognosis (Bingle et al. 2002). Upon ablation
of macrophages, for example by crossing MMTV-
PyMT with CSE-1 KO mice, or by other means, tu-

mor progression was slowed (Aharinejad et al. 2002;
Lin et al. 2001). With regard to tumor angiogenesis,
it is important to note that TAMs play an impor-
tant role in the angiogenic switch, for instance by
the secretion of VEGF-A, FGF2, NO, MMP7, MMP9,
and uPA, which all support tumor cell proliferation
and invasion or support angiogenesis by the release
of bioactive VEGF-A from its latent matrix-bound
forms (see above; Bergers et al. 2000; Hiratsuka et
al. 2002). TAMs appear to concentrate in avascu-
lar hypoxic hot spots, where they are induced to
express VEGF-A (Eubank et al. 2003; Harris 2002).
Altogether, the data show that inflammation creates
a microenvironment that is highly supportive of tu-
mor angiogenesis and tumor progression. Yet, the
roles of and the interplay among the various inflam-
matory cytokines and chemokines in the angiogenic
switch are still only poorly understood.

Endothelial Cell Signaling

The fact that endothelial cells express a wide variety
of growth factor and cytokine/chemokine receptors,
and thus respond to numerous different growth fac-
tors, cytokinesand chemokines, raises theimportant
question of how the various signals are integrated
within the cell to respond by increased or decreased
angiogenesis. While it is now well established that
certain pro-angiogenic factors can make endothelial
cells more responsive to additional pro-angiogenic
activities and that anti-angiogenic factors reduce
this responsiveness, the molecular processes that
underlie the integration of such various signaling
pathways and determine the net outcome are only
poorly understood. First experiments towards the
unraveling of the interplay between angiogenic fac-
tors have revealed that, for instance, FGF2 stimula-
tion of endothelial cells results in the upregulated
expression of VEGF-R2, and VEGF-A can upregulate
FGF-R expression. In addition, VEGF-A and FGF2
can synergistically promote angiogenesis through
enhancement of endogenous PDGF-B signaling in
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endothelial cells, also explaining the observed syn-
ergistic effects between these two prototype angio-
genic factors (Kano et al. 2005). Moreover, Ang-2 is
known to keep endothelial cells responsive to ad-
ditional angiogenic factors; in fact, Ang-2-treated
endothelial cells require additional pro-angiogenic
signals, for instance provided by VEGF-A, not only
to induce proliferation, migration and tube forma-
tion, but also to prevent apoptosis. Ang-1, in con-
trast, has been found to induce maturation and to
inhibit leakiness of the endothelium by reducing
its responsiveness to angiogenic factors (Lobov et
al. 2002; Thurston et al. 2000). In a similar man-
ner, TGFP induces maturation and tube formation
in endothelial cells cultured in three-dimensional
matrices, yet induces apoptosis when cultured on
plastic dishes, further underlining the importance
of endothelial cell responsiveness to angiogenic sig-
nals (Sankar et al. 1996).

Subsequent efforts have addressed the suscepti-
bility of endothelial and other vascular cells to an-
giogenic effectors by studying signaling pathways
involved in the angiogenic process. For example,
ablation of PKB/Akt-1 kinase activity in PKB/Akt-1
knockout mice resulted in a 40% increase of vas-
cular density upon stimulation of endothelial cells
with VEGF-A. However, the vessels in these mice
appeared immature and leaky (Chen et al. 2005).
In contrast, short-term inactivation of PKB/Akt-1
can result in impaired angiogenesis, as shown in a
model of hindlimb ischemia, indicating different
roles of PKB/Akt-1 at different stages of angiogen-
esis (Ackah et al. 2005). In addition, PKB/Akt-1 is
also thought to modulate TSP1 expression in the
endothelial cells themselves (Chen et al. 2005). The
susceptibility of endothelial cells to pro-angiogenic
signaling has also been studied in a mouse model
carrying a PTEN knockout mutation specifically in
endothelial cells. Heterozygous PTEN deficiency in
endothelial cells was found to enhance tumor an-
giogenesis by rendering the cells more responsive
to VEGF-A. A similar mechanism may be important
in human Cowden disease, a hereditary syndrome
of cancer susceptibility caused by a heterozygous
PTEN mutation (Hamada et al. 2005). These experi-
mental findings indicate that the angiogenic switch

is accompanied by an endothelial switch, a change
in signaling pathways and regulatory circuits which
increases the susceptibility of endothelial cells to
pro-angiogenic stimuli.

Splitting Vessels in Two: Vascular Intussus-
ception

The intussusception of vessels is a mechanism of
increasing vascular density by forming a new lon-
gitudinal vessel wall in the lumen of a pre-existing
vessel and thus doubling the vessel number (Burri
etal. 2004). This process may play arole in the angio-
genic switch during tumor progression. For exam-
ple, although VEGF mainly induces sprouting an-
giogenesis and increased vascular permeability, the
treatment of chicken CAM with VEGF also results
in a decreased intercapillary space due to enhanced
vessel intussusception (Hagedorn et al. 2004). The
exact pathways responsible for this phenomenon are
not known yet, although an implication of VEGF
and other pro-angiogenic factors seems plausible.
Moreover, the role of intussusception in tumor an-
giogenesis needs to be studied in more detail.

Vascular Stem Cells and the Angiogenic
Switch

So far, we have discussed angiogenesis and its
function in tumor progression. However, there
are alternative mechanisms of generating new ves-
sels, and Fig. 4.4 gives an overview of the different
pathways in which the angiogenic switch and/or
its effectors are involved. One major way to gen-
erate new vessels, besides angiogenesis, is the de
novo generation of blood vessels by vasculogen-
esis. Tumors are capable of mobilizing bone mar-
row-derived endothelial precursor cells, which then
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Fig.4.4. The angiogenic
switch in tumor progres-
sion. The angiogenic
switch plays an impor-
tant role in several steps
of tumor progression. It
promotes (1) the progres-
sion of a small, avascular
primary tumor to a large,
vascular tumor, (2) the
activation of a dormant
lesion and (3) the pro-
gression of micrometas-
tases to overt macrome-
tastases. Effector mol-
ecules of the angiogenic
switch also take part in
vascular co-option and
vasculogenesis
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migrate to the tumor and become incorporated
into the developing new tumor vasculature (Rafii
et al. 2002). Such circulating endothelial precur-
sor cells (CEPs) were first discovered 30 years ago
and they were shown to possess the ability to repair
injured denuded vasculature. CEPs express differ-
ent cell surface markers, including CD133, CXCR4,
CD146, c-kit and VEGF-R2 (Gill et al. 2001; Peichev
etal. 2000; Solovey et al. 1997). The finding that CEPs
express VEGF-R2 instigated the search for a role
of VEGF in the recruitment of CEPs from the bone
marrow. Interestingly, a subset of hematopoietic
stem cells expresses another member of the VEGF-
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R family, namely VEGF-R1. VEGF-A has been shown
to be able to mobilize both kinds of stem cells in-
volved in tumor vasculogenesis (Hattori et al. 2001).
Blocking the action of VEGF-A on both stem cells
by inhibiting VEGF-R1 and VEGF-R2 resulted in an
impaired recruitment of bone-marrow-derived en-
dothelial and hematopoietic precursor cells (Lyden
et al. 2001). This activity of VEGF-A was shown
to be ablated in three different knockout mouse
models (Id1+/-Id3-/-, MMP-9-/-, p130-/-p27+/A51),
resulting in a defect of VEGF-induced expansion
of VEGF-R1-positive myeloid cells and VEGF-R2-
positive endothelial precursor cells. This underlines
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theimportance of VEGF-mediated mobilization and
expansion of hematopoietic and endothelial precur-
sor cells in vasculogenesis (Heissig et al. 2002; Vidal
et al. 2005). Placental growth factor (PIGF), a VEGF
family member and specificligand for VEGF-R1 (see
corresponding chapter), has been shown to play a
major role in the recruitment of CEPs to tumor tissue
(Hattori et al. 2002).

The collaboration of co-recruited CEPs and he-
matopoietic stem cells is thought to facilitate the
integration of CEPs into the rapidly growing tumor
vasculature. In particular, a Tie2-expressing lineage
of macrophages (TEM) has been identified which
appears to be important for tumor vessel formation
(De Palma et al. 2005). Various experiments have
been performed to investigate the contribution of
CEPs to tumor vasculogenesis. One approach was to
induce endothelial differentiation of human adult
multipotential progenitor cells (MAPCs) in vitro and
to inject them into an immunocompromised mouse
that carried a mouse Lewis lung carcinoma. After 5
days, 30% of the endothelial cells of newly formed
tumor-associated vessels originated from MAPC-
derived human endothelial cells. MAPC-derived
endothelial cells could also be detected in spontane-
ously forming lymphomas of the same mice (Reyes
et al. 2002). This and similar experiments underline
the significant contribution of both vascular and he-
matopoietic stem cells in the formation of tumor-as-
sociated vessels. Together with other components of
the tumor environment, vasculogenesis in general
and CEPs in particular are targets for anti-tumor
therapy.

Conclusions

Proliferating tumors need adequate blood perfu-
sion to achieve sustainable growth. Tumors gain
access to sufficient oxygen and nutrient supply by
using one or more of four strategies: angiogenesis,
vascular co-option, vasculogenesis and/or vascular
mimicry. The angiogenic switch is the mechanism

by which angiogenesis is induced and sustained.
Thereby, the onset of angiogenesis and its mainte-
nance is governed by a finely tuned balance between
pro-angiogenic and anti-angiogenic factors, which
in turn depends on the regulation of tumor sup-
pressor genes, oncogenes, transcriptional repressors
and genes involved in cellular response to environ-
mental and metabolic factors. Such effectors of the
angiogenic switch also play a role in the processes
of vascular co-option and vasculogenesis, although
more experimental insights are certainly warranted.
Moreover, new vessels that are induced by the an-
giogenic switch are often immature and therefore
functionally different from non-tumor-associated
vessels, and, hence, the molecular mechanisms
underlying the interplay between the various pro-
and anti-angiogenic factors requires future atten-
tion. Finally, the molecular pathways determining
the responsiveness of endothelial cells to pro- and
anti-angiogenic factors during the angiogenic switch
need to be investigated in more detail.

In summary, the importance of the angiogenic
switch in the onset of angiogenesis has been docu-
mented in experimental animal models and in hu-
man cancer. Together, the results underline the
notion that the angiogenic switch is a general mech-
anism of tumor progression and therefore an impor-
tant target for the development of innovative cancer
therapies.
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Abstract

Inhibiting angiogenesis is a promising strategy
to treat cancer and several other disorders, in-
cluding intraocular neovascular syndromes. It
is now well established that vascular endothelial
growth factor (VEGF)-A is a major regulator of
normal and pathological angiogenesis. VEGEF-
A is part of a gene family that also includes
PIGF, VEGEF-B, VEGF-C and VEGEF-D. Targeting
VEGF-A resulted in a therapeutic benefit in a
variety of models of cancer and intraocular neo-
vascular syndromes. VEGF inhibitors have been
recently approved by the U.S. Food and Drug
Administration for the treatment of cancer and
the neovascular form of age-related macular de-
generation. This chapter summarizes the basic
biology of VEGF-A and illustrates the clinical
progress in targeting this molecule.

Introduction

The observation that tumor growth can be accom-
panied by increased vascularity was reported more
than a century ago (for review, see Ferrara 2002).
In 1971, Folkman proposed that anti-angiogenesis
may be a valid strategy to treat human cancer and
a search for regulators of angiogenesis that may
also represent therapeutic targets began (Folkman
1971).




920

N. Ferrara

Neovascularization is essential also for physio-
logical processes such as embryogenesis, tissue re-
pair and reproductive functions (Folkman 1995).
The development of the vascular tree initially oc-
curs by “vasculogenesis”, the in situ differentia-
tion of endothelial cell precursors, the angioblasts,
from the hemangioblasts (Risauand Flamme 1995).
The juvenile vascular system then evolves from the
primary capillary plexus by subsequent pruning
and reorganization of endothelial cells in a process
called “angiogenesis” (Risau 1997). Several stud-
ies suggest that incorporation of bone marrow-de-
rived endothelial progenitor cells in the growing
vessels complements the sprouting of resident en-
dothelial cells (Asahara et al. 1997; Rafii et al. 2002;
de Palma et al. 2003; Lyden et al. 2001; Ruzinova
et al. 2003). Additionally, a subset of perivascular
monocytes seems to be particularly important for
new vessel growth (de Palma et al. 2005).

Numerous potential angiogenic factors have
been described over the past two decades (Klags-
brun and d’Amore 1991; Yancopoulos et al. 2000).
Much evidence indicates that vascular endothelial
growth factor (VEGF) is a particularly important
regulator of angiogenesis (Ferrara 2002). While
new vessel growth and maturation are highly
complex and coordinated processes, requiring the
sequential activation of a series of receptors (e.g.
Tiel, Tie2 and PDGFR-P) by numerous ligands in
endothelial and mural cells (for recent reviews see
Carmeliet 2003; Jain 2003), VEGF signaling often
represents a rate-limiting step in angiogenesis.
VEGEF, referred to also as VEGEF-A, is the prototype
member of a gene family that includes placenta
growth factor (PIGF) (Maglione et al. 1991, 1993),
VEGF-B (Olofsson et al. 1996), VEGF-C (Joukov et
al. 1996; Lee et al. 1996), and VEGF-D (Orlandini et
al. 1996; Achen et al. 1998). The term VEGF will be
used throughout this manuscript to refer to VEGF-
A. Also, homologs of VEGF have been identified in
the genome of the parapoxvirus Orf virus (Lyttle
et al. 1994) and shown to have VEGF-like activities
(Ogawa et al. 1998; Wise et al. 1999). VEGF-C and
VEGE-D regulate lymphangiogenesis (Karkkainen
et al. 2002; Stacker et al. 2002).

Identification of VEGF

Independentlines of research contributed to the dis-
covery of VEGF, emphasizing the biological com-
plexity of this molecule (Ferrara 2002).

In 1983, Senger et al. described the partial purifi-
cation from the conditioned medium of a guinea-pig
tumor cell line of a protein able to induce vascular
leakage in the skin, which was named "tumor vascu-
lar permeability factor”" (VPF) (Senger et al. 1983). The
authors proposed that VPF could be a mediator of the
high permeability of tumor blood vessels. However,
these efforts did not yield the full purification of the
VPF protein. The lack of amino acid sequence infor-
mation precluded cDNA cloning and elucidation of
the identity of VPF. Therefore, very limited progress
in understanding the role of VPF took place over the
following several years.

In 1989, Ferrara and Henzel reported the isola-
tion of a diffusible endothelial mitogen from me-
dium conditioned by bovine pituitary follicular
cells, which they named “vascular endothelial
growth factor” (VEGF) (Ferrara and Henzel 1989).
NH2-terminal amino acid sequencing of purified
VEGF proved that this protein was distinct from
the known endothelial cell mitogens and indeed did
not match any known protein in available databases
(Ferrara and Henzel 1989). Subsequently, Connolly
et al. independently reported the isolation and se-
quencing of VPF (Connolly et al. 1998). cDNA clon-
ing of VEGF (Leung et al. 1989) and VPF (Keck et al.
1989) reported also in 1989 revealed that VEGF and
VPF were surprisingly the same molecule.

Biological Activities of VEGF-A

VEGEF-A promotes the growth the of vascular endo-
thelial cells derived from arteries, veins and lym-
phatics (for review Ferrara and Davis-Smyth 1997).
VEGF induces angiogenesis in tridimensional in
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vitro models, inducing confluent microvascular
endothelial cells to invade collagen gels and form
capillary-like structures (Pepper et al. 1992, 1994).
VEGF-A also induces angiogenesis in a variety of in
vivo model systems (Ferrara 2004).

VEGF-A is a survival factor for endothelial cells
(Alon et al. 1995; Gerber et al. 1998a,b; Benjamin et
al. 1999; Yuan et al. 1996). In vitro, VEGF prevents
endothelial apoptosis induced by serum starvation.
Such activity is mediated by the PI 3" kinase/Akt
pathway (Gerber et al. 1998b; Fujio and Walsh 1999).
Also, VEGF induces expression of the anti-apoptotic
proteins Bcl-2, Al (Gerber et al. 1998a), and survivin
(Tran et al. 2002) in endothelial cells In vivo, VEGF’s
pro-survival effects are developmentally regulated.
VEGF inhibition results in extensive apoptotic
changes in the vasculature of neonatal, but not adult
mice (Gerber et al. 1999). Furthermore, VEGF depen-
dence has been demonstrated in endothelial cells of
newly formed but not of established vessels within
tumors (Benjamin et al. 1999; Yuan et al. 1996). Cov-
erage by pericytes is one of the key events resulting in
loss of VEGF-A dependence (Benjamin et al. 1999).

Endothelial cells are the primary targets of VEGEF-
A, but several studies have reported mitogenic and
non-mitogenic effects of VEGF-A also on certain
non-endothelial cell types, including retinal pig-
ment epithelial cells (Guerrin et al. 1995), pancreatic
duct cells (Oberg-Welsh et al. 1997) and Schwann
cells (Sondell et al. 1999).

The earliest evidence that VEGF-A can affect my-
eloid cells came from a report describing its ability to
promote monocyte chemotaxis (Clauss et al. 1990).
Subsequently, VEGF-A was reported to have hema-
topoietic effects, inducing colony formation by ma-
ture subsets of granulocyte-macrophage progenitor
cells (Broxmeyer et al. 1995). Also, VEGF increased
production of B cells and the generation of imma-
ture myeloid cells (Khattori et al. 2001). Conditional
gene-knockout technology has been employed to
achieve selective VEGF gene ablation in bone mar-
row cellisolates and hematopoietic stem cells (HSCs)
(Gerber et al. 2002). VEGF deficient HSCs and bone
marrow mononuclear cells failed to repopulate le-
thally irradiated hosts, despite co-administration of
a large excess of wild-type cells (Gerber et al. 2002).

VEGF Isoforms

The human VEGF-A gene is organized in eight ex-
ons, separated by seven introns (Houck et al. 1991;
Tischer et al. 1991) and is localized in chromosome
6p21.3 (Vincenti et al. 1996). Alternative exon splic-
ing results in the generation of four different iso-
forms, having respectively 121, 165, 189 and 206
amino acids following signal sequence cleavage
(VEGF,,;, VEGF,g;, VEGF,g, VEGF,,) (Houck et
al. 1991; Tischer et al. 1991). VEGF,;, the predomi-
nant isoform, lacks the residues encoded by exon 6,
while VEGF,,, lacks the residues encoded by exons
6 and 7. Less frequent splice variants have been also
reported, including VEGF,,; (Poltorak et al. 1997),
VEGF,g; (Jingjing et al. 1999), VEGF162 (Lange et
al. 2003) and VEGF,, a variant reported to have
an inhibitory effect on VEGF-induced mitogenesis
(Bates et al. 2002).

Native VEGF is a heparin-binding homodimeric
glycoprotein of 45 kDa (Ferrara and Henzel 1989).
Such properties closely correspond to those of
VEGEF 5, which is now recognized as being the ma-
jor VEGF isoform (Houck et al. 1992).

VEGF,,, is an acidic polypeptide that fails to bind
to heparin (Houck et al. 1992). VEGF, g5 and VEGF,,
are highly basic and bind to heparin with high af-
finity (Houck et al. 1992). VEGF,,, is a freely diffus-
ible protein. In contrast, VEGF,5, and VEGF, are
almost completely sequestered in the extracellular
matrix (ECM). VEGF, 4; has intermediate properties,
since it is secreted but a significant fraction remains
bound to the cell surface and ECM (Park et al. 1993).
The ECM-bound isoforms may be released in a dif-
fusible form by heparin or heparinase, which dis-
places them from their binding to heparin-like moi-
eties, or by plasmin cleavage at the COOH terminus
which generates a bioactive fragment consisting of
the first 110 NH,-terminal amino acids (Houck et
al. 1992). Given the important role of plasminogen
activation during physiological and pathological
angiogenesis processes (Pepper 2001), this proteo-
lytic mechanism can be particularly important in
regulating locally the activity and bioavailability of
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VEGF. More recent studies have shown that matrix
metalloproteinase (MMP)-3 can also cleave VEGF 45
to generate non-heparin-binding, bioactive proteo-
lytic fragments (Lee et al. 2005).

Regulation of VEGF Gene Expression

5.5.1
Oxygen Tension

Oxygen tension plays a key role in regulating the
expression of a variety of genes including VEGF
(Safran and Kaelin 2003). HIF-1 is a key mediator
of hypoxic responses. HIF-1 is a basic, heterodi-
meric, helix-loop-helix protein consisting of two
subunits, HIF-1o. and aryl hydrocarbon receptor
nuclear translocator (ARNT), known also as HIF-13
(Wang and Semenza 1995). In response to hypoxia,
HIF-1 binds to specific enhancer elements, resulting
in increased gene transcription. Recent studies have
demonstrated the critical role of the product of the
von Hippel-Lindau (VHL) tumor suppressor gene
in HIF-1-dependent hypoxic responses (Mole et al.
2001). The VHL gene is inactivated in patients with
von Hippel-Lindau disease and in most sporadic
clear cell renal carcinomas (Lonser et al. 2003). Ear-
lier studies indicated that a function of the VHL
protein is to provide negative regulation of VEGF
and other hypoxia-inducible genes (Iliopoulos et
al. 1996). Recent studies demonstrated that one of
the functions of VHL is to be part of a ubiquitin
ligase complex that targets HIF subunits for protea-
somal degradation following covalent attachment of
a polyubiquitin chain (Jaakkola et al. 2001; Ivan et
al. 2001). Oxygen promotes the hydroxylation of HIF
at a proline residue, a requirement for the associa-
tion with VHL (Jaakkola et al. 2001; Ivan et al. 2001).
Recently, a family of prolyl hydroxylases related to
Egl-9 gene product of Caenorhabditis elegans were
identified as HIF prolyl hydroxylases (Safran and

Kaelin 2003; Maxwell and Ratcliffe 2002; Pugh and
Ratcliffe 2003).

5.5.2
Growth Factors, Hormones and Oncogenes

Several growth factors, including EGF, TGF-o., TGF-J3,
KGF, IGF-1, FGF and PDGF, upregulate VEGF mRNA
expression (Frank et al. 1995; Pertovaara et al. 1994;
Warren et al. 1996), suggesting that paracrine or au-
tocrine release of such factors cooperates with local
hypoxia in regulating VEGF release in the microen-
vironment. Also, inflammatory cytokines such as in-
terleukin (IL)-1o and IL-6 induce expression of VEGF
in several cell types, including synovial fibroblasts
(Ben-Av et al. 1995; Cohen et al. 1996).

Hormones are also important regulators of VEGF
gene expression. Thyroid-stimulating hormone has
been shown to induce VEGF expression in several
thyroid carcinoma cell lines (Soh et al. 1996). Shifren
et al. have also shown that adrenocorticotropic hor-
mone (ACTH) is able to induce VEGF expression in
cultured human fetal adrenal cortical cells, suggesting
that VEGF may be a local regulator of adrenal corti-
cal angiogenesis and a mediator of the tropic action of
ACTH (Shifren et al. 1998). Gonadotropins have been
shown to be inducers of VEGF transcription in the
ovary, both in vivo (Shweiki et al. 1993; Ferrara et al.
1998) and in vitro (Christenson and Stouffer 1997).

A variety of transforming events also result in in-
duction of VEGF gene expression. Oncogenic muta-
tions or amplification of ras lead to VEGF upregula-
tion (Grugel et al. 1995; Okada et al. 1998). Mutations
in the wnt-signaling pathway, which are frequently
associated with pre-malignant colonic adenomas,
result in upregulation of VEGF (Zhang et al. 2001).
Interestingly, VEGF is upregulated in polyps of Apc
knockout [Apc(Delta716)] mice, a model for human
familial adenomatous polyposis (Seno et al. 2002). In
both benign and malignant mouse intestinal tumors,
stromal expression of COX-2 results in elevated PGE2
levels, which stimulate in turn cell surface receptor
EP2, followed by induction of VEGF and angiogenesis
(Seno et al. 2002; Williams et al. 2000; Sonoshita et
al. 2001).
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VEGF Receptors

VEGF binding sites were originally identified
on the cell surface of vascular endothelial cells,
in vitro (Plouet and Moukadiri 1990; Vaisman et
al. 1990) and in vivo (Jakeman et al. 1992, 1993).
Subsequently, VEGF receptors were shown to exist
also in bone marrow-derived cells such as mono-
cytes and macrophages (Shen et al. 1993). VEGF
binds two highly related receptor tyrosine kinases
(RTKs), VEGFR-1 and VEGFR-2. Both VEGFR-1 and
VEGFR-2 have seven immunoglobulin (Ig)-like do-
mains in the extracellular domain, a single trans-
membrane region, and a consensus tyrosine kinase
sequence which is interrupted by a kinase-insert
domain (Shibuya et al. 1990; Terman et al. 1991).

A member of the same family of RTKs is VEGFR-
3 (Flt-4) (Pajusola et al. 1993), which, however, is
not a receptor for VEGF-A, but binds the lymphan-
giogenic factors VEGF-C and VEGF-D (Karkkainen
et al. 2002). In addition, as described below, VEGF
interacts with a family of coreceptors, the neuro-
pilins.

5.6.1
VEGFR-1(FIt-1)

Although Flt-1 (fms-like tyrosine kinase) was the
first RTK to be identified as a VEGF receptor over
a decade ago (de Vries et al. 1992), the precise
function of this molecule is still subject to debate.
Recent evidence indicates that the conflicting re-
ports may be due, at least in part, to the fact that
VEGFR-1 functions and signaling properties can
differ depending on the developmental stage and
the cell type, e.g. endothelial versus non-endothe-
lial cells. VEGFR-1 expression is upregulated by
hypoxia via a HIF-1-dependent mechanism (Gerber
et al. 1997). VEGFR-1 binds not only VEGF-A but
also PIGF (Park et al. 1994) and VEGEF-B (Olofsson
et al. 1998), which fail to bind VEGFR-2. An alter-
natively spliced soluble form of VEGFR-1 (sFlt-1)
has been shown to be an inhibitor of VEGF activ-

ity (Kendall and Thomas 1993). The binding site
for VEGF (and PIGF) has been mapped primarily
to the second Ig-like domain (Davis-Smyth et al.
1996, 1998; Barlon et al. 1997). Flt-1 reveals a weak
tyrosine autophosphorylation in response to VEGF
(de Vries et al. 1992; Waltenberger et al. 1994). Park
et al. initially proposed that VEGFR-1 may be not
primarily a receptor transmitting a mitogenic sig-
nal, but rather a “decoy” receptor, able to regulate
in a negative fashion the activity of VEGF on the
vascular endothelium, by sequestering this factor
and rendering it less available to VEGFR-2 (Park
et al. 1994). Thus, the observed potentiation of the
action of VEGF by PIGF could be explained, at least
in part, by displacement of VEGF from VEGFR-
1 binding (Park et al. 1994). Recent studies have
shown that indeed synergy exists between VEGF
and PIGF in vivo, especially during pathological
situations, as evidenced by impaired tumorigenesis
and vascular leakage in Plgf”’~ mice (Carmeliet et
al. 2001). Gille et al. have identified a repressor mo-
tif in the juxtamembrane region of VEGFR-1 that
impairs PI-3 kinase activation and endothelial cell
migration in response to VEGF (Gille et al. 2000).
Regardless of the conflicting evidences on the role
of VEGFR-1 as a signaling receptor, gene targeting
studies have demonstrated the essential role of this
molecule during embryogenesis. VEGFR-1"/~ mice
die in utero between day 8.5 and day 9.5 (Fong et
al. 1995, 1999). Endothelial cells develop but fail
to organize in vascular channels. Excessive pro-
liferation of angioblasts has been reported to be
responsible for such disorganization and lethality
(Fong et al. 1999), indicating that, at least during
early development, VEGFR-1 is a negative regula-
tor of VEGF action. It appears that VEGFR-1 has a
dual function in angiogenesis, acting in a positive
or negative manner in different circumstances. Re-
cently, VEGFR-1 signaling has been also linked to
the induction of MMP-9 in lung endothelial cells
and to the facilitation of lung metastases (Hirat-
suka et al. 2002).

Several studies have emphasized the effects of
VEGFR-1 in hematopoiesis and recruitment of
bone marrow-derive angiogenic cells. VEGFR-1 ac-
tivation by PIGF reconstitutes hematopoiesis by re-
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cruiting VEGFR-1* HSC (Hattori et al. 2002). In ad-
dition, VEGFR-1 activation by enforced expression
of PIGF rescues survival and ability to repopulate in
VEGF~- HSC (Gerber et al. 2002). LeCouter et al.
recently provided evidence for a novel function
of VEGFR-1 in liver sinusoidal endothelial cells
(LSECs). VEGFR-1 activation achieved with a re-
ceptor-selective VEGF mutant or PIGF resulted in
the paracrine release of HGF, IL-6 and other hepa-
totrophic molecules by LSECs, to the extent that
hepatocytes were stimulated to proliferate when
co-cultured with LSECs (LeCouter et al. 2003).

5.6.2
VEGFR-2 (KDR, Human; Flk-1, Mouse)

VEGFR-2 binds VEGF-A (kd 75-250 pM vs 25 pM)
(Terman et al. 1992; Quinn et al. 1993; Millauer et al.
1993). The key role of this receptor in developmen-
tal angiogenesis and hematopoiesis is evidenced by
lack of vasculogenesis and failure to develop blood
islands and organized blood vessels in Flk-1 null
mice, resulting in death in utero between day 8.5
and day 9.5 (Shalaby et al. 1995). There is now agree-
ment that VEGFR-2 is the major mediator of the
mitogenic, angiogenic and permeability-enhancing
effects of VEGF.

VEGFR-2 undergoes dimerization and strong
ligand-dependent tyrosine phosphorylation in in-
tact cells, resulting in a mitogenic, chemotactic
and pro-survival signal. Several tyrosine residues
have been shown to be phosphorylated (for review
see Matsumoto and Claesson-Welsh 2001). Taka-
hashi et al. have shown that Y1175 and Y1214 are
the two major VEGF-A-dependent autophosphory-
lation sites in VEGFR-2. However, only autophos-
phorylation of Y1175 is crucial for VEGF-depen-
dent endothelial cell proliferation (Takahashi et al.
2001). VEGFR-2 activation induces endothelial cell
growth by activating the Raf-Mek-Erk pathway. An
unusual feature of VEGFR-2 activation of this path-
way is the requirement for protein kinase C but not
ras (Takahashi et al. 1999; Wu et al. 2000). VEGF
mutants that bind selectively to VEGFR-2 are fully
active endothelial cell mitogens, chemoattractants

and permeability-enhancing agents, whereas mu-
tants specific for VEGFR-1 are devoid of all three
activities (Gille et al. 2001). Also, VEGF-E, a ho-
mologue of VEGF identified in the genome of the
parapoxvirus Orf virus (Lyttle et al. 1994), which
shows VEGF-like mitogenic and permeability-en-
hancing effects, binds and activates VEGFR-2 but
fails to bind VEGFR-1 (Ogawa et al. 1998; Wise et
al. 1999).

5.6.3
Neuropilin 1 and Neuropilin 2

Certain tumor and endothelial cells express cell-
surface VEGF binding sites distinct from the two
known VEGF RTKs (Soker et al. 1996). VEGF, ,, fails
to bind these sites, indicating that exon-7-encoded
basic sequences are required for binding to this
putative receptor (Soker et al. 1996). Soker et al.
(1998) identified such isoform-specific VEGF recep-
tor as neuropilin 1 (NRP1), a molecule thathad been
previously shown to bind the collapsin/semaphorin
family and was implicated in neuronal guidance
(for review see Neufeld et al. 2002). When co-ex-
pressed in cells with VEGFR-2, NRPI enhanced the
binding of VEGF ¢, to VEGFR-2 and VEGF,4;-medi-
ated chemotaxis (Soker et al. 1998). NRP1 appears
to present VEGF,,; to the VEGFR-2 in a manner
that enhances the effectiveness of VEGFR-2-medi-
ated signal transduction (Soker et al. 1998). Bind-
ing to NRP1 may contribute to explain the greater
mitogenic potency of VEGF; relative to VEGF,,;.
So far there is no clear evidence that NRPI or the
related NRP2 signals subsequent VEGF binding
(Neufeld et al. 2002). In contrast, in response to
semaphorin binding, NRP1 and NRP2 signals axon
repulsion. The formation of complexes with plex-
ins is a requirement for NRP signaling in neurons
(Tamagnone et al. 1999; Bagri and Tessier-Lavigne
2002). The role of NRP1 in the development of the
vascular system has been demonstrated by gene
targeting studies, showing embryonic lethality in
null mice (Kawasaki et al. 1999). Also, other studies
have linked NRP2 to lymphatic vessel development
(Yuan et al. 2002). More recent studies show that
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NRPI1 and NRP2 are expressed on the cell surface
of several tumor cell lines which bind VEGF,g;
and display a chemotactic response to this ligand,
suggesting a pro-tumor activity of NRPs, with or
without the involvement of VEGF RTK signaling
(Klagsbrun and Eichmann 2005).

Role of VEGF in Physiological Angiogenesis

Two studies have demonstrated an essential role of
VEGF-A in embryonic vasculogenesis and angio-
genesis in the mouse (Carmeliet et al. 1996; Ferrara
et al. 1996). Inactivation of a single VEGF allele re-
sulted in embryonic lethality between day 11 and 12.
The vegf*’~ embryos exhibited a number of develop-
mental anomalies, defective vascularization in sev-
eral organs and a reduced number of nucleated red
blood cells within the blood islands in the yolk sac,
indicating that VEGF regulates both vasculogenesis
and early hematopoiesis. These findings indicate a
critical VEGF-A gene-dosage dependence during de-
velopment. Among the other members of the VEGF
gene family, only VEGF-C plays an essential role in
development; its inactivation results in embryonic
lethality following defective lymphatic development
and fluid accumulation in tissues (Karkkainen et
al. 2003).

VEGF-A plays an important role in early postna-
tallife. Administration of a soluble VEGFR-1 chime-
ric protein (Gerber et al. 1999) results in growth ar-
rest when the treatment is initiated at day 1 or day 8
postnatally. Such treatment is also accompanied by
lethality, primarily due to inhibition of glomerular
development and kidney failure (Gerber et al. 1999).
The key role of VEGF in kidney development was
also demonstrated by a very recent study showing
that selective VEGF deletion in podocytes, using a
Nephin promoter-driven Cre recombinase, leads to
glomerular disease in a gene dosage-dependent fash-
ion (Eremina et al. 2003). However, VEGF neutral-
ization in fully developed normal mice (Gerber et al.
1999) or rats (Ostendorf et al. 1999) had no marked

effects on glomerular function. In contrast, VEGF
inhibition in adult rats with mesangioproliferative
nephritis led to a reduction of glomerular endothe-
lial regeneration and an increase in endothelial cell
death, indicating that VEGF may be important for
glomerular endothelial cell repair following injury,
but not for endothelial survival in a healthy animal
(Ostendorf et al. 1999).

Endochondral bone formation is a fundamental
mechanism for longitudinal bone growth. Cartilage,
an avascular tissue, is replaced by bone in a pro-
cess named endochondral ossification (Poole 1991).
VEGF-A mRNA is expressed by hypertrophic chon-
drocytes in the epiphyseal growth plate, suggest-
ing that a VEGF gradient is needed for directional
growth and cartilage invasion by metaphyseal blood
vessels (Gerber et al. 1999; Carlevaro et al. 2000).
Following VEGF blockade, blood vessel invasion is
almost completely suppressed, concomitant with
impaired trabecular bone formation, in developing
mice and primates (Gerber et al. 1999; Ryan et al.
1999). Although proliferation, differentiation and
maturation of chondrocytes were apparently nor-
mal, resorption of hypertrophic chondrocytes was
inhibited, resulting in a marked expansion of the
hypertrophic chondrocyte zone.

Angiogenesis is a key aspect of normal cyclical
ovarian function. Follicular growth and the devel-
opment of the corpus luteum (CL) are dependent on
the proliferation of new capillary vessels (Bassett
1943). After blood vessel growth, the blood vessels
regress, suggesting the coordinated action of induc-
ers as well as inhibitors of angiogenesis in the course
of the ovarian cycle (Goede et al. 1998; Maisonpierre
et al. 1997).

Previous studies have shown that the VEGF-A
mRNA expression is temporally and spatially re-
lated to the proliferation of blood vessels in the
ovary (Phillips et al. 1990; Ravindranath et al. 1992).
Administration of VEGF inhibitors delays follicular
development (Zimmermann et al. 2001a) and sup-
presses luteal angiogenesis in rodents (Ferrara et al.
1998; Zimmermann et al. 2001b) as well as in pri-
mates (Ryan et al. 1999; Fraser et al. 2000). These
studies have established that VEGF is a key regulator
of reproductive angiogenesis.
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Role of VEGF in Pathologic Conditions

5.8.1
Tumor Angiogenesis

5.8.1.1
Preclinical Studies

A wide variety of tumor cell lines secrete VEGF-A in
vitro (Ferrara et al. 1992). In situ hybridization stud-
ies have shown that the VEGF mRNA is expressed in
the majority of human tumors, including carcino-
mas of the lungs (Volm et al. 1997), breast (Brown
et al. 1995; Yoshiji et al. 1996), gastrointestinal tract
(Suzuki et al. 1996; Ellis et al. 1998; Uchida et al.
1998), kidney (Brown et al. 1993; Nicol et al. 1997;
Tomisawa et al. 1999), bladder (Brown et al. 1993),
ovary (Sowter et al. 1997; Yamamoto et al. 1997) and
endometrium (Guidi et al. 1996) and intracranial
tumors such as glioblastoma multiforme (Shweiki
et al. 1992; Plate et al. 1992; Phillips et al. 1993) and
capillary hemangioblastoma (Berkman et al. 1993;
Wizigmann Voos et al. 1995).

In 1993, it was reported that a monoclonal an-
tibody targeting VEGF-A inhibited the growth of
several tumor cell lines in nude mice, while it had
no effect on the proliferation of tumor cells in vi-
tro (Kim et al. 1993). Subsequently, other tumor cell
lines were found to be inhibited in vivo by anti-VEGF
monoclonal antibodies (Warren et al. 1995; Melnyk
et al. 1996; Asano et al. 1995; Borgstrom et al. 1996,
1998, 1999; Mesiano et al. 1998). For a recent review,
see Gerber et al. (2005). Tumor growth inhibition
was demonstrated also with other anti-VEGF treat-
ments, including a retrovirus-delivered dominant
negative VEGFR-2 mutant (Millauer et al. 1994),
small-molecule inhibitors of VEGFR-2 signaling
(Wood et al. 2000; Wedge et al. 2000), anti-VEGFR-
2 antibodies (Prewett et al. 1999) and soluble VEGF
receptors (Goldman et al. 1998; Gerber et al. 2000;
Kuo et al. 2001; Holash et al. 2002).

While tumor cells usually represent the major
source of VEGF, tumor-associated stroma is also an

importantsite of VEGF production (Gerberetal.2000;
Tsuzuki et al. 2000; Kishimoto et al. 2000). Recent
studies have shown that tumor-derived PDGF-A may
be important for the recruitment of an angiogenic
stroma which produces VEGF-A (Dong et al. 2004;
Tejada et al. 2006).

Cre-LoxP-mediated gene targeting has been used
toshowthat VEGFinactivation suppresses tumoran-
giogenesis in the Rip-Tag model, a well-established
genetic model of insulinoma (Inoue et al. 2002).

Several studies have shown that combining anti-
VEGF treatment with chemotherapy (Klement et al.
2000) or radiation therapy (Lee et al. 2000; (Lee et
al. 2000; Kozin et al. 2001) results in a greater anti-
tumor effect than either treatment alone. Various
hypotheses have been put forward regarding the
mechanism of such potentiation. Klement et al. pro-
posed that chemotherapy, especially when delivered
at close regular intervals using relatively low doses,
with no prolonged drug-free periods (“metronomic
therapy”), preferentially damages endothelial cells
in tumor blood vessels and that the simultaneous
blockade of VEGF-A blunts a survival signal for en-
dothelial cells, thus amplifying the endothelial cell
targeting effects of chemotherapy (Klement et al.
2000). A similar process, in principle, may take place
when combining more conventional maximum tol-
erated dose chemotherapy regimens.

An alternative hypothesis has been proposed by
Jain (2005). Anti-angiogenic agents would “normal-
ize” the abnormal vasculature that is characteristic
of many vessels in tumors, resulting in pruning of
excessive endothelial and perivascular cells, in a
drop in the normally high interstitial pressures de-
tected in solid tumors, and temporarily improved
oxygenation and delivery of chemotherapy to tumor
cells (Jain 2005).

5.8.1.2
Clinical Trials in Cancer Patients with
VEGF Inhibitors

Several VEGF inhibitors are in clinical development
as anti-cancer agents. These include a humanized
anti-VEGF monoclonal antibody (bevacizumab;
Avastin™) (Presta et al. 1997), an anti-VEGFR-2 an-
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tibody (Prewett et al. 1999), various small molecules
inhibiting VEGFR-2 signal transduction (Wood et
al. 2000; Wedge et al. 2000) and a VEGF receptor
chimeric protein (Holash et al. 2002). For recent re-
views, see Gasparini et al. (2005), Ferrara and Kerbel
(2005) and Jain et al. (2006).

Based on a survival advantage conferred by the
addition of bevacizumab to irinotecan, 5-fluoroura-
cil and leucovorin (IFL) to patients with previously
untreated metastatic colorectal cancer (Hurwitz et
al. 2004), bevacizumab was approved by the FDA
on 26 February 2004 as a first-line treatment for
metastatic colorectal cancer in combination with
5-fluorouracil-based chemotherapy regimens (El-
lis 2005). The role of bevacizumab in other tumor
types and settings is currently under investigation,
and phase III clinical trials in non-small cell lung
cancer (NSCLC), renal cell cancer and metastatic
breast cancer are ongoing. An interim analysis of a
phase III study of women with previously untreated
metastatic breast cancer treated with bevacizumab
in combination with weekly paclitaxel chemother-
apy showed that the study met its primary efficacy
endpoint of improving progression-free survival
compared to paclitaxel alone.

Also,administration of bevacizumab in combina-
tion with paclitaxel and carboplatin to patients with
NSCLC resulted in increased response rate and time
to progression relative to chemotherapy alone in a
randomized phase II trial (Johnson et al. 2004). The
most significant adverse event was serious hemop-
tysis. This was primarily associated with centrally
located tumors with squamous histology, cavitation
and central necrosis and proximity of disease to
large vessels (Johnson et al. 2004).

Besides bevacizumab, several other types of
VEGEF inhibitors are being developed (reviewed in
Gasparini et al. 2005 and Ferrara and Kerbel 2005).
Among these, a variety of small-molecule RTK in-
hibitors targeting the VEGF receptors are at dif-
ferent stages of clinical development. The most ad-
vanced are SU11248 and Bay 43-9006 (sorafenib).
SU11248 inhibits VEGFRs, PDGEFR, c-kit and Flt-3
(Smith et al. 2004) and has been reported to have ef-
ficacy in imatinib-resistant gastrointestinal stromal
tumor. SU11248 has been approved by the FDA for

the treatment of Gleevec-resistant gastrointestinal
stromal tumor (GIST) and metastatic renal cell car-
cinoma (Motzer et al. 2006). In 2006, sorafenib was
approved by the FDA for the treatment of metastatic
renal cell carcinoma.

5.8.2
Intraocular Neovascular Syndromes

The expression of VEGF mRNA is spatially and
temporally correlated with neovascularization in
several animal models of retinal ischemia (Alon et
al. 1995; Miller et al. 1994; Pierce et al. 1996). This
is consistent with the fact that VEGF-A gene expres-
sion is upregulated by hypoxia, via HIF-dependent
transcriptional activation (Safran and Kaelin 2003).
In 1994 it was reported that VEGF-A are elevated in
the aqueous and vitreous humor of human eyes with
proliferative retinopathy secondary to diabetes and
other conditions (Aiello et al. 1994; Malecaze et al.
1994). Subsequently, animal studies using various
VEGEF inhibitors, including soluble VEGF receptor
chimeric proteins (Aiello et al. 1995), monoclonal
antibodies (Adamis et al. 1996), antisense oligonu-
cleotides (Robinson et al. 1996) and small molecule
VEGFR-2 kinase inhibitors (Ozaki et al. 2000), have
directly demonstrated the role of VEGF as a media-
tor of ischemia-induced intraocular neovasculariza-
tion.

Age-related macular degeneration (AMD) is the
mostcommon cause of severe, irreversible vision loss
in older adults (Congdon et al. 2004). AMD is clas-
sified into nonexudative (dry) and exudative (wet or
neovascular) disease. Although the exudative form
accounts for approximately 10-20% of cases, it is re-
sponsible for 80-90% of the visual loss associated
with AMD (Ferris et al. 1984). Neovascular lesions
in AMD are classified using fluorescein angiography
(Barbazetto et al. 2003). Pharmacologic therapies for
neovascular AMD currently available in the US in-
clude verteporfin (Visudyne®) photodynamic ther-
apy (Photodynamic Therapy of Subfoveal Choroidal
Neovascularization 1999), which is approved only
for predominantly classic lesions (50% or more of
the lesion consists of classic choroidal neovascular-
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ization), and pegaptanib sodium (Macugen®) (Gra-
goudas et al. 2004), which is approved for all types
of neovascular AMD. Although both treatments can
slow the progression of vision loss, only a small pro-
portion of the treated patients experience any im-
provement in visual acuity.

5.8.2.1
Clinical Studies of Anti-VEGF Therapy for Neovascu-
lar AMD

Pegaptanib sodium and ranibizumab (Lucentis®)
are the first ocular anti-VEGF treatments evaluated
in large, randomized, controlled clinical trials for
the treatment of neovascular AMD. Both are admin-
istered locally by intravitreal injection.

Pegaptanib sodium is a pegylated oligonucleotide
aptamer that binds to and inactivates VEGF,4s, and
was approved in 2004 for the treatment of all angi-
ographic subtypes of neovascular AMD (211). In a
combined analysis of the VISION trials - two identi-
cal, large, controlled, double-masked, randomized,
multicenter clinical trials involving patients with all
CNV lesion types — 70% of subjects treated with the
dose of 0.3 mg lost <15 letters at 1 year (the primary
endpoint) compared with 55% for the sham injection
group (P<0.001) (Gragoudas et al. 2004). Patients in
the 0.3 mg pegaptinib sodium group on average lost
approximately 8 letters at 1 year, compared with a
loss of approximately 15 letters in the sham injection
group (P<0.002).

Ranibizumab is a recombinant, humanized
monoclonal antibody fragment (Fab) that binds to
and neutralizes the biological activities of all known
human VEGF isoforms, as well as the proteolytic
cleavage product VEGF,,, (Houck et al. 1992; Chen et
al. 1999). Ranibizumab is currently being evaluated
in two large, phase III, multicenter, randomized,
double-masked, controlled pivotal trials in differ-
ent neovascular AMD patient populations (Ferrara
et al. 2006).

The MARINA trial randomized 716 patients in the
USA with minimally classic or occult without clas-
sic subfoveal CNV to one of three treatment arms:
monthly sham injections, monthly intravitreal in-
jections of 0.3 mg ranibizumab, or monthly intra-

vitreal injections of 0.5 mg ranibizumab (Rosenfeld
et al. 2006). In the primary analysis at 1 year, the
study met its primary endpoint, with significantly
fewer ranibizumab subjects than sham-injected pa-
tients losing <15 letters. On average at 1 year, visual
acuity scores for ranibizumab-treated subjects were
greater than at baseline while visual acuity scores
for sham-injection subjects were worse. A signifi-
cantly larger proportion of subjects treated with
ranibizumab gained 15 letters at 1 year than in the
sham-injection group. Key serious ocular adverse
events occurring more frequently in ranibizumab-
treated subjects included uveitis and endophthalmi-
tis and were uncommon. Regarding key non-ocular
serious adverse events, the frequency of myocardial
infarctions was similar among the groups. Results
through complete 2-year follow-up show that the
visual acuity benefits observed at 1 year were main-
tained through the 2nd year and that the cumulative
2-year safety profile was similar to that observed at 1
year (Rosenfeld et al. 2006).

5.8.2.2
Other Anti-VEGF Therapies in Clinical Development

A number of other molecules targeting VEGF and
its signaling pathway are in early stages of clini-
cal development for the treatment of neovascular
AMD. VEGF-Trap is a fusion protein combining the
extracellular domains of VEGF receptors 1 and 2
with the Fc portion of an immunoglobulin to bind
and inactivate VEGF (Holash et al. 2002). Also, be-
vacizumab is not being developed for the treatment
of neovascular AMD but is nevertheless being used
off-label for therapy of neovascular AMD (Michels
et al. 2005; Rosenfeld et al. 2005).

Perspectives

Research conducted over the past 15 years has
clearly established that the VEGF family plays an
essential role in the regulation of embryonic and
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postnatal physiologic angiogenesis processes, such
as normal growth processes (Gerber et al. 1999a,b)
and cyclical ovarian function (Ferrara et al. 1998).
Furthermore, VEGF inhibition has been shown to
suppress pathological angiogenesis in a wide vari-
ety of preclinical models, including genetic models
of cancer, leading to the clinical development of a
variety of VEGF inhibitors. Definitive clinical stud-
ies have provided proof that VEGF inhibition, using
bevacizumab in combination with chemotherapy,
may provide a significant clinical benefit, includ-
ing increased survival, in patients with previously
untreated metastatic colorectal cancer (Hurwitz et
al. 2004). Ongoing clinical studies are testing the
hypothesis that bevacizumab may have efficacy in
other tumor types as well.

It would be of great importance to have reliable
markers to monitor the activity of anti-angiogenic
drugs. So far, the absence of such biomarkers may
have impaired clinical development of various anti-
angiogenic drugs. Potential candidates include
circulating endothelial cells and their progenitor
subset, as well as MRI dynamic measurement of
vascular permeability/flow in response to angiogen-
esis inhibitors, although the long-term predictive
value of these approaches remains to be established
(Morgan et al. 2003; Willett et al. 2004; Shaked et al.
2005). Finally, therapeutic angiogenesis constitutes
a promising approach for the treatment of isch-
emic disorders such as coronary or limb ischemia.
However, in spite of extensive preclinical and clini-
cal studies, there is still no proof of clinical efficacy
from any pro-angiogenic treatment (Simons 2005).
Therefore, it appears that numerous issues need to
be resolved before this field may advance in a sig-
nificant manner.
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Vascular Homeostasis
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Abstract

Following the VEGF/VEGFR system, the
interaction of angiopoietin ligands (Ang)
with their corresponding Tie recep-
tor was identified in 1996/97 as the sec-
ond vascular-specific receptor tyrosine
kinase signaling system (Suri et al. 1996;
Davis et al. 1996; Maisonpierre et al. 1997).
Ang/Tie signaling is believed to have im-
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portant translational therapeutic pros-
pects, and screening programs aimed at
identifying low-molecular-weight Tie-2
inhibitors are being widely pursued in the
pharmaceutical industry. Nevertheless,
even after almost 10 years of angiopoietin
research, the Ang/Tie system is molecu-
larly and functionally poorly understood
and therapeutic applications are far from
being solidly validated.

The Tie Receptors

The Tie receptors, Tiel and Tie2, were identified in
1992 and 1993 as transmembrane orphan receptors.
Both Tiel and Tie2 are almost exclusively expressed
by endothelial cells and hematopoietic stem cells
(Partanen et al. 1992; Dumont et al. 1992; Iwama
et al. 1993; Sato et al. 1993a; Sato et al. 1993b;
Schnurch and Risau 1993; Korhonen et al. 1994).
Tie2 expression is largely constitutive, whereas Tiel
expression appears to be regulated by shear forces
and other microenvironmental milieu factors.
Tiel expression is upregulated in vivo at sites of
disturbed flow and atherosclerotic plaques, sug-
gesting that Tiel may play a critical role in the
regulation of endothelial cell functions in response
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to changes in flow (Chen-Konak et al. 2003; Porat
et al. 2004).

Tiel and Tie2 share a similar overall struc-
ture consisting of an extracellular domain with
33% similarity and an intracellular split tyrosine
kinase domain with 76% similarity (Schnurch
and Risau 1993). Tie is the acronym for “tyrosine
kinase with immunoglobulin and EGF homology
domains,” which reflects the typical extracellular
domain structure. The extracellular domain consists
of two immunoglobulin-like loops (Ig-like loops)
flanking three epidermal growth factor (EGF)-like
domains followed by three fibronectin type III re-
peats. The cytoplasmic domain is a split tyrosine
kinase domain containing a 14-amino-acid linker,
followed by a C-terminal tail (Schnurch and Risau
1993) (Fig. 6.1). Five phosphorylated tyrosine resi-
dues have been identified in Tie2 upon activation,
each interacting with a distinct set of downstream
signaling molecules and pathways (Eklund and
Olsen 2006). Tie2 receptor phosphorylation occurs
by autophosphorylation following ligand-mediated
receptor clustering. The mechanisms mediating
Tiel activation are poorly understood. Tiel is not
phosphorylated in vivo and autophosphorylation
cannot be stimulated, suggesting that Tiel activa-
tion may primarily not occur in a ligand-dependent
manner (Marron et al. 2000a). Interestingly, Tiel
can be proteolytically cleaved following stimula-
tion of endothelial cells with VEGF, TNFo. or PMA
(Yabkowitz et al. 1999; Marron et al. 2000b). Moreover,
high shear stress induces Tiel shedding. Shedding of
the extracellular domain leaves a membrane-bound
endodomain consisting of the transmembrane do-
main and the cytoplasmic tyrosine kinase domain.
This endodomain is baseline autophosphorylated
and can induce PI3-kinase signaling, suggesting
that Tiel is capable of inducing signal transduction
upon shedding (Chen-Konak et al. 2003). However,
the mechanisms inducing Tiel shedding in vivo
have not been uncovered. Similarly, the ectodomain
of Tie2 is cleaved and released into the supernatant
upon stimulation of cultured endothelial cells with
PMA. Correspondingly, soluble Tie2 (sTie2) can be
detected in the blood (Reusch et al. 2001). Multiple
studies have shown that sTie2 levels drop following

anti-angiogenic therapy (Harris et al. 2001). More-
over, sTie2 itself is a potent angiogenesis inhibitor
(Lin et al. 1998; Siemeister et al. 1999; Hangai et al.
2001).

The Angiopoietins

Theligandsof Tie2, Angiopoietin-1 (Ang-1)and An-
giopoietin-2 (Ang-2), were identified several years
after the discovery of the Tie receptors (Davis et al.
1996; Maisonpierre et al. 1997). More recently, two
additional ligands, Ang-3 and Ang-4, have been
identified. Ang-3 is the mouse ortholog of Ang-4
(Valenzuela et al. 1999). Surprisingly, both are
supposed to act as species-specific Tie2 antago-
nist (Ang-3) and agonist (Ang-4), respectively
(Kim et al. 1999; Lee et al. 2004). The angiopoi-
etins are secreted glycoproteins consisting of an
N-terminal coiled-coil domain required for pro-
tein oligomerization and a C-terminal fibrino-
gen-like domain required for receptor binding
(Fig. 6.1). Ang-1 and Ang-2 share 69% similarity
in the coiled-coil domain and 63% similarity in
the fibrinogen-like domain (Ward and Dumont
2002). Both form oligomers of different sizes.
Ang-1 is predominantly multimeric (trimer or
hexamer), and Ang-2 is a dimer (Ward and Du-
mont 2002; Davis et al. 2003). This suggests that
regions within the coiled-coil domain determine
the oligomerization status of the proteins. Both
ligands bind to Tie2 with similar affinity (Kd,
3nM) and they share the same binding sites
within the first Ig-like loop and the EGF-like re-
peats of Tie2 (Maisonpierre et al. 1997; Fiedler
et al. 2003; MacDonald et al. 2006).

Ang-1 is expressed by many cell types. Expres-
sion has been found in pericytes, smooth muscle
cells and fibroblasts and also by several tumor cell
lines (Fig. 6.2). Ang-1 has been reported to be tran-
scriptionally regulated in some tumors and dur-
ing inflammation (Stratmann et al. 1998; Sugimachi
et al. 2003). Yet, transcriptional regulation is rather
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Fig. 6.1a,b. Modular structure
of the Tie receptors and the
Angiopoietins. a Tie receptors
are receptor tyrosine kinases
consisting of an N-terminal
angiopoietin-binding domain
and a C-terminal split tyrosine
kinase domain. The extracel-
lular domain is composed

of two Ig-like loops flanking
EGF-like repeats followed by
fibronectin type III repeats. b
The angiopoietins are secreted
proteins consisting of an N-
terminal coiled-coil domain
and a C-terminal fibrinogen-
like domain. The molecules
oligomerize by the coiled-coil
domain, which contains addi-
tional subclustering sequences
and bind to Tie2 via the fi-
brinogen-like domain

a Tie receptors

moderate compared to the transcriptional regulation
of other angiogenesis- and inflammation-regulating
molecules, including VEGF, the selectins, VCAM-1
and Ang-2, indicating that Ang-1 is essentially con-
stitutively expressed. In contrast, Ang-2 expression
is tightly controlled and almost restricted to endo-
thelial cells (Fig. 6.2) (Stratmann et al. 1998; Fiedler
et al. 2006). Ang-2 mRNA expression is almost absent
in the resting, quiescent vasculature, yet it is dramati-
cally upregulated at sites of angiogenesis (Stratmann
et al. 1998). Analysis of the Ang-2 promoter revealed
that expression of Ang-2 is tightly controlled by posi-
tive and negative regulatory elements (Hegen et al.
2004). Strong positive regulators of Ang-2 promoter
activity and mRNA expression are the pro-angio-
genic cytokines VEGF and FGF-2. It has also been
shown that Ang-2 mRNA expression is strongly
induced by hypoxia (Mandriota and Pepper 1998;
Oh et al. 1999). Moreover, high glucose can inter-
fere with repression of Ang-2 expression and induce
Ang-2 expression in Miiller cells and endothelial cells
in the diabetic retina (Hammes et al. 2004; Yao et al.
2006; Kruse and Fiedler, unpublished data).

Ig-like loop

EGF-like repeat

Ig-like loop

fibronectin type Il repeat

tyrosine kinase domain

coiled-coil domain

fibrinogen-like domain

@ V\\L

b  Angiopoietins

Role of the Angiopoietin/Tie System
During Embryonic Development

Both Tie receptors are critical for vascular devel-
opment. Tiel-deficient mice die between E13.5 and
shortly after birth due to hemorrhage, edema and
poor vascular integrity (some variability in the phe-
notype is seen in different mouse strains) (Sato et al.
1995; Puri et al. 1995). Tie2-deficient mice die ear-
lier during embryogenesis, between E9.5 and E10.5.
Tie2 null embryos cannot survive as a consequence
of poor vascular integrity which results in hemor-
rhage (Sato et al. 1995). Blood vessels fail to remodel
and are poorly covered by mural cells. Moreover,
Tie2-deficient mice have fewer endothelial cells and
an underdeveloped heart. Ang-1-deficient mice die
somewhat later than Tie2-deficient mice, between
E11.5 and E12.5 (Suri et al. 1996). However, the phe-
notype of Ang-1 null embryos largely phenocopies
Tie2-deficient embryos. Mice have poor vascular
integrity with a loose association of pericytes to the
endothelial lining. Ang-1-deficient mice display also
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Endothelial
cells

Basement
membrane

Vascular smooth
muscle cells

sTie-2

Fig. 6.2. Spatial expression and localization of Tie receptors and angiopoietins. Tie receptors are primarily expressed by
endothelial cells. Angiopoietin-1 (Ang-1) is expressed by mural cells and some tumor cells. Thus, Ang-1 acts in paracrine
manner on endothelial cells. Ang-2 is almost exclusively produced by endothelial cells. Ang-2 is stored in endothelial
Weibel-Palade bodies from where it can be rapidly released upon stimulation. Thus, Ang-2 acts in autocrine fashion on
endothelial cells. Both Tie receptors may be shedded under certain conditions, resulting in a soluble ectodomain and a

membrane-anchored endodomain

growth retardation of the heart. Taken together, the
complementarity of Ang-1-deficient mice and Tie2-
deficient mice indicates that Ang-1 is the single non-
redundant agonist of Tie2 and that Tie2 signaling
regulates remodeling of the developing vasculature
and vascular integrity.

In contrast to the embryonic lethal phenotypes of
Ang-1- and Tie2-deficient mice, Ang-2 null mice have
no overt vascular defects (Gale et al. 2002). Mice are
born normally but develop chylous ascites within a
few days after birth. Depending on the genetic back-
ground of the mouse strain, mice die within the first
14 days after birth (C129 background) or develop
normally to adulthood with little postnatal lethality
(C57/B6) (Gale et al. 2002; Fiedler et al. 2006). The
blood vascular system of Ang-2 null mice appears to
be normal, with subtle changes being detectable in
the vasculature of the eye. The hyaloid vessels that
nourish the lens during eye development fail to re-
gress in Ang-2-deficient mice, indicating improper
vessel remodeling (Hackett et al. 2002; Gale et al.
2002). Likewise, the lymphatic vasculature appears
to be abnormal in Ang-2-deficient mice. Lymphatic
vessels of the intestine are less branched and dis-
organized. This may actually be the cause of the

chylous ascites of Ang-2-deficient mice bred in the
C129 background. Interestingly, a genetic knock-in
of Ang-1 into the Ang-2 locus rescues the lymphatic
defect but not the perturbed hyaloid vessel regres-
sion in the eye, suggesting that Ang-2 may act as an
agonist on the lymphatic vasculature and an antago-
nist in the blood vascular system (Gale et al. 2002).

Strong systemic overexpression of Ang-2, under
control of either the CMV promoter (global expres-
sion) or the K14 promoter (skin expression with
systemic Ang-2 effects) results in death of the mice
around E10.5. These mice have a phenotype similar
to that of Ang-1- and Tie2-deficient mice, indicat-
ing that Ang-2 is antagonizing Ang-1-mediated Tie2
signaling (Maisonpierre et al. 1997; Veikkola and
Alitalo 2002).

Surprisingly, Ang-1 overexpression in mice re-
sults in the formation of enlarged, leakage-resistant
blood vessels which are well covered by pericytes
(Suri et al. 1998). Moreover, Ang-1 overexpression
induces lymphangiogenesis and supports tumor
growth (Tammela et al. 2005; Morisada et al. 2005).
This suggests that a tight balance of Tie2 signaling is
required to regulate vascular homeostasis and qui-
escence.
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Angiopoietin/Tie-Induced
Vascular Signaling

Binding of Ang-1 to Tie2 induces rapid receptor au-
tophosphorylation in endothelial cells. In contrast,
Ang-2 binding to Tie2 does not induce rapid receptor
autophosphorylation in endothelial cells and it is able
to inhibit Ang-1-induced receptor phosphorylation.
Surprisingly, both ligands are capable of inducing
Tie2 phosphorylation if Tie2 is expressed in non-en-
dothelial cells (Maisonpierre et al. 1997). Thus, an
endothelial cell innate mechanism controls agonistic
Ang-1 functions and antagonistic Ang-2 functions.
However, high concentrations or prolonged stimula-
tion of endothelial cells with Ang-2 can induce Tie2
autophosphorylation, suggesting that Ang-2 may act
as an agonist under these conditions (Kim et al. 2000;
Teichert-Kuliszewska et al. 2001).

Tie2 activation in endothelial cells induces cell
migration, sprouting and capillary-like tube forma-
tion. In turn, Tie2 activation promotes endothelial
cell survival and blood vessel integrity. Tie2 becomes
autophosphorylated at five different tyrosine residues
within the intracellular C-terminal domain upon
Ang-1 binding to Tie2 (Murray et al. 2001). Based on
the current understanding of Tie2 signaling, each of
the phosphorylated tyrosine residues activates a dif-
ferent signaling pathway by interacting with distinct
signaling molecules. The PI3-kinase signaling path-
way is activated upon interaction of p85, the regu-
latory subunit of PI3-kinase, with phosphorylated
Tie2. As a consequence, Akt becomes activated and
promotes endothelial cell survival and NO synthesis
by activation of eNOS (Fujikawa et al. 1999). More-
over, pAkt inactivates the Forkhead transcription
factor FKHR-1, which is a potent activator of Ang-2
expression (Daly et al. 2004). Another molecule that
interacts with autophosphorylated Tie2 and becomes
phosphorylated and activated is ABIN-2 (Hughes
etal.2003). ABIN-2also protects endothelial cells from
apoptosis by inhibiting NF-kB activation. Moreover,
ABIN-2 activation by Tie2 signaling also inhibits the
expression of molecules involved in inflammatory re-
sponses and thrombosis.

Other molecules recruited to phosphorylated Tie2
are Grb2, Grb7, Grb14, Dok-R and Shp-2, which are all
involved in Tie2-mediated endothelial cell migration
(Jones et al. 2003). Interestingly, the endothelial cell-
specific phosphatase VE-PTP forms a complex with
Tie2 and promotes dephosphorylation (Fachinger et
al. 1999). It has recently been shown that VE-PTP is
not critical for the initiation of blood vessel formation
but essential for the maintenance and remodeling of
the blood vascular system. This indicates that VE-
PTP is a critical modulator of balanced Tie2 signaling
(Baumer et al. 2006; Dominguez et al. 2007).

There is increasing evidence suggesting that Ang-1
does not just signal through Tie2 but also by affect-
ing integrin signaling. It has been shown that Tie2 in-
teracts with 51 integrin and that there is crosstalk
between Tie2 and integrin signaling (Cascone et al.
2005). Furthermore, it has been reported that Ang-1
is also capable of binding to integrins directly and to
induce integrin signaling (Carlson et al. 2001).

Surprisingly little is know about Ang-2-medi-
ated Tie2 signaling. Genetic experiments in mice
and advanced cell culture experiments have shown
that Ang-2 is capable of acting as a Tie2 antagonist
(Maisonpierre et al. 1997; Scharpfenecker et al. 2005).
Likewise, Ang-2 is capable of inhibiting Ang-1-medi-
ated Tie2 phosphorylation and activation in endothe-
lial cells. Nevertheless, Ang-2 is also able to stimulate
Tie2 phosphorylation and to induce tube formation
under certain conditions in vitro (Kim et al. 2000;
Teichert-Kuliszewska et al. 2001). This suggests that
endothelial cell innate mechanisms control antago-
nist Ang-2 functions or that Ang-2 is capable to exert
agonistic and antagonistic functions in a context-de-
pendent manner.

A bona fide ligand for Tiel has hitherto not been
identified. There is evidence that Ang-1 binds at high
concentrations to Tiel to induce Tiel autophosphory-
lation (Saharinen et al. 2005). However, Tiel activation
mayalsobeinducedbyadirectinteractionof pTie2 with
Tiel and subsequent cross-phosphorylation (Yuan et
al. 2007). The shed version of Tiel is constitutively
autophosphorylated and induces the activation of
the PI3-kinase pathway, suggesting that it is not li-
gand binding that activates Tiel signal transduction
(Marron et al. 2000a; Chen-Konak et al. 2003).
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The Angiopoietin/Tie System in the Adult
Vasculature

Cell biological experiments and the phenotypes of
Ang-1- and Tie2-deficient mice suggest that Tie2
activation is primarily involved in the regulation
of endothelial cell survival and in promoting vas-
cular maturation and quiescence. Indeed, Tie2 is
found to be phosphorylated and thereby constitu-
tively activated in the resting vasculature (Wong
et al. 1997; Fiedler, unpublished data). Moreover,
Ang-1 exerts a vessel sealing effect (Thurston et al.
2000), acts in anti-inflammatory fashion (Gamble
et al. 2000; Jeon et al. 2003; Ramsauer and D'Amore
2002), protects against cardiac allograft atheroscle-
rosis (Nykanen et al. 2003) and radiation-induced
endothelial cell damage (Cho et al. 2004b), and
promotes wound-healing (Cho et al. 2006). In ad-
dition, Ang-1 is capable of inhibiting VEGF- and
Ang-2-induced vessel formation (Asahara et al.
1998). This indicates that Ang-1-mediated Tie2 sig-
naling prevents activation of the endothelium and
controls vascular homeostasis. Surprisingly, Ang-1
induces angiogenesis in some experimental animal
models upon overexpression. For example, Ang-1
overexpression enhances VEGF-induced angiogen-
esis in the cornea micropocket assay (Asaharaetal.
1998). It also induces increased vascularization in
the skin (Suri et al. 1998) as well as lymphangio-
genesis (Tammela et al. 2005). This suggests that
Tie2 activation needs to be tightly controlled and
balanced. This conclusion is also supported by the
observations that (1) Ang-1 induces pulmonary
hypertension (Sullivan et al. 2003), (2) Tie2 over-
expression in the skin results in a psoriasis-like
phenotype (Voskas et al. 2005), and (3) an activat-
ing Tie2 mutation causes venous malformations
that are composed of dilated endothelial channels
(Vikkula et al. 1996).

A potent regulator balancing Ang-1/Tie2 sig-
naling in vivo is Ang-2. Yet, surprisingly little is
known about Ang-2 functions in vivo. Strong sys-
temic embryonic overexpression of Ang-2 leads to
lethality and essentially phenocopies Ang-1- and

Tie2-deficient mice, which is the most compelling
genetic evidence that Ang-2 acts as an antagonist
of Ang-1/Tie2 signaling (Maisonpierre et al. 1997).
Conceptually, this also implies that Ang-2 is a po-
tentially dangerous molecule whose dosage and
spatiotemporal availability needs to be tightly reg-
ulated. Supporting this concept is also the observa-
tion that local overexpression of Ang-2 in the heart
is compatible with life (Visconti et al. 2002).
Endogenous Ang-2 expression is tightly con-
trolled. Ang-2 mRNA expression is almost absent
in the quiescent vasculature and dramatically up-
regulated upon angiogenic activation of endothe-
lial cells (Stratmann et al. 1998). Moreover, Ang-2
protein is not just produced selectively by its own
target cells, the vascular endothelium. Instead, it
is stored in endothelial cell Weibel-Palade bodies
(WPB), from where it can be rapidly released upon
stimulation by WPB secretagogues such as PMA,
histamine, or thrombin (Fiedler et al. 2004). Sphe-
roidal co-culture experiments of smooth muscle
cells and endothelial cells have shown that the re-
lease of Ang-2 from endothelial cells is able to de-
stabilize the endothelium in an autocrine manner.
This vascular destabilizing effect can be counter-
acted by Ang-1 and VEGF, indicating that Ang-2 in-
terferes with Tie2 signaling (Scharpfenecker et al.
2005). Moreover, these findings are in line with the
concept that Ang-2 induces blood vessel regression
in the absence of VEGF and that it promotes angio-
genesis in the presence of VEGF (Hanahan 1997).
The hypothesis that Ang-2 interferes with blood
vessel integrity is further supported by the find-
ing that Ang-2 is a critical regulator of inflamma-
tory responses. Ang-2-deficient mice are not able to
elicit rapid inflammatory responses and do not in-
duce adhesion molecule expression in response to
TNFa challenge (Fiedler et al. 2006). This suggests
that Ang-2 sensitizes the endothelium towards
inflammatory and angiogenic cytokines. The un-
derlying mechanisms are not fully unraveled, but
it appears likely that Ang-2 interferes with Ang-1-
mediated Tie2 signaling in vivo, thereby activating
the endothelium. Thus, the ratio of Ang-1 to Ang-
2 is critical to balance Tie2 signaling and regulate
vascular homeostasis and responsiveness.
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Therapeutic Potential of the
Angiopoietin/Tie System

Therapeutic intervention with Angiopoietin/Tie sig-
naling is one of the driving forces of current angio-
poietin research. Large-scale screening programs
focus on the development of low-molecular-weight
Tie2 inhibitors that are capable to either selectively
interfere with Tie2 signaling or that are part of the
target portfolio of a multi-targeted tyrosine kinase
inhibitor. The therapeutic potential of single or com-
binatorial Tie2 inhibitors has not yet been explored
in great detail. Given the critical role of Tie2 for
vascular maintenance and homeostasis, systemic
Tie2 inhibitors may cause unwanted side effects by
interfering with vascular stability and endothelial
cell quiescence.

Soluble receptors and neutralizing ligand anti-
bodies have been studied extensively to interfere
with ligand/RTK interactions. Soluble Tie2 recep-
tor derivatives (sTie2) have been employed as ligand
traps and used in tumor experiments as well as in
the corneal angiogenesis assay. Soluble Tie2 inhib-
its tumor growth and the growth of corneal blood
vessels (Lin et al. 1998; Siemeister et al. 1999; Singh
et al. 2005). In turn, the single treatment of retinal
angiogenesis with sTie2 in the retinopathy of pre-
maturity model is not sufficient to block newborn
retinopathy (Agostini et al. 2005), suggesting that
sTie2 is either not a very potent angiogenesis inhibi-
tor or that it needs sustained long-term treatment
for therapeutic efficacy. Another disadvantage of
sTie2 is its property to interfere with both Ang-1 and
Ang-2. It would be more rational for therapeutic ap-
plications to inhibit activation of the endothelium in
pathological settings by specifically targeting Ang-2
and to support Ang-1-mediated vascular protection.
Both approaches have been pursued experimentally
and appear to be promising avenues for future clini-
cal developments.

Ang-2 has therapeutically been selectively inhib-
ited by single-chain-neutralizing Ang-2 antibodies
and peptide-Fc fusion proteins that selectively bind
Ang-2 but not Ang-1 (Oliner et al. 2004). This Ang-2

trap inhibits tumor growth in several experimental
tumor models. Alternatively, Ang-2 production has
been successfully blocked with an Ang-2 specific ap-
tamer (White et al. 2003). Inhibition of Ang-2 syn-
thesis is able to inhibit FGF-2-induced rat corneal
angiogenesis. Thus, inhibition of Ang-2 inhibits
neo-angiogenesis and may result in tumor regres-
sion. These findings are in line with a study show-
ing that Ang-2 is critically involved in priming the
vasculature towards inflammatory cytokines and
that a lack of Ang-2 keeps the vascular bed quies-
cent (Fiedler et al. 2006). Surprisingly, though, tu-
mors grow in Ang-2-deficient mice with essentially
the same growth and vascularization kinetics as
in wild-type mice, suggesting that Ang-2 may be
dispensable for tumor angiogenesis in genetically
engineered Ang-2-deficient mice (Nassare et al. un-
published data). The apparent discrepancy between
Ang-2-neutralizing therapies in wild-type mice and
tumor growth experiments in Ang-2-deficient mice
indicates that local versus systemic Ang-2 functions
as well as short-term versus long-term Ang-2 effects
need to be mechanistically studied in different ex-
perimental animal models in order to more ratio-
nally develop Ang-2 manipulatory therapies.

The potential of therapeutic Ang-1 administra-
tion has been studied intensively during the past
few years. The objectives of Ang-1 therapy are pre-
vention of endothelial cell apoptosis, protection of
the vasculature from activation and stabilization
of the quiescent endothelial cell layer. Ang-1 and
Ang-1 derivatives such as COMP-Ang-1 have been
applied by adenoviral gene transfer in mice or by
injection of the recombinant protein. COMP-Ang-1
inhibits endothelial cell apoptosis in an irradiation
therapy model in mice (Cho et al. 2004c; Cho et al.
2004a). Furthermore, Ang-1 is a potent inhibitor
of inflammation in different experimental settings
(Gamble et al. 2000; Jeon et al. 2003; Ramsauer and
D'Amore 2002). Ang-1 inhibits vascular permeabil-
ity induced by VEGF and it inhibits the development
of atherosclerosis and sepsis (Thurston et al. 2000;
Nykanen et al. 2003). Ang-1 also acts in anti-throm-
botic fashion and supports wound healing (Cho
etal.2006; Kim etal. 2002). This array of different ap-
plications impressively demonstrates the significant
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therapeutic potential of Ang-1. However, Ang-1 also
induces angiogenesis and vascular remodeling (Suri
et al. 1998; Tammela et al. 2005). Moreover, Ang-1
is upregulated in patients with pulmonary hyper-
tension and has been shown to promote pulmonary
hypertension (Thistlethwaite et al. 2001; Sullivan et
al. 2003; Chu et al. 2004). Thus, it remains to be seen
whether the prospects of Ang-1 therapies are limited
by uncontrollable side effects.

Conclusion

The angiopoietin/Tie system has, in the past 10 years,
been solidly established as a key regulator of vas-
cular maturation, quiescence, and remodeling. Yet,
the molecular mechanisms underlying angiopoietin
function are still poorly understood. The situation is
also puzzling since some manipulatory experiments
in vivo yield conflicting results which are not com-
patible with the simple Ang-1/Ang-2 agonist/antago-
nist model. What is solidly established, however, is
that proper Tie2 signaling homeostasis depends on
the ratio of Ang-1 and Ang-2 and their spatiotempo-
ral availability. Constitutive Tie2 phosphorylation
by Ang-1 controls the quiescent resting phenotype
of the vasculature. In turn, the release of Ang-2 from
the Ang-2 stores or the induced expression of Ang-2
shifts the balance locally in favor of Ang-2 and facili-
tates the responsiveness of the vascular bed to other
stimuli. Yet, the molecular mechanisms by which
Ang-2 affects endothelial cell function are not sat-
isfactorily understood. It is not solidly established
that Ang-2 acts solely by inhibiting Tie2 signaling.
Furthermore, there is evidence that Tie2 hyperacti-
vation may also lead to endothelial destabilization,
suggesting that too much Ang-1 and subsequent Tie2
signaling may have the same deleterious effects as
too little Tie2 signaling. Supporting this concept,
there are several reports demonstrating that Ang-
1 overexpression has pro-angiogenic effects. Con-
versely, there is evidence that Ang-2 can substitute
Ang-1, depending on the spatiotemporal availability

and concentration. Ang-2 induces endothelial cell
sprouting and acts anti-apoptotically in vitro and
can promote wound healing to the same extend as
Ang-1. Furthermore, Ang-2 seems to have agonistic
effects on the lymphatic vasculature, as supported
by the phenotype of Ang-2-deficient mice.

In conclusion, the angiopoietin/Tie system is con-
trolled by the well-balanced spatiotemporal avail-
ability of the ligands that control Tie2 signaling. As
such, Tie2 signaling appears to follow a similarly
tight dosage regulation as the VEGF/VEGFR sys-
tem. Much needs to be learned about caliber, organ,
and regional differences in Ang/Tie signaling and
whether the ligands exert different functions in dif-
ferent vascular beds. Ongoing efforts aimed at ther-
apeutic interference with the Ang/Tie system will
benefit from further study of the complex biology of
the angiopoietins and support the rational develop-
ment and clinical implementation of Ang/Tie ma-
nipulatory therapies for different applications rang-
ing from inflammation, psoriasis, retinopathies and
atherosclerosis to the growth of tumors.
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Eph Receptors and Ephrins: Role in

Vascular Development and Tumor Angiogenesis
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Abstract

The Eph family of receptor tyrosine ki-
nases and their membrane-bound li-
gands, the ephrins, play a crucial role in
vascular remodeling during embryogen-
esis. More recently, these molecules have
been shown to regulate postnatal vascular
remodeling, particularly tumor neovascu-
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larization. This chapter provides an over-
view of Eph receptors and ephrins in vascu-
lar development and tumor angiogenesis.
Recent advances in our understanding of
how these molecules function in both tu-
mor tissue and host vasculature suggest
that several Eph/ephrin family members
will make excellent new targets for anti-
cancer therapy.

Eph Receptors and Ephrin Ligands:
Structure and Function

The Eph family of receptor tyrosine kinases (RTKs)
is the largest family of RTKs in the genome, consist-
ing of at least 16 receptors and 9 ligands identified
in multiple species (reviewed in: Brantley-Sieders
and Chen 2004; Cheng et al. 2002a; Pasquale 2005).
Unlike typical RTKs that bind to soluble ligands,
Eph RTKs bind to ephrin ligands that are tethered
to the cell membrane. The family is subdivided
into two classes based on homology and binding
to two distinct classes of ephrins (Fig.7.1). Class
A Eph receptors generally bind to A class ligands
that are tethered to the cell membrane by a gly-
cosyl-phosphatidyl inositol (GPI) linkage. Class B
Eph receptors generally bind to class B ligands that
are anchored to the cell membrane by a transmem-
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Eph RTK Ephrin ligand
P * phrinigands Ligand-binding
GPI
EphA1 ephrin-A1
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Cytoplasmic Tail

o

: . o

Fig.7.1a,b. Eph family members: common structural features and signaling domains. a Sixteen Eph receptors and 9 ephrin
ligands comprise the Eph family. b Structure and signaling domains common to receptors and ligands. The extracellular
portion of Eph receptors share a ligand-binding domain followed by a cysteine-rich region and fibronectin type III repeats.
A transmembrane spanning region is followed by a juxtamembrane region that harbors conserved tyrosine residues im-
portant in the activation of the receptor upon ligand engagement. This is followed by a kinase domain, which also contains
tyrosine substrates that are targets for autophosphorylation. The kinase domain is followed by a sterile alpha motif (SAM),
which is thought to regulate receptor oligomerization, and a PDS-95 postsynaptic density protein, discs large, zona occludens
tight junction protein (PDZ)-binding domain, which binds to PDZ-containing proteins to create a scaffold for assembly of
signaling molecules close to the cellular membrane. Ephrin ligands share an extracellular receptor-binding domain. A class
ligands are anchored to the cellular membrane by a glycosyl-phosphatidyl inositol (GPI) linkage. Class B ligands are tethered
to the cell membrane by a transmembrane spanning domain, followed by a cytoplasmic tail with conserved tyrosine residues

(Class B)

that are targets for intracellular kinases. These ligands also contain a PDZ-binding domain

brane-spanning domain. In addition, class B ephrins
possess a short cytoplasmic domain containing sev-
eral tyrosine residues that can be phosphorylated by
intracellular kinases, thereby facilitating “bi-direc-
tional” signaling through the ephrin as well as the
Eph RTK. Bi-directional signaling is also thought to
occur through class A ephrins via clustering and co-
localization with intracellular signaling molecules
inlipid raft membrane microdomains. Another rela-
tively unique feature of this family relates to their
effects on cell behavior. Rather than inducing pro-
liferation upon activation like typical growth fac-
tor RTKs, Eph RTKs do not generally regulate cell
growth responses. Instead, these receptors modulate

signaling cascades that regulate cell shape, cellular
adhesion, and cell motility (reviewed in: Brantley-
Sieders and Chen 2004; Cheng et al. 2002a; Pasquale
2005).

Structurally, Eph RTKs consist of an amino-
terminal ephrin-binding domain, immunoglobu-
lin-like motifs, a cysteine-rich region containing
an epidermal growth factor (EGF)-like motif, and
two fibronectin type III repeats in the extracellular
portion (Fig. 7.1). These domains are followed by a
transmembrane domain and the intracellular por-
tion of the receptor, which includes a juxtamem-
brane region, a kinase domain, a sterile a-motif
(SAM), and a PDS-95 postsynaptic density protein,
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Discs large, Zona occludens tight junction protein
(PDZ)-binding domain (Fig. 7.1). The juxtamem-
brane region contains tyrosine residues that are in-
volved in kinase domain activation upon phosphor-
ylation and subsequent receptor conformational
change. Activation of the kinase leads to transphos-
phorylation of clustered Eph RTKS upon ligand
binding, creating phosphotyrosine-docking sites to
initiate downstream signaling cascades by binding
to SH2-containing proteins. In addition, kinase-in-
dependent signaling has also been reported for sev-
eral Eph RTKS (Pasquale 2005). The SAM domain
is thought to regulate receptor dimerization/clus-
tering, and the PDZ-binding domain binds to other
PDZ-containing proteins and is thought to create
scaffolds for assembly of signaling complexes proxi-
mal to the cell membrane (reviewed in: Brantley-
Sieders and Chen 2004; Cheng et al. 2002a; Pasquale
2005). These functional domains modulate forward
signaling through the receptor upon ligand stimula-
tion, and downstream signaling pathways relevant
to vascular remodeling are discussed in more detail
in the following sections.

Eph Receptors and Ephrins in
Embryonic Vascular Development

Embryonicvascular morphogenesis involves remod-
eling of primitive, relatively homogeneous networks
of embryonic and extraembryonic blood vessels, or
primitive capillary plexus, into a branching network
of large and small mature, interconnected vessels
(Risau and Flamme 1995). Primary capillary plexus
form through de novo differentiation and coales-
cence of endothelial progenitors, or hemangioblasts,
through the process of vasculogenesis. Subsequent
angiogenic remodeling occurs through sprouting of
new branches, retraction of existing branches, join-
ing of some capillaries and splitting of others. Prun-
ing and remodeling occur through endothelial cell
proliferation, apoptosis, and migration (Patan 2000;
Yancopoulos et al. 2000). Vessels fully mature and

become functional by recruitment of mural support-
ing cells from surrounding mesenchyme (Folkman
and D’Amore 1996; Yancopoulos et al. 2000).
Several Eph family members participate in vas-
cular remodeling in the embryo. Expression of Eph
RTKs and ephrins has been detected in embryonic
vasculature, particularly B class receptors and li-
gands. In mice, Xenopus, and chick, ephrin-B2 is
expressed in arterial endothelial cells, including the
extraembryonic yolk sac primary capillary plexus,
large arteries within the embryo, and in the endo-
cardium of the developing heart. The principal re-
ceptor for ephrin-B2, EphB4, displays a reciprocal
expression pattern in embryonic veins in the yolk
sac, larger veins including the anterior cardinal
vein and vitelline vein, and also in endocardium
(reviewed in: Brantley-Sieders and Chen 2004). This
was the first evidence for a molecular differences be-
tween arterial and venous endothelial cells. Targeted
disruption of either ephrin-B2 or EphB4 results in
death of the embryo at E11 and E9.5-10, respectively,
due to similar defects in angiogenic remodeling of
both arteries and veins, as well as patterning de-
fects in myocardium (Gerety et al. 1999; Wang et al.
1998). Differentiation of endothelial cells and vascu-
lar morphogenesis was normal in homozygous null
embryos, with the formation of primitive capillary
network structures. These networks, however, fail
to remodel and branch into large and small vessels.
Reverse signaling through ephrin-B2 also regulates
angiogenesis in mice, as demonstrated by replace-
ment of the endogenous ephrin-B2 gene with a cyto-
plasmic deletion mutant. Ephrin-B24¢/A¢ “knock-in”
mutants display similar defectsin remodeling of ves-
sels in the yolk sac and in the embryo, and in heart
morphogenesis (Adams et al. 2001). These data dem-
onstrate that bi-directional signaling through both
EphB4 and ephrin-B2 facilitates embryonic vascular
remodeling and may distinguish arterial and venous
differentiation in vivo. In addition, recent results
from mice in which endogenous ephrin-B2 was re-
placed with a PDZ-binding domain deletion (eph-
rin-B24V/AV) or cytoplasmic tyrosine to phenylala-
nine replacement mutant (ephrin-B2°¥°F) knock-in
demonstrate the function of ephrin-B2 in lymphatic
vessel remodeling (Makinen et al. 2005). While vas-
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Table 7.1. Vascular phenotypes of Eph and ephrin mutant animals

Mouse strain

EphA27/-<?1>

EphB2~~ / EphB3~/~ (double knockout)

Vascular phenotype

Impaired ephrin-mediated subcutaneous vessel
remodeling; Impaired tumor angiogenesis

Reference

Brantley-Sie-
ders et al. 2004,
2005

30% embryonic lethality E11; defective vascular Adams et al. 1999

remodeling, sprouting, and heart defects

EphB4~/~

100% embryonic lethal E11.5; defective vascular Gerety et al. 1999

remodeling, sprouting, heart defects

Ephrin-B27/

100% embryonic lethal E9.5-10; defects similar Wang et al. 1998

to those observed in EphB4-/-

*Endothelial ephrin-B2-/-

100% embryonic lethal E10.5; defects similar

Gerety et al. 2002

to those observed in conventional ephrin-B2

knockout

Ephrin-B22¢/AC

100% embryonic lethal E10.5; similar defects

Adams et al. 2001

to those observed in conventional ephrin-B2

knockout

YEphrin-B24V/AV

No embryonic vascular phenotype; major

Makinen et al. 2005

defects in lymphatic vascular remodeling

YEphrin-B2°F/5F

No embryonic vascular phenotype; mild defects Makinen et al. 2005

in lymphatic vascular remodeling

‘CAG-ephrin-B2

Embryonic to early postnatal lethality; abnor-

Oike et al. 2002

mal patterning intersomitic vessels; defective
capillary-sized arterial-venous boundary for-
mation; postnatal death from aortic aneurysms
due to lack of vascular smooth muscle cells

‘Tie2-ephrin-B2

Defective capillary-sized arterial-venous

Oike et al. 2002

boundary formation

? Tissue-specific knockout of ephrin-B2 in endothelial cells by mating Floxed ephrin-B2 mice with Tie2-Cre mouse model

system.

b “Knock in” animals in which the endogenous gene is replaced with a mutant version.

AV/AV

C-terminal intracellular domain; , replacement with ephrin-B2 lacking C-terminal PDZ-binding domain;

ACIAC, replacement with ephrin-B2 lacking

SFISE replace-

ment with ephrin-B2 in which five conserved tyrosine residues in the cytoplasmic tail were replaced with phenylalanine.
¢ Transgenic animals in which gene produce is overexpressed in specific tissues. CAG-ephrin-B2 transgenics overexpress ephrin-
B2 ubiquitously under the control of the CMV enhancer-B-actin promoter-f3-globin splicing acceptor. Tie2-ephrin-B2 trans-

genics overexpress ephrin-B2 specifically in endothelial cells.

cular remodeling defects observed in the conven-
tional ephrin-B2-deficientembryos wasnot observed
in either of these lines, they did present a mild
(ephrin-B2°F°F) to severe (ephrin-B22V/4V) pheno-
type in terms of failure to remodel the primitive
lymphatic plexus into large and small vessels, hy-
perplasia, and lack of valve formation (Makinen
et al. 2005). These data demonstrate that signaling

through distinct domains within the same Eph fam-
ily member can elicit very different biological pro-
cesses in vivo.

Ephrin-B2 is also expressed in mesenchyme
surrounding some blood vessels, and becomes
extended to smooth muscle cells and pericytes
surrounding vessels as development proceeds (re-
viewed in: Brantley-Sieders and Chen 2004; Cheng
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et al. 2002a). Experiments in which ephrin-B2
was overexpressed ubiquitously or in endothelial
cells specifically suggest that this ligand also af-
fects the mesenchymal component of the vascula-
ture. Defects in intersomitic vessel patterning and
outgrowth of venous vasculature was observed in
the head region of transgenic embryos in which
ephrin-B2 overexpression was ubiquitous. These
embryos die shortly after birth from aortic aneu-
rysms that occur due to lack of perivascular sup-
port surrounding the aorta. By contrast, trans-
genic embryos expressing ephrin-B2 specifically in
endothelium did not display such defects (Oike et
al. 2002). Tissue-specific deletion of ephrin-B2 in
endothelium and endocardium, however, was suf-
ficient to recapitulate angiogenic remodeling de-
fects observed in conventional knockout animals
(Gerety and Anderson 2002). Since the full comple-
ment of vascular defects is produced by deletion
of ephrin-B2 in endothelium, while mesenchymal
expression remained intact, these data suggest that
mesenchymal ephrin-B2 is not sufficient for vessel
remodeling. Mesenchymal expression of ephrin-B2
might, however, be necessary for proper remodel-
ing, as demonstrated by several in vitro studies. For
example, mesenchymal expression of ephrin-B2
was shown to enhance differentiation of paraaortic
splanchnopleuric mesoderm and endothelial pre-
cursor-enriched cell populations within this tissue
into endothelium, whereas overexpression of EphB4
was inhibitory (Zhang et al. 2001). Differentiation
induced by mesenchymal ephrin-B2 was accompa-
nied by morphogenesis into cord-like tubules and
enhanced smooth muscle cell recruitment, dem-
onstrating the importance of mesenchymal eph-
rin-B2 in vascular morphogenesis and maturation.
Generation of mice in which ephrin-B2 is deleted
only in mesenchymal cells could shed light on the
function of ephrin-B2 in this tissue type.
Ephrin-B2 and EphB4 are not the only Eph fam-
ily members that regulate embryonic vessel pat-
terning. Ephrin-Al is expressed in the developing
vasculature, and promotes angiogenesis in vitro
and in vivo (reviewed in: Brantley-Sieders and Chen
2004; Cheng et al. 2002a). Though no data are yet
available concerning the role of ephrin-Al in em-

bryonic angiogenesis, this ligand and its principal
receptor, EphA2, are known to regulate postnatal
angiogenesis as discussed in the sections below.
Ephrin-Bl is also expressed in embryonic vascula-
ture, in both arteries and veins, as is EphB3 RTK. In
addition, EphB2 RTK is expressed in vascular-asso-
ciated mesenchyme (Adams et al. 1999). Although
targeted disruption of EphB2 or EphB3 alone pro-
duced no discernable vascular phenotype, approxi-
mately 30% of double mutants die at E11 due to
vascular remodeling defects in the head, heart, and
intersomitic regions of the embryo, demonstrating
that these EphB RTKs also participate in develop-
mental angiogenesis (Adams et al. 2001). While
ephrin-Bl expression cannot compensate for the
loss of ephrin-B2 in null mutants, in vitro studies
have demonstrated that this ligand can induce an-
giogenic responses in cultured endothelial cells, as
can reverse signaling through ephrin-B1 (reviewed
in: Brantley-Sieders and Chen 2004; Cheng et al.
2002a). These data suggest that the ephrin-B1 ligand
might also be necessary, though not sufficient, for
vascular remodeling during embryogenesis. Vascu-
lar phenotypes of Eph and ephrin mutants are sum-
marized in Table 7.1

Eph Receptors and Ephrins in
Postnatal Vascular Remodeling

In addition to embryonic vascular patterning, an-
giogenic processes also regulate tissue homeostasis
in mature organisms. Postnatal vascular remod-
eling promotes healing in wounds, reperfusion of
tissues after ischemic injury, and cyclic angiogenic
remodeling that occurs in the female reproductive
tract. Postnatal angiogenesis is also regulated by
many Eph family members. Ephrin-B2 expression
persists in adult arterial endothelium and vascular
smooth muscle cells surrounding arteries, while
EphB4 expression persists in adult venous endo-
thelium, suggesting that this ligand-receptor pair
may regulate boundary maintenance and/or vascu-
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lar remodeling in mature tissues (Gale et al. 2001;
Shin et al. 2001). Indeed, soluble ephrin-B2 facilities
adhesion and migration of endothelial cells in cul-
ture, processes critical for angiogenic remodeling
(Vindis et al. 2003). Soluble ephrin-Al, ephrin-B2,
and the ectodomain of EphB1 induce corneal an-
giogenesis in adult mice, demonstrating that these
mature endothelial cells have the capacity to re-
spond to ephrin and Eph RTK signals (reviewed
in: Brantley-Sieders and Chen 2004; Cheng et al.
2002a). More recently, upregulated ephrin-B2 ex-
pression was observed in arterial vessels following
ischemic injury in vivo, as well as in response to
VEGEF, bFGF, and hepatocyte growth factor (HGF)
in cultured endothelial cells in vitro (Hayashi et al.
2005). Interestingly while both VEGF and ephrin-
B2 stimulated corneal neovascularization in vivo,
ephrin-B2 treatment promoted venous angiogene-
sis with limited arterial angiogenesis (Hayashi et al.
2005), suggesting that ephrin-B2 promotes venous
vascular remodeling in vivo.

In addition, ephrin-B2 and ephrin-Al can also
induce an angiogenic response from subcutane-
ous vessels in vivo (Brantley-Sieders et al. 2004b;
Maekawa et al. 2003). Moreover, hypoxia results in
upregulated expression of ephrin-B2and ephrin-Al,
as well as EphB4 and EphA2, in a novel mouse skin
flap hypoxia model and in cell lines subjected to hy-
poxic conditions (Vihanto et al. 2005). Treatment
of these cells with small interfering RNAs (siRNAs)
that diminished expression of the transcription fac-
tor hypoxia-inducible factor-o. (HIF-10) abrogated
upregulation of Eph/ephrin expression, providing
a molecular link between hypoxia and regulation
of pro-angiogenic Eph family members (Vihanto
et al. 2005). Ephrin-A1 and EphA2 appear to co-
operate in postnatal vascular remodeling. When
ephrin-Al-containing sponges were introduced into
EphA2-deficient mice, the angiogenic response was
greatly diminished, suggesting that vascular re-
modeling in response to ephrin-Al requires EphA2
RTK (Brantley-Sieders et al. 2004b). Lung micro-
vascular endothelial cells isolated from adult mice
can also respond to ephrin-Al, which induces as-
sembly and migration in vitro (Brantley et al. 2002;

Brantley-Sieders et al. 2004b). These processes are
dependent upon expression of EphA2 RTK, as en-
dothelial cells isolated from EphA2-deficient mice
display impaired angiogenic responses to ephrin-
Al, and as these responses are rescued upon res-
toration of EphA2 expression (Brantley-Sieders
et al. 2004b). Analysis of EphA2-deficient endothe-
lial cells also provides intriguing evidence of coop-
eration between Eph family members in angiogenic
processes. We recently reported that EphA2-defi-
cient endothelial cells display elevated expression
of EphB4 and ephrin-B2, suggesting that these
Eph family members may partially compensate for
the loss of EphA2 (Brantley-Sieders et al. 2005). It
would be of great interest to determine whether
combined loss of EphA2 and EphB4 or ephrin-B2
augments vascular remodeling defects. EphA2 may
also contribute to differentiation of perivascular
support cells, as suggested by studies in 10T1/2
cells, which can be induced to differentiation into
pericytes/vascular smooth muscle cells upon stim-
ulation with transforming growth factor B (TGEp).
Microarray analysis of 10T1/2 cells comparing
untreated cells to cells treated and induced to dif-
ferentiate in response to TGF[} revealed EphA2 as
a gene that was upregulated in differentiating cells
(Kale et al. 2005). This upregulation was confirmed
by immunohistochemical analysis of EphA2 pro-
tein in treated cells versus unstimulated controls,
suggesting that EphA2 may function in the mesen-
chymal component of the vasculature as well as in
endothelium.

As Eph RTKs have been correlated and/or func-
tionally implicated in pathogenesis of several an-
giogenesis-dependent diseases, including cancer,
these studies provide a rationale for the develop-
ment of Eph RTK-targeted therapies in the treat-
ment of such diseases. In the case of tumor progres-
sion, Eph RTKs and ephrins function in both tumor
cells and host vessels for several types of cancer,
making these molecules attractive targets for ther-
apeutic intervention. The function of Eph RTKs in
tumor neovascularization and progression, as well
as emerging strategies for targeting these molecules
for clinical applications, are discussed below.
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Eph Receptors and Ephrins in
Tumor Angiogenesis

Acquisition of blood vessels by tumors is critical
for growth, survival, and malignant progression.
Solid tumors can grow to only a few millimeters
in diameter without oxygen and nutrients provided
by supporting blood vessels. Moreover, circulating
growth factors and cytokines that facilitate tumor
progression are delivered to the tumor via the tu-
mor vasculature. Tumor vessels provide a permis-
sive environment for growth and survival, and may
actively promote malignant progression by enabling
entry into circulation for dissemination of meta-
static cells (Folkman 2002). Tumors may initially or
exclusively "co-opt" existing host vessels for support
(reviewed in: Ribatti et al. 2003), and more malig-
nant tumor cells are able to behave like blood vessels
by forming tube-like structures and activating ex-
pression of vascular adhesion molecules through the
process of vascular mimicry (Hendrix et al. 2003).
More recent evidence suggests that de novo differ-
entiation of circulating endothelial cell progenitors
that incorporate into tumor vessels also contributes
to tumor neovascularization (reviewed in: Patan
2004; Zammaretti and Zisch 2005). However, the
majority of tumors recruit new vessels through an-
giogenic sprouting from host vessels (reviewed in:
Folkman 2002; Griffioen and Molema 2000). In ad-
dition to regulation of developmental angiogenesis,
Eph RTKs and ephrins have recently emerged as
critical regulators of tumor angiogenesis.
Overexpression of Eph RTKs has been observed
in several types of cancer in mouse models as well
as human tumor biopsies (reviewed in: Cheng et
al. 2002a; Dodelet and Pasquale 2000; Sullivan and
Bicknell 2003). For example, ephrin-B2 expression
has been observed in tumor arterioles infiltrating
transplanted Lewis lung carcinomas and B16 mel-
anomas in mice, suggesting that this ligand may
regulate tumor neovascularization (Gale et al. 2001;
Shin et al. 2001). In support of this hypothesis, A375
melanomas, which overexpress endogenous EphB4,
form smaller, less vascularized tumors in the pres-

ence of soluble, monomeric EphB4 in vivo (Martiny-
Baron et al. 2004). Soluble EphB4 may interfere with
binding of endogenous EphB4 on tumor cells with
endothelium expressing ephrin-B2, thus disrupting
tumor angiogenesis. This hypothesis is supported
by studies in which ephrin-B2 was overexpressed
in colorectal cancer cells or in which a truncated
EphB4 receptor construct was overexpressed in
breast cancer cells (Liu et al. 2004; Noren et al.
2004). While ephrin-B2 overexpression decreased
tumor growth in xenografts, microvascular den-
sity within colon tumors was signficantly elevated
(Liuetal.2004). Overexpression ofatruncated EphB4
receptor construct in which the intracellular portion
was deleted while the extracellular ligand-binding
domain remained intact produced increased tumor
growth and vascularity in mammary tumors, prob-
ably via recruitment of ephrin-B2-expressing host
endothelium through reverse signaling (Noren et al.
2004). Ephrin-B1 overexpression has been reported
in hepatocellular carcinoma, and overexpression of
ephrin-Bl enhances tumor neovascularization in
vivo (Sawai et al. 2003). Although proliferation of
ephrin-Bl-overexpressing cells was not affected in
culture, soluble ephrin-B1 enhanced endothelial cell
proliferation and migration in vitro, suggesting that
at least one function of ephrin-B1 in tumor progres-
sion involves recruitment of blood vessels through
angiogenesis (Nagashima et al. 2002; Sawai et al.
2003). Taken together, these studies reveal a criti-
cal role for class B receptors and ligands in tumor
progression and vascular recruitment for multiple
types of human cancer.

EphA2 overexpression has been detected in mela-
noma, prostatic adenocarcinoma, breast adenocar-
cinoma, invasive ovarian and cervical carcinoma,
esophageal cancer, and colorectal cancer (reviewed
in: Brantley-Sieders et al. 2004a; Brantley-Sieders
and Chen 2004; Ireton and Chen 2005). Ogawa
et al. first noted co-expression of EphA2 RTK and
its principal ligand, ephrin-Al, in both tumor cells
and tumor endothelium, suggesting that this re-
ceptor-ligand pair might contribute to tumor an-
giogenesis (Ogawa et al. 2000). Similar expression
patterns were also observed in two independent
mouse models of angiogenesis-dependent cancer,
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the RIP-Tag transgenic model of islet cell adenocar-
cinoma and the 4T1 transplantable model of mam-
mary epithelial adenocarcinoma (Brantley et al.
2002). Expression of ephrin-Al was predominantly
detected in tumor cells, while the majority of EphA2
RTK protein localized to tumor-associated endo-
thelium, suggesting that ephrin-Al might serve as
a pro-angiogenic signal to attract EphA2-positive
endothelial cells. To test this hypothesis, tumor-
bearing animals were treated with soluble EphA-Fc
fusion proteins in which the ligand-binding ectodo-
main of EphA2 or EphA3 RTK was fused to human
IgG. These reagents bind to multiple ephrinA ligands
and disrupt binding and signaling through endoge-
nous EphA RTKs (Cheng et al. 2002b). Soluble recep-
tor (EphA2- or EphA3-Fc) treatment of 4T1 tumors
transplanted into syngeneic Balb/c mice resulted in
decreased tumor volume, proliferation, and survival
accompanied by a decrease in microvascular den-
sity within the tumor (Brantley et al. 2002). EphA-Fc
proteins also impaired endogenous tumor progres-
sion in RIP-Tag mice (Cheng et al. 2003). Soluble
EphA-Fc proteins did not alter growth or survival
of tumor cells in culture, suggesting that the effects
observed in vivo were secondary, probably due to
impaired recruitment of blood vessels supplying
nutrients and oxygen necessary for growth and sur-
vival of the tumor (Brantley et al. 2002). Support-
ing this hypothesis, soluble EphA-Fc treatment im-
paired infiltration of host vessels into transplanted
4T1 and RIP-Tag tumors in cutaneous window as-
says (Brantley et al. 2002). Though soluble receptors
do not affect proliferation or apoptosis in cultured
endothelial cells, EphA-Fc proteins do impair eph-
rin-Al- and VEGF-induced cellular migration and
sprouting (Brantley et al. 2002; Cheng et al. 2002b),
suggesting that these reagents might interfere with
tumor angiogenesis at the level of endothelial mi-
gration. Indeed, EphA-Fc inhibited 4T1 and RIP-Tag
tumor cell-induced migration of endothelial cells in
co-culture assays (Brantley et al. 2002; Cheng et al.
2003). A recent study further confirmed the anti-an-
giogenic activity of soluble EphA2-Fc. In this report,
soluble EphA2-Fc inhibited outgrowth of new vessel
sprouts from explanted aortic rings, while EphB1-
Fc and EphB3-Fc induced microvessel sprouting,

suggesting that EphA and EphB RTKs might have
different functions in angiogenesis (Dobrzanski
et al. 2004). Soluble EphA2-Fc also inhibited VEGF/
FGF-induced neovascularization in Matrigel plugs,
tumor angiogenesis and progression of ASPC-1 hu-
man pancreatic carcinoma xenografts, and growth
and metastasis of orthotopic human pancreatic
ductal adenocarcinoma (Dobrzanski et al. 2004).
These data indicate that the effects of soluble EphA-
Fc treatment on tumor progression involve impair-
ment of tumor angiogenesis.

These initial studies demonstrated that class A
Eph RTKs play a role in tumor angiogenesis, prob-
ably at the level of endothelial cell migration. How-
ever, since soluble receptors are global inhibitors
of EphA RTK signaling, the specific class A family
member target(s) in endothelium remained uniden-
tified. Based on expression data, and the observa-
tions that endothelial cells expressing dominant
negative EphA2 display defective assembly (Ogawa
etal. 2000) and RIP-Tag tumor-induced migration in
co-culture experiments (Cheng et al. 2003), EphA2
was the most likely candidate. To test this hypoth-
esis, EphA2-deficient mice were analyzed. Targeted
disruption of EphA2 does not affect embryonic
vascular remodeling (Joseph C. Ruiz, unpublished
observations; (Brantley-Sieders et al. 2004b), consis-
tent with the lack of expression in embryonic vas-
culature (Ruiz and Robertson 1994). Since EphA2 is
expressed in endothelial cells from mature tissues,
the angiogenic potential of EphA2-deficient endo-
thelial cells was assessed. Primary lung microvas-
cular endothelial cells isolated from EphA2-defi-
cient mice displayed defects in ephrin-Al induced
vascular assembly and migration in vitro relative to
cells isolated from control littermates, as well as im-
paired assembly in vivo when transplanted into nude
mice. Migration in response to ephrin-Al requires
phosphoinoside-3 kinase (PI-3K) and Racl GT-
Pase activation, the activation of which is impaired
in EphA2-deficient endothelial cells (Brantley-
Siedersetal.2004b). Moreover, Eph A2-deficient mice
display defective angiogenic remodeling of endog-
enous subcutaneous vessels in response to ephrin-
Al (Brantley-Sieders et al. 2004b), suggesting that
EphA2 RTK is necessary for postnatal angiogenesis
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and possibly for tumor angiogenesis. Indeed, trans-
plantation of 4T1 cells into EphA2-deficient host
animals produced smaller, less vascularized tumors
and impaired metastasis in vivo compared to wild-
type or heterozygous controls (Brantley-Sieders
et al. 2005). These defects are, at least in part, endo-
thelial cell intrinsic, as co-transplantation of 4T1 tu-
mor cells plus EphA2-deficient endothelial cells into
wild-type hosts resulted in smaller tumors than in
control endothelial cells, as well as failure of EphA2-
deficient endothelial cells to survive and contribute
to tumor vasculature (Brantley-Sieders et al. 2005).

While expression analysis has correlated ephrin-
Al with tumor neovascularization and progression
in several mouse models of cancer and in human
samples, functional evidence for ephrin-A-mediated
regulation of tumor neovascularization has not been
reported. Preliminary studies from our laboratory
suggest that ephrin-Al indeed regulates vascular
recruitment by tumor cells in vivo. Using siRNAs to
downregulate expression of ephrin-Al in 4T1 tumor
cells, we observed decreased tumor neovasculariza-
tion and metastasis of ephrin-Al "knockdown" cell
lines versus controls (Brantley-Sieders et al. 2006).
These data, coupled with an observed decrease in
ephrin-Al knockdown tumor cell-mediated endo-
thelial cell migration in vitro, suggest that ephrin-
Al is a pro-angiogenic factor in tumors.

Cross-Talk Between
Eph/Ephrin Family Members and
Other Pro-Angiogenic Factors

Because ephrin ligands are membrane-anchored
rather than soluble, the mechanism of interaction
with Eph/ephrin-expressing host endothelium,
which is initially distant from the tumor mass, re-
mains unclear. One attractive explanation involves
cooperation between Eph family members and other
pro-angiogenic factors that are soluble. For example,
substantial evidence exists for cooperation between
EphA and VEGF RTK, particularly since VEGF also

contributes to angiogenesis in RIP-Tag and 4T1 tu-
mors (Bergers et al. 2000; Prewett et al. 1999). EphA-
Fc treatment not only impairs ephrin-Al-induced
corneal angiogenesis, it also significantly inhibits
corneal neovascularization in response to VEGF
(Cheng et al. 2002b, 2003). Soluble EphA receptors
also inhibit VEGF-mediated endothelial cell survival,
sprouting, migration, and assembly in vitro (Brantley
etal. 2002; Cheng et al. 2002b). In addition, combined
delivery of soluble EphA2-Fc and VEGFR2 inhibitors
inhibit endothelial sproutingin aortic ring assaysina
synergistic fashion, more effectively than delivery of
a single inhibitor (Dobrzanski et al. 2004). More re-
cently, it was reported that vaccination to produce an
immune response targeting EphA2 inhibits VEGF-
induced angiogenesis in vivo (Hatano et al. 2004).
EphA2 RTK specifically cooperates with VEGF, as
EphA2-deficient endothelial cells fail to undergo vas-
cular assembly and migrate in response to VEGF as
well as ephrin-A1l (Chen et al. 2005). Since VEGF, un-
like ephrin ligands, is a soluble signal, VEGF signal-
ing may initiate angiogenesis by activating host en-
dothelial cells and inducing proliferation, a process
not affected by EphA-Fc (Cheng et al. 2002b). Once
host vessels infiltrate the tumor, membrane-bound
ephrinA ligands may be able to bind to EphA2 RTK
on adjacent endothelial cells to facilitate migration
and assembly into functional tumor vessels.
Alternatively or in addition to this mechanism
of activation, VEGF may also modulate ephrin-Al
expression and subsequent function within endo-
thelial cells. Treatment of cultured endothelial cells
with VEGF enhances expression of ephrin-Al and
subsequent phosphorylation of EphA2 (Cheng et al.
2002b). It is therefore possible that juxtacrine eph-
rin-EphA2 signaling initiated by VEGF could con-
tribute to vascular remodeling. Studies performed
in cultured cells suggest that ephrin-Al may also
mediate retraction of vascular smooth muscle cells
in vascular remodeling. While ephrin-Al stimulates
chemotaxis in endothelial cells through Racl activa-
tion (Brantley-Sieders et al. 2004b), treatment of vas-
cular smooth muscle cells with ephrin-Al produces
the opposite effect, with inhibition of Racl and cell
spreading (Deroanne et al. 2003). Additional stud-
ies demonstrated that ephrin-Al treatment activates
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RhoA through EphA4 RTK-mediated activation of a
novel guanine nucleotide exchange factor in vascu-
lar smooth muscle cells, Vsm-RhoGEF (Ogita et al.
2003), which could also contribute to smooth muscle
contractility. Ephrin-Al may therefore promote an-
giogenic remodeling not only through modulating
endothelial cell migration and morphogenesis, but
also, perhaps, by causing vascular smooth muscle
cell retraction. This could facilitate exposure of endo-
thelium to angiogenic stimuli and assist movement
of endothelial cells by disrupting the mural cell bar-
rier.

Cooperation and/or regulation of class B Eph
RTKs and ephrins is also quite likely to contribute
to tumor angiogenesis. The pro-angiogenic factors
VEGF, bFGF, and HGF can upregulate expression of
ephrin-B2 in cultured endothelial cells, whereas the
vessel maturation factor angiopoetin-1 downregu-
lates expression (Hayashi et al. 2005). A recently pub-
lished microarray analysis revealed that mRNA levels
for EphB4, ephrin-Bl, ephrin-B2, and ephrin-Al are
downregulated in human microvascular endothelial
cells treated with the angiostatic factor endostatin,
which was confirmed by RT-PCR (Abdollahi et al.
2004). Although vasculogenesis appears to occur nor-
mally in EphB4-deficient mice (Gerety et al. 1999), a
recent report suggests that EphB4 may modulate dif-
ferentiation of hemangioblasts in cooperation with
other pro-angiogenic factors. Wang et al. report that
EphB4-deficient embryoid bodies display delayed ex-
pression of the hemangioblast marker vascular endo-
thelial growth factor receptor-2 (VEGFR-2/Flk-1), as
well as defective vascular morphogenesis in response
to VEGF and basic fibroblast growth factor (bFGF) in
vitro (Wang et al. 2003). These data suggest that EphB
RTKs and ephrin signaling may subtly impact vas-
culogensis, and might explain why EphB4-deficient
embryos die sooner than ephrin-B2-null mutants
(Gerety et al. 1999; Wang et al. 1998). Thus, ephrins
might regulate sensitivity to earlier vascular devel-
opmental cues in addition to exerting direct effects
on angiogenic remodeling of embryonic vasculature.
These data highlight the complex regulation of tu-
mor angiogenesis that is facilitated by cooperation
between multiple pro-angiogenic pathways, includ-
ing those mediated by the Eph family.

Potential Therapeutic Strategies Targeting
the Eph Family: Pros and Cons

Due to the wealth of recently published studies dem-
onstrating a role for the Eph family in tumor angio-
genesis, it is not surprising that preclinical investi-
gation into potential therapeutic strategies targeting
these family members has been initiated. One impor-
tant consideration deals with the broad expression
profiles of these molecules in both tumor tissue and
host, including vascular endothelium. Because many
of these single factors influence tumor progression in
both tumor cells and host microenvironment, these
molecules are attractive targets for therepeutic inter-
vention, as the potential exists for targeting multiple
aspects of tumor progression through modulation of
a single factor. However, the multiple, complex func-
tions of Eph family members in both normal tissue
homeostasis and in malignant progression demand
a thorough understanding of both normal functions
and roles in malignancy, as well as identification of
stage and of precise target tissues so as to avoid un-
desirable side effects or unintentional exacerbation
of disease progression.

In terms of therapeutic agents, soluble recep-
tor or soluble ligand-mediated inhibition of Eph
signaling represents the best-developed strategy
in preclinical models of cancer. These fusion pro-
teins consist of the extracellular domain of receptor
or ligand fused to human IgG Fc, or to some other
protein component that enables relatively easy pu-
rification while eliminating the potential for dimer-
ization. These proteins are able to bind and saturate
endogenous receptors/ligands when delivered in
vitro or in vivo, thus inhibiting endogenous signal-
ing. Soluble EphA class fusion proteins, including
EphA2-Fc and EphA3-Fc, have been used quite suc-
cessfully to inhibit tumor angiogenesis and progres-
sion in vivo (Brantley et al. 2002; Cheng et al. 2003;
Dobrzanski et al. 2004), as discussed above. Given
in vitro studies in which these fusion proteins were
able to abrogate endothelial cell migration, sprout-
ing, and morphogenesis in response to ephrin-Al,
it appeared that this was the major mechanism by
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which these reagents impaired tumor progression.
Other reports, however, demonstrate that class A
Eph receptors, particularly EphA2, function within
tumor cells to facilitate tumor progression. EphA2
expression has been observed in both tumor vas-
culature and tumor parenchyma (reviewed in:
Brantley-Sieders et al. 2004a; Brantley-Sieders and
Chen 2004; Ireton and Chen 2005). As overexpression
of EphA2 in non-malignant cells induces oncogenic
transformation in vitro and tumor formation in vivo
(Zelinski et al. 2001), while siRNA-mediated inhibi-
tion of EphA2 expression impairs malignant pro-
gression (Duxbury et al. 2004a; Landen et al. 2005),
it is quite possible that soluble receptors also impair
tumor cell-intrinsic processes that contribute to ma-
lignancy. This is especially plausible given that host
EphA2-deficiency alone produces a milder phenotype
than global inhibition of EphA2 in host and tumor
cells by soluble receptors in the 4T1 model (Brantley
et al. 2002; Brantley-Sieders et al. 2005). Moreover,
overexpression of dominant-negative mutant EphA2
receptors in 4T1 cells impair tumor progression and
metastasis in vivo, providing further support for
multiple functions of EphA2 in both tumor and host
(Fang et al. 2005).

Soluble ligands or antibody ligand mimetics have
been proposed as an effective strategy for targeting
EphA2 receptor function in tumor cells. The interac-
tion between an activating antibody (Carles-Kinch
et al. 2002) or soluble ephrin-Al-Fc (Noblitt et al.
2004) and tumor cell-expressed EphA2 receptor is
thought to facilitate receptor internalization and
degradation, thus disrupting the malignant function
of the receptor by reduced surface expression. Treat-
ment of tumor cells or tumors expressing EphA2 re-
ceptor with soluble ephrin-A1-Fc can also reduce ma-
lignancy by modulating focal adhesion kinase (FAK)
activation or expression and subsequent invasiveness
(Duxbury et al. 2004b; Miao et al. 2000). These strate-
gies present a risk, however, of enhancing malignancy
in some types of cancer, based on studies showing
that elevated kinase activity of EphA2 can enhance
malignancy (Fang et al. 2005) and based on the role
of ephrin-Al in stimulating tumor angiogenesis in
vitro and in vivo (Brantley-Sieders et al. 2004b, 2005;
Cheng et al. 2003) (Brantley-Sieders et al. 2006). More

information on the molecular pathways that deter-
mine positive or negative effects of targeting EphA2
through soluble ligands will be necessary before full
clinical development of this strategy.

Soluble receptor strategies have also been employ-
eed to target interactions between endogenous class B
receptors and ligands. Again, as a note of caution, sys-
temic delivery of soluble receptors presents a risk in
terms of the ability of these reagents to inhibit inter-
actions between multiple receptors and ligands that
are present in both the target disease organ and in
healthy tissue. In addition, activation of reverse sig-
naling by soluble EphB receptors has been validated
in several models, adding another layer of complex-
ity to their potential use in therapeutics. For example,
although monomeric soluble EphB4 inhibits tumor
growth and reduces microvascular density (Martiny-
Baron et al. 2004), cell surface expression of a trun-
cated EphB4 construct in tumor cells enhances tu-
mor malignancy and vascularity in vivo, presumably
through interactions with host endothelial ephrin-B2
(Noren et al. 2004). Thus, the ability of dimeric solu-
ble EphB4 to initiate reverse signaling through host
ephrin-B ligands must be tested before clinical appli-
cation. In addition, the recently reported tumor sup-
pressor role of several EphB class receptors in colon
carcinoma (Batlle et al. 2005) also demonstrates the
need for caution in the application of class B inhibi-
tors to avoid enhancing tumor malignancy through
blocking EphB function.

Other strategies for targeting Eph receptors in pre-
clinical studies include activating antibodies, small
binding peptides, vaccination, and delivery of siR-
NAs targeting Eph receptors in vivo. As discussed
above, activating antibodies that target EphA2 for
degradation (Carles-Kinch et al. 2002) pose a risk for
enhancing malignancy through EphA2 kinase acti-
vation in tumor cells (Fang et al. 2005) or through
activation in host endothelium (Brantley-Sieders et
al. 2004b; Brantley-Sieders et al. 2005). Preclinical
analysis of ephrin peptide mimetics is promising, as
these peptides bind with high affinity to tumor cells
and endothelium expressing EphA2 and can be used
to deliver phage particles to the target tissues for drug
delivery (Koolpe et al. 2002). Since this peptide is ca-
pable of stimulating Eph A2 phosphorylation, though,
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the same concerns that exist for soluble ligands apply.
The recently reported development of a vaccination
strategy is also quite interesting. Peptides generated
from EphA2 T-cell epitopes were used to vaccinate
animals harboring tumors that were EphA2 posi-
tive or negative. The EphA2 vaccine slowed growth
and metastasis of both types of tumors (Hatano
etal. 2004), suggesting that host targets, such as endo-
thelium, may also be affected by the vaccine. Finally,
the first reported use of liposomes to deliver EphA2
siRNAs in vivo proved efficacious in reducing tumor
growth, particularly when coupled with chemother-
apy (Landen et al. 2005). Ensuring specificity of de-
livery to the tumor rather than non-targeted organs is
crucial for further development of this strategy.

Summary

The Eph family of RTKs and their ephrin ligands have
emerged as key regulators of angiogenesis during
embryogenesis. In addition, they have been recently
shown to regulate tumor progression and angiogen-
esis in several cancer models. Through cooperation
with a variety of oncogenic and pro-angiogenic path-
ways, these factors mediate tumor progression by
promoting vascular recruitment as well as through
tumor cell-intrinsic modulation of oncogenic path-
ways. Understanding the role of these molecules in
both host and tumor tissue will enhance our ability
to exploit this family in the development of new anti-
angiogenic and anti-cancer therapies.

Acknowledgements.

We acknowledge the investigators in the field whose
work we were unable to cite due to space limita-
tions for references. The primary references for
this work may be found in the cited reviews.
D. Brantley-Sieders is supported by Department
of Defense postdoctoral fellowship DAMD17-03-1-
0379. J. Chen is supported by National Institutes of
Health grants CA95004, CA114301, CA113007, and
Department of Defense grant DAMDI17-02-1-0604.

References

Abdollahi A, Hahnfeldt P, Maercker C, Grone HJ, Debus
J, Ansorge W, Folkman J, Hlatky L, Huber PE (2004)
Endostatin's antiangiogenic signaling network. Mol Cell
13:649-663

Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW,
Deutsch U, Risau W, Klein R (1999) Roles of ephrinB
ligands and EphB receptors in cardiovascular develop-
ment: demarcation of arterial/venous domains, vascular
morphogenesis, and sprouting angiogenesis. Genes Dev
13:295-306

Adams RH, Diella F, Hennig S, Helmbacher F, Deutsch U,
Klein R (2001) The cytoplasmic domain of the ligand
ephrinB2 is required for vascular morphogenesis but not
cranial neural crest migration. Cell 104:57-69

Batlle E, Bacani J, Begthel H, Jonkheer S, Gregorieff A, van
de Born M, Malats N, Sancho E, Boon E, Pawson T, et al
(2005) EphB receptor activity suppresses colorectal can-
cer progression. Nature 435:1126-1130

Bergers G, Brekken R, McMahon G, Vu TH, Itoh T, Tamaki K,
Tanzawa K, Thorpe P, Itohara S, Werb Z, et al (2000) Ma-
trix metalloproteinase-9 triggers the angiogenic switch
during carcinogenesis. Nat Cell Biol 2:737-744

Brantley DM, Cheng N, Thompson EJ, Lin Q, Brekken RA,
Thorpe PE, Muraoka RS, Cerretti DP, Pozzi A, Jackson D,
et al (2002) Soluble Eph A receptors inhibit tumor angio-
genesis and progression in vivo. Oncogene 21:7011-7026

Brantley-Sieders DM, Chen J (2004) Eph receptor tyrosine
kinases in angiogenesis: from development to disease.
Angiogenesis 7:17-28

Brantley-Sieders D, Parker M, Chen J (2004a) Eph receptor
tyrosine kinases in tumor and tumor microenvironment.
Curr Pharm Des 10:3431-3442

Brantley-Sieders DM, Caughron J, Hicks D, Pozzi A, Ruiz
JC, Chen ] (2004b) EphA2 receptor tyrosine kinase regu-
lates endothelial cell migration and vascular assembly
through phosphoinositide 3-kinase-mediated Racl GT-
Pase activation. ] Cell Sci 117:2037-2049

Brantley-Sieders DM, Fang WB, Hicks DJ, Zhuang G, Shyr
Y, Chen ] (2005) Impaired tumor microenvironment in
EphA2-deficient mice inhibits tumor angiogenesis and
metastatic progression. FASEB ] 19:1884-1886

Brantley-Sieders DM, Fang WB, Hwang Y, Hicks D, Chen J
(2006) Ephrin-Al facilitates mammary tumor metasta-
sis through an angiogenesis-dependent mechanism by
EphA2 receptor and vascular endothelial growth factor
(VEGF) in mice. Cancer Res 66: 10315-10324

Carles-Kinch K, Kilpatrick KE, Stewart JC, Kinch MS (2002)
Antibody targeting of the EphA2 tyrosine kinase inhibits
malignant cell behavior. Cancer Res 62:2840-2847

Chen J, Hicks D, Brantley-Sieders D, Cheng N, McCollum
GW, Qi-Werdich X, Penn ] (2005) Inhibition of retinal
neovascularization by soluble EphA2 receptor. Exp Eye
Res 82:664-673




Eph Receptors and Ephrins: Role in Vascular Development and Tumor Angiogenesis

133

Cheng N, Brantley DM, Chen ] (2002a) The ephrins and Eph
receptors in angiogenesis. Cytokine Growth Factor Rev
13:75-85

Cheng N, Brantley DM, Liu H, Lin Q, Enriquez M, Gale N,
Yancopoulos G, Cerretti DP, Daniel TO, Chen ] (2002b)
Blockade of EphA receptor tyrosine kinase activation
inhibits vascular endothelial cell growth factor-induced
angiogenesis. Mol Cancer Res 1:2-11

Cheng N, Brantley D, Fang WB, Liu H, Fanslow W, Cerretti
DP, Bussell KN, Reith A, Jackson D, Chen J (2003) Inhi-
bition of VEGF-dependent multistage carcinogenesis by
soluble EphA receptors. Neoplasia 5:445-456

Deroanne C, Vouret-Craviari V, Wang B, Pouyssegur J (2003)
EphrinAl inactivates integrin-mediated vascular smooth
muscle cell spreading via the Rac/PAK pathway. J Cell Sci
11631367-1376

Dobrzanski P, Hunter K, Jones-Bolin S, Chang H, Robinson
C, Pritchard S, Zhao H, Ruggeri B (2004) Antiangiogenic
and antitumor efficacy of EphA2 receptor antagonist.
Cancer Res 64:910-919

Dodelet VC, Pasquale EB (2000) Eph receptors and eph-
rin ligands: embryogenesis to tumorigenesis. Oncogene
19:5614-5619

Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE
(2004a) EphA2: a determinant of malignant cellular be-
havior and a potential therapeutic target in pancreatic
adenocarcinoma. Oncogene 23:1448-1456

Duxbury MS, Ito H, Zinner M], Ashley SW, Whang EE
(2004b) Ligation of EphA2 by Ephrin Al-Fc inhibits pan-
creatic adenocarcinoma cellular invasiveness. Biochem
Biophys Res Commun 320:1096-1102

Fang WB, Brantley-Sieders DM, Parker MA, Reith AD, Chen
J (2005) A kinase-dependent role for EphA2 receptor
in promoting tumor growth and metastasis. Oncogene
24:7859--7868

Folkman J (2002) Role of angiogenesis in tumor growth and
metastasis. Semin Oncol 29:15-18

Folkman J, D‘Amore PA (1996) Blood vessel formation: what
is its molecular basis? Cell 87:1153-115

Gale NW, Baluk P, Pan L, Kwan M, Holash J, DeChiara TM,
McDonald DM, Yancopoulos GD (2001) Ephrin-B2 se-
lectively marks arterial vessels and neovascularization
sites in the adult, with expression in both endothelial and
smooth-muscle cells. Dev Biol 230:151-160

Gerety SS, Anderson DJ (2002) Cardiovascular ephrinB2
function is essential for embryonic angiogenesis. Devel-
opment 129:1397-1410

Gerety SS, Wang HU, Chen ZF, Anderson DJ (1999) Sym-
metrical mutant phenotypes of the receptor EphB4 and
its specific transmembrane ligand ephrin-B2 in cardio-
vascular development. Mol Cell 4:403-414

Griffioen AW, Molema G (2000) Angiogenesis: potentials
for pharmacologic intervention in the treatment of can-
cer, cardiovascular diseases, and chronic inflammation.
Pharmacol Rev 52:237-268

Hatano M, Kuwashima N, Tatsumi T, Dusak JE, Nishimura
F, Reilly KM, Storkus WJ, Okada H (2004) Vaccination
with EphA2-derived T cell-epitopes promotes immunity
against both EphA2-expressing and EphA2-negative tu-
mors. ] Transl Med 2:40

Hayashi S, Asahara T, Masuda H, Isner JM, Losordo DW
(2005) Functional ephrin-B2 expression for promotive
interaction between arterial and venous vessels in post-
natal neovascularization. Circulation 111:2210-2218

Hendrix M]J, Seftor EA, Hess AR, Seftor RE (2003) Vasculo-
genic mimicry and tumour-cell plasticity: lessons from
melanoma. Nat Rev Cancer 3:411-421

Ireton RC, Chen J (2005) EphA2 receptor tyrosine kinase as
a promising target for cancer therapeutics. Curr Cancer
Drug Targets 5:149-157

Kale S, Hanai J, Chan B, Karihaloo A, Grotendorst G, Cantley
L, Sukhatme VP (2005) Microarray analysis of in vitro
pericyte differentiation reveals an angiogenic program
of gene expression. FASEB J 19:270-271

Koolpe M, Dail M, Pasquale EB (2002) An ephrin mimetic
peptide that selectively targets the EphA2 receptor. J Biol
Chem 277:46974-46979

Landen CN Jr, Chavez-Reyes A, Bucana C, Schmandt R,
Deavers MT, Lopez-Berestein G, Sood AK (2005) Thera-
peutic EphA2 gene targeting in vivo using neutral li-
posomal small interfering RNA delivery. Cancer Res
65:6910-6918

Liu W, Jung YD, Ahmad SA, McCarty MF, Stoeltzing O, Re-
inmuth N, Fan F, Ellis LM (2004) Effects of overexpres-
sion of ephrin-B2 on tumour growth in human colorectal
cancer. Br ] Cancer 90:1620-1626

Maekawa H, Oike Y, Kanda S, Ito Y, Yamada Y, Kurihara H,
Nagai R, Suda T (2003) Ephrin-b2 induces migration of
endothelial cells through the phosphatidylinositol-3 ki-
nase pathway and promotes angiogenesis in adult vascu-
lature. Arterioscler Thromb Vasc Biol 23:2008-2014

Makinen T, Adams RH, Bailey J, Lu Q, Ziemiecki A, Alitalo
K, Klein R, Wilkinson GA (2005) PDZ interaction site in
ephrinB2 is required for the remodeling of lymphatic vas-
culature. Genes Dev 19:397-410

Martiny-Baron G, Korff T, Schaffner F, Esser N, Eggstein
S, Marme D, Augustin HG (2004) Inhibition of tumor
growth and angiogenesis by soluble EphB4. Neoplasia
6:248-257

Miao H, Burnett E, Kinch M, Simon E, Wang B (2000) Acti-
vation of EphA2 kinase suppresses integrin function and
causes focal-adhesion-kinase dephosphorylation. Nat
Cell Biol 2:62-69

Nagashima K, Endo A, Ogita H, Kawana A, Yamagishi A,
Kitabatake A, Matsuda M, Mochizuki N (2002) Adaptor
protein Crk is required for ephrin-Bl-induced membrane
ruffling and focal complex assembly of human aortic en-
dothelial cells. Mol Biol Cell 13:4231-4242

Noblitt LW, Bangari DS, Shukla S, Knapp DW, Mohammed
S, Kinch MS, Mittal SK (2004) Decreased tumorigenic




134

D. M. Brantley-Sieders and J. Chen

potential of EphA2-overexpressing breast cancer cells
following treatment with adenoviral vectors that express
EphrinAl. Cancer Gene Ther 11:757-766

Noren NK, Lu M, Freeman AL, Koolpe M, Pasquale EB (2004)
Interplay between EphB4 on tumor cells and vascular
ephrin-B2 regulates tumor growth. Proc Natl Acad Sci U
S A 101:5583-5588

Ogawa K, Pasqualini R, Lindberg RA, Kain R, Freeman AL,
Pasquale EB (2000) The ephrin-A1 ligand and its receptor,
EphA2, are expressed during tumor neovascularization.
Oncogene 19:6043-6052

Ogita H, Kunimoto S, Kamioka Y, Sawa H, Masuda M, Mo-
chizuki N (2003) EphA4-mediated Rho activation via
Vsm-RhoGEF expressed specifically in vascular smooth
muscle cells. Circ Res 93:23-31

Oike Y, Ito Y, Hamada K, Zhang XQ, Miyata K, Arai F, Inada
T, Araki K, Nakagata N, Takeya M, et al (2002) Regula-
tion of vasculogenesis and angiogenesis by EphB/ephrin-
B2 signaling between endothelial cells and surrounding
mesenchymal cells. Blood 100:1326-1333

Pasquale EB (2005) Eph receptor signalling casts a wide net
on cell behaviour. Nat Rev Mol Cell Biol 6:462-475

Patan S (2000) Vasculogenesis and angiogenesis as mecha-
nisms of vascular network formation, growth and remod-
eling. ] Neurooncol 50:1-15

Patan S (2004) Vasculogenesis and angiogenesis. Cancer
Treat Res 117:3-32

Prewett M, Huber J, Li Y, Santiago A, O‘Connor W, King K,
Overholser J, Hooper A, Pytowski B, Witte L, et al (1999)
Antivascular endothelial growth factor receptor (fetal
liver kinase 1) monoclonal antibody inhibits tumor an-
giogenesis and growth of several mouse and human tu-
mors. Cancer Res 59:5209-5218

Ribatti D, Vacca A, Dammacco F (2003) New non-angiogen-
esis dependent pathways for tumour growth. Eur J Cancer
39:1835-1841

Risau W, Flamme I (1995) Vasculogenesis. Annu Rev Cell
Dev Biol 11:73-91

Ruiz JC, Robertson EJ (1994) The expression of the recep-
tor-protein tyrosine kinase gene, eck, is highly restricted
during early mouse development. Mech Dev 46:87-100

Sawai Y, Tamura S, Fukui K, Ito N, Imanaka K, Saeki A,
Sakuda S, Kiso S, Matsuzawa Y (2003) Expression of eph-
rin-B1 in hepatocellular carcinoma: possible involvement
in neovascularization. ] Hepatol 39:991-996

Shin D, Garcia-Cardena G, Hayashi S, Gerety S, Asahara T,
Stavrakis G, Isner J, Folkman J, Gimbrone MA Jr, Ander-
son DJ (2001) Expression of ephrinB2 identifies a stable
genetic difference between arterial and venous vascular
smooth muscle as well as endothelial cells, and marks
subsets of microvessels at sites of adult neovasculariza-
tion. Dev Biol 230:139-150

Sullivan DC, Bicknell R (2003) New molecular pathways in
angiogenesis. Br ] Cancer 89:228-231

Vihanto MM, Plock J, Erni D, Frey BM, Frey FJ, Huynh-Do U
(2005) Hypoxia up-regulates expression of Eph receptors
and ephrins in mouse skin. FASEB J 19:1689-1691

Vindis C, Cerretti DP, Daniel TO, Huynh-Do U (2003) EphB1
recruits c-Src and p52Shc to activate MAPK/ERK and
promote chemotaxis. J Cell Biol 162:661-671

Wang HU, Chen ZF, Anderson DJ (1998) Molecular distinc-
tion and angiogenic interaction between embryonic ar-
teries and veins revealed by ephrin-B2 and its receptor
Eph-B4. Cell 93:741-753

Wang Z, Cohen K, Shao Y, Mole P, Dombkowski D, Scad-
den DT (2003) Ephrin receptor, EphB4, regulates ES cell
differentiation of primitive mammalian hemangioblasts,
blood, cardiomyocytes, and blood vessels. Blood 103:100-
109

Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand §],
Holash J (2000) Vascular-specific growth factors and
blood vessel formation. Nature 407:242-248

Zammaretti P, Zisch AH (2005) Adult ,endothelial progeni-
tor cells. Renewing vasculature. Int ] Biochem Cell Biol
37:493-503

Zelinski DP, Zantek ND, Stewart JC, Irizarry AR, Kinch MS
(2001) EphA2 overexpression causes tumorigenesis of
mammary epithelial cells. Cancer Res 61:2301-2306

Zhang XQ, Takakura N, Oike Y, Inada T, Gale NW, Yanco-
poulos GD, Suda T (2001) Stromal cells expressing eph-
rin-B2 promote the growth and sprouting of ephrin-B2(+)
endothelial cells. Blood 98:1028-1037




The Role of the Neuropilins and

Their Associated Plexin Receptors in Tumor
Angiogenesis and Tumor Progression

GERA NEUFELD and OFRA KESSLER

Abstract

The neuropilins were described as receptors
for the axon guidance factors belonging to the
class 3 semaphorins subfamily. They were sub-
sequently found to be expressed in endothelial
cells and to function in addition as receptors
for specific splice forms of angiogenic factors
belonging to the VEGF family. There is increas-
ing evidence indicating that the neuropilins
and their associated plexin and tyrosine-ki-
nase VEGF receptors play important roles as
regulators of developmental angiogenesis and
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Introduction

Neuropilin-1 (npl) and neuropilin-2 (np2) were orig-
inally characterized as neuronal cell surface recep-
tors for axon guidance factors belonging to the class
3 semaphorin subfamily. During the development
of the central nervous system, class 3 semaphorins
function primarily as repellants of axonal growth
cones. To transduce semaphorin signals, neuropilins
form complexes with members of the plexin receptor
family in which the neuropilins serve as the ligand
binding components and the plexins as the signal
transducing components. The neuropilins were sub-
sequently found to double as receptors for specific
heparin binding splice forms of vascular endothelial
growth factor (VEGF), and to be expressed in endo-
thelial cells. This finding suggested that neuropilins
as well as semaphorins and plexins may function as
modulators of angiogenesis. It was indeed found that
the neuropilins strongly modulate the pro-angio-
genic signals of VEGF. Furthermore, several types
of class 3 semaphorins, such as semaphorin-3F (s3f),
function as repellents of endothelial cells, as regula-
tors of vasculogenesis and developmental angiogen-
esis, and as inhibitors of tumor angiogenesis. In this
chapter we cover recent developments in this rapidly
evolving field of research.

The Neuropilins and the Plexins and Their
Involvement in Semaphorin-induced Signal
Transduction

8.2.1
The Neuropilins

The human and mouse neuropilin family consists of
two genes, npl and np2. Npl was originally identi-
fied as a cell surface protein involved in neuronal
recognition (Takagietal. 1991). Subsequentresearch

identified the neuropilins as receptors for several
semaphorins belonging to the class 3 semaphorin
subfamily (He and Tessier-Lavigne 1997; Kolodkin
etal. 1997; Giger et al. 1998; Chen et al. 1997; Stevens
and Halloran 2005). The proteins encoded by the
neuropilin genes are membrane-bound receptors,
although splice forms encoding soluble extracellu-
lar domains of npl and np2 have also been identi-
fied (Gagnon et al. 2000; Rossignol et al. 2000). The
two neuropilins share a very similar domain struc-
ture, although the overall homology between npl
and np2 is only 44% at the amino acid level (Giger
et al. 1998; Chen et al. 1997). Both neuropilins con-
tain two complement binding (CUB)-like domains
(al and a2 domains), two coagulation factor V/VIII
homology-like domains (bl and b2 domains), and
a meprin (MAM) domain thought to be important
for neuropilin dimerization and possibly for the
interaction of neuropilins with other membrane
receptors (He and Tessier-Lavigne 1997; Giger et
al. 1998) (Fig. 8.1). Neuropilins possess a very short
intracellular domain that is believed to be too short
to support independent signal transduction. How-
ever, this dogma may be inaccurate. The last three
amino acids of npl (SEA-COOH) are highly con-
served between vertebrates and bind specifically to
the PSD-95/DIg/Z0-1 domain of the NIP protein
(Caiand Reed 1999) indicating that the intracellular
domain is not completely inert. Additionally, there
exist np2 splice forms that possess a completely
different intracellular domain, once again provid-
ing indirect evidence that the intracellular domain
may not be devoid of biological function (Chen et
al. 1997).

8.2.2
The Semaphorins

The semaphorin family consists of more than 30
genes divided into eight classes, of which classes
1 and 2 are derived from invertebrates, classes 3-7
are the products of vertebrate semaphorin genes,
and class 8 contains viral semaphorins (Fig. 8.2).
The semaphorins were previously referred to by an
array of confusing designations. This situation was
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Fig. 8.1. The neuropilin re-
ceptor family. The two mem-
bers of the neuropilin family
are membrane-anchored
receptors containing very
short intracellular domains.
Interestingly, there exist two
np2 splice forms in which
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clarified several years ago by the adoption of a uni-
fied nomenclature for the semaphorins (Goodman
et al. 1999). The semaphorins are characterized by
the presence of a sema domain approximately 500
amino acids long located close to the N-terminus.
The sema domain is essential for semaphorin sig-
naling and determines the specificity of binding
(Gherardi et al. 2004). The X-ray structures of the
sema domains of semaphorin-3A (s3a) and sema-
phorin-4D (s4d) were analyzed at the atomic level
revealing a conserved seven-bladed [B-propeller
structure (Gherardi et al. 2004).

Class 3 semaphorins are distinguished from
other vertebrate semaphorins by being the only
secreted semaphorins. In addition, they are distin-
guished by the presence of a basic domain in their
C-terminus (Fig. 8.2). The class 3 semaphorins s3a
and semaphorin-3D (s3d) were found to be pro-
duced as disulfide-linked homodimers, and the di-
merization was found to be important for their bio-
activity (Koppel and Raper 1998; Klostermann et
al. 1998). It is therefore likely that the active forms
of other class 3 semaphorins are also homodimeric.
Various class 3 semaphorins differentiate between
the two neuropilins. For example, it was found that

Np1

semaphorin-3A (s3a) binds to npl but not to np2,
while semaphorin-3F (s3f) binds well to np2 but
only with a much reduced affinity to npl (He and
Tessier-Lavigne 1997; Kolodkin et al. 1997; Giger
et al. 1998). The binding site of s3a in npl covers
part of the second a-domain of npl and part of the
first b-domain (Fig. 8.1) (Gu et al. 2002). The class 3
semaphorins guide growth cones of elongating ax-
ons by causing a localized collapse of the cytoskel-
eton in the growth cone, thereby directing it in the
opposite direction (Isbister and O'Connor 2000).
When applied externally and non-directionally,
class 3 semaphorins induce a general collapse of
the cytoskeleton in responsive cells which is mani-
fested by cell contraction (Takahashi et al. 1999).
The class 3 semaphorin s3a was reported to func-
tion in addition as an inducer of apoptosis (Shirvan
etal. 1999;Bagnardetal.2004). Theintracellular do-
main of the neuropilins is short, and is assumed not
to suffice to transduce biological signals. This view
is supported by experiments that have shown that
although npl is required for s3a-induced collapse
of axonal growth cones, deletion of the cytoplasmic
domain of npl does not inhibit s3a activity, suggest-
ing the existence of independent signal-transduc-
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Fig. 8.2. The semaphorin family. The different semaphorin subclasses are shown. Classes 3-7 contain vertebrate semapho-
rins. The two main semaphorin subclasses containing members reported to function as angiogenesis regulators are class 3
and class 4. Class 3 semaphorins are the only secreted vertebrate semaphorins. The subfamily contains seven known mem-
bers. They are distinguished by a small basic domain and by an Ig-like domain in addition to the sema domain which is
present in all semaphorins. Class 4 semaphorins are membrane-anchored semaphorins containing an Ig loop-like domain.

For more details see the text

ing moieties in semaphorin receptors (Nakamura
et al. 1998). These were later identified as plexins
(Takahashi et al. 1999; Tamagnone et al. 1999)
(Fig. 8.3). In contrast, the other types of the verte-
brate semaphorins can bind directly to plexins and
do not require neuropilins for the initiation of sig-
nal transduction (Tamagnone et al. 1999).
Although the intracellular domain of the neu-
ropilins is short, there are a few observations that
suggest that this domain does have a function. The
last three amino acids of npl contain a conserved
SEA sequence which functions as a docking site
for the postsynaptic density-95/Discs large/zona
occludens-1 (PDZ) domain containing protein
NIP [also known as RGS-GAIP-interacting protein
(GIPC)] (Cai and Reed 1999). Therefore, although
repulsion of npl-expressing growth cones does not
require the presence of the intracellular domain of
npl (Nakamura et al. 1998), it may yet turn out to be
required for additional npl functions. This notion is

also supported by the identification of a np2 splice
form in which the C-terminal domain (including the
transmembrane domain) is completely exchanged
to yield np2b (Fig. 8.3) (Chen et al. 1997). It is un-
known whether these two np2 forms have different
biological functions, but their mere existence indi-
cates that the intracellular domains of the neuropi-
lins, although short, are likely to possess functions
which have yet to be discovered.

8.2.3
The Plexins

The plexin family contains nine vertebrate mem-
bers segregated into four classes. The plexins are
transmembrane receptors containing a cytoplasmic
sex/plexin (SP) domain that includes putative tyro-
sine phosphorylation sites but no known enzymatic
activity. Interestingly, their extracellular domains
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Fig. 8.3. The plexin
receptor family. There
are currently nine known
mammalian members

of this family, grouped

into four subfamilies.
Members of the A, B and
D subfamilies have been
found to function as
modulators of angiogen-
esis. All plexins contain
a sema domain and MET-
related sequences. The
intracellular part con-
tains tyrosine residues
that can be phosphory-
lated but lack tyrosine
kinase activity and a split
GAP domain

Sema domain

MET-related sequence

GTPase binding domain @

PDZ-domain binding site @
Glycine-proline (G-P) rich motif s

Convertase cleavage site =€,

Split GAP domain

are distinguished by the presence of a sema domain,
by the presence of a Met-related sequence (MRS)
domain and by glycine-proline (G-P) rich motifs
which the plexins share with the tyrosine kinase
receptors belonging to the Met receptor family
(Fig. 8.3) (Trusolino and Comoglio 2002). The four
type A plexins were found to form complexes with
neuropilins and to serve as the signal-transducing
components in the resulting semaphorin holo-re-
ceptors (Tamagnone et al. 1999; Takahashi et al.
1999). Recent evidence also identified plexin-D1 as
a plexin that forms complexes with neuropilins to
transduce semaphorin-3C (s3c) signals (Gitler et al.
2004). Interestingly, although class 3 semaphorins
such as s3a do not seem to be able to bind directly to
plexins and do not activate plexin-mediated signal
transduction in the absence of neuropilins, other
semaphorins, including the class 3 semaphorin
semaphorin-3E (s3e), do not require neuropilins
and activate plexin-mediated signal transduction
by direct binding to plexins (Fig. 8.4) (Gu et al. 2005;

;

Plexin-A Plexin-C1 Plexin-D1

1-4

Plexin-B
1-3

Potiron and Roche 2005). Although semaphorins
such as semaphorin-6D (s6d) and s3e activate signal
transduction via plexin-Al and plexin-DI directly,
there exist other semaphorins, such as s3a and s3c,
thatactivate the same plexins but are unable to bind
directly to these plexins and require a neuropilin
in order to activate signaling via these very same
plexins (Fig. 8.4) (Toyofuku et al. 2004; Gitler et al.
2004; Gu et al. 2005). In only a few studies have at-
tempts been made to identify differences in signal
transduction between different plexins activated by
a common semaphorin or to determine how dif-
ferent plexins affect the binding of semaphorins
to neuropilins. These few studies indicate that the
identity of the plexin affects the binding and the
responses to class 3 semaphorins that bind to neu-
ropilins (Rohm et al. 2000; Yaron et al. 2005). It
is also unclear whether the direct as opposed to
neuropilin-mediated activation of a plexin such as
plexin-Al or plexin-D1 leads to similar or diverse
biological responses.
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Fig. 8.4. Known interactions of different semaphorins with plexin and neuropilin receptors. The interactions of different
plexins or holo-receptors containing specific neuropilin/plexin complexes are depicted. Plexins are abbreviated here with
p; thus, plexin-Bl is designated pBI. neuropilins are designated nI or n2, and n12 means that the semaphorin uses both

neuropilins. For more details see the text

8.2.4
Plexin-Mediated Semaphorin Signaling

The intracellular domain of the plexins does not
contain a tyrosine kinase domain. However, intra-
cellular tyrosine kinases such as Fes/Fps bind to
s3a-activated plexins such as plexin-Al to phos-
phorylate tyrosine residues in the intracellular do-
main of plexin-Al which serve as docking sites for
downstream signal-transducing proteins (Mitsui et
al. 2002). The intracellular tyrosine kinase Fyn was

found to bind to the intracellular domain of the
plexin-A2 receptor and phosphorylate it in response
to s3a (Sasaki et al. 2002). The serine-threonine ki-
nase Cdk-5 also associates with plexin-A2 and phos-
phorylates, in response to s3a, the CRMP2 protein,
which serves as an important downstream target
of plexins in neurons, binds to tubulin, promotes
tubulin polymerization, and regulates cytoskeleton
organization (Fig. 8.5) (Arimura et al. 2005; Brown
et al. 2004). The intracellular domain of the Dro-
sophila homolog of plexin-Al, plexin-A, contains in
addition a binding site that enables association with
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the flavoprotein oxidoreductase MICAL (molecule
interacting with CasL), which was found to be es-
sential for correct semaphorin-la-induced axon re-
pulsion in Drosophila. MICAL has several vertebrate
homologs that have been found to be important for
the transduction of s3a and s3f signals (Terman et
al. 2002; Pasterkamp et al. 2006).

The intracellular part of several plexins such as
plexin-Bl and plexin-Al contains a domain that
functions as a binding site for GTPases such as RAC1
and Rndl. This binding site is located between the
Cl and C2 domains, which function as a split GT-
Pase-activating (GAP) domain that binds the small
GTPase R-Ras and leads to its inactivation. R-Ras
controls integrin function, and its inactivation leads
to localized cell detachment from the extracellular
matrix (Oinuma et al. 2004a). R-Ras was also found
to function as an important regulator of angiogen-
esis (Komatsu and Ruoslahti 2005). In plexin-BI1 the
activation of the plexin GAP activity is associated
with the binding of the small constitutively active
GTPase Rnd1 disrupts the association between the
two separate arms of the GAP domain of plexin-
B1 enabling the inactivation of R-Ras in response
to s4d (Oinuma et al. 2004b). The GAP domain is
conserved quite highly throughout the plexin fam-
ily, although it is unclear whether it is functional
in all plexins. Additional small GTPases and their
corresponding guanine-nucleotide exchange factors
(GEFs) and GAPs participate in the transduction of
plexin-mediated signals. It was shown that type B
plexins possess a PDZ binding motif at the C-termi-
nus through which GEFs such as PDZ-Rho-GEF and
leukemia-associated Rho-GEF (LARG) bind to type
B plexins (Perrot et al. 2002; Aurandt et al. 2002).
The small GTPase Rho is activated following the
binding of these Rho GEFs to plexin-Bl, initiating a
reorganization of the actin cytoskeleton in response
to s4d (Fig. 8.5) (Hall 2005).

The three type B plexins do not seem to function
as receptors for class 3 semaphorins. They seem to
function as receptors for membrane-bound class
4 and class 5 semaphorins. The best characterized
type B plexin is plexin-Bl, which serves as a recep-
tor for semaphorin-4D (s4d) (Takahashi et al. 1999).
The plexin-BI receptor can form complexes with the

Met tyrosine kinase receptor, which functions as a
receptor for hepatocyte growth factor/scatter factor
(Bottaro et al. 1991). Interestingly, the Met receptor
can be activated in response to the binding of s4d to
plexin-B1 (Giordano et al. 2002).

8.2.5

Additional Neuropilin-associated Cell Surface
Molecules that Modulate Neuropilin-mediated
Signal Transduction

The neuropilins form complexes with additional cell
surface molecules besides plexins. Npl was reported
to form complexes with L1-CAM, an adhesion mole-
cule which is primarily found in the central nervous
system. Surprisingly, the association of L1-CAM
with npl causes s3a to behave as an attractive mol-
ecule (Castellani et al. 2000, 2002). This conversion
of a repulsive signal to an attractive signal may be
associated with changes in the intracellular levels
of cGMP (Polleux et al. 2000; Castellani et al. 2002).
An L1-CAM derived peptide was found to inhibit
endocytosis of npl- and s3a-induced cytoskeletal
collapse, indicating that endocytosis of npl/L1-
CAM complexes may be important for s3a signal
transduction (Castellani et al. 2004). The NrCAM
adhesion receptor, on the other hand, was found to
form complexes with np2 and seems to be required
for semaphorin-3B (s3b)-induced signaling medi-
ated by np2 (Julien et al. 2005).

Neuropilins as VEGF Receptors

8.3.1
The VEGF Family

VEGF (also known as VEGF-A) is considered to be a
major angiogenic factor that plays an essential role
in embryonic vasculogenesis and angiogenesis as
well as in tumor angiogenesis (Neufeld et al. 1999).
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Fig.8.5. The main signaling pathways activated by the ple:

xin-Al and plexin-B1 following activation by their respective

s3a and s4d ligands. Following the binding of s3a to npl, which is associated with plexin-Al in the presence or lack of s3a,
plexin-Al is activated. Rnd1 binds to the GTPase binding site leading to activation of the intrinsic GAP domain, which leads

to R-Ras inactivation and inhibition of integrin function. Si

multaneously, other pathways involving activation of CRMP-2

and MICALs lead to the reorganization of the actin and tubulin cytoskeleton. In the case of plexin-B1, activation occurs
directly, without involvement of neuropilins. Inactivation of integrin function via R-Ras inactivation occurs similarly. Cy-
toskeletal changes are triggered by the activation of Rho GEFs via the PDZ-binding domain of plexin-B1. Rac is bound to
plexin-Bl. As a result, Rac-mediated inhibition of PAK is relieved. For more details see the text

Multiple forms of VEGF are produced as a result of
alternative splicing. Three of these forms, VEGF,,,,
VEGEF 45, and VEGF, 4, are considered to be the ma-
jor VEGF forms that are most frequently encoun-
tered. These three major VEGF forms differ in the
expression of exons 6 and 7 of the VEGF gene. The
24-amino-acid peptide encoded by exon 7 is present
in VEGF,¢; and VEGF,g,, while the 17-amino-acid
peptide encoded by exon-6 is present in VEGF, s
and VEGF,g4,. Exons 6 and 7 encode independent
heparin-binding domains, and VEGF,,,, which lacks
both exons, does not bind to heparan sulfates or to

heparin (Neufeld et al. 1999). All the VEGF forms
bind and activate the VEGFR-2 tyrosine kinase re-
ceptor, which seems to be essential for the transduc-
tion of VEGF-induced angiogenic signals (Terman
et al. 1992; Shibuya 2003). The VEGFR-1 tyrosine
kinase receptor, on the other hand (Devries et al.
1992), binds all the VEGF forms and is required for
developmental and pathological angiogenesis (Fong
et al. 1995; Luttun et al. 2002). Interestingly, knock-
in experiments revealed that the tyrosine kinase
domain is not required for developmental angiogen-
esis (Hiratsuka et al. 1998). It is, therefore, thought
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that this receptor and the soluble form of VEGFR-1
function primarily as inhibitors of VEGF (Kendall
and Thomas 1993; Ahmad and Ahmed 2004), al-
though more recent evidence indicates that VEGF
stimulation of VEGFR-1 plays an important role in
the recruitment of macrophages and bone marrow-
derived precursors of endothelial cells to tumors
(Lyden et al. 2001; Luttun et al. 2002).

The VEGF family contains four additional ver-
tebrate family members. PIGF and VEGF-B bind to
VEGFR-1 but not to VEGFR-2 (Neufeld et al. 1999).
The lymphangiogenesis-promoting agents VEGF-C
and VEGEF-D, on the other hand, bind to the VEGFR-
2 receptor and induce angiogenesis, but in contrast
to VEGF do not bind to VEGFR-1 (Cao et al. 1998)
(Tammela et al. 2005). However, both VEGF-C and
VEGF-D bind to the third member of the VEGF ty-
rosine kinase receptor subfamily, VEGFR-3 (Joukov
et al. 1996; Achen et al. 1998), which is primarily
expressed on lymphatic endothelial cells, enabling
them to induce proliferation of lymphatic endothe-
lial cells and lymphangiogenesis (Veikkola et al.
2001; Kaipainen et al. 1995; Kukk et al. 1996).

8.3.2

The Interaction of VEGF with Neuropilins and
Its Effect on VEGF-induced Signaling by
Tyrosine Kinase Receptors for VEGF

When the differences between the VEGF splice
forms were investigated further, it was found that
VEGF,4; was able to bind to a receptor that was not
recognized by VEGF,,, (Gitay-Goren et al. 1996).
This receptor turned out to be npl (Soker et al.
1998). It was subsequently found that np2 also dis-
tinguishes between VEGF,4; and VEGF,,, but, un-
like npl, can bind the exon-6 containing VEGF,,;
form of VEGF (Gluzman-Poltorak et al. 2000). The
VEGF-binding domain of npl was mapped follow-
ing the identification of the VEGF-binding proper-
ties of the neuropilins. It was found that the VEGF-
binding site partially overlaps the s3a-binding site,
so that VEGF and s3a compete for binding to npl
(Gu et al. 2002). Interestingly, it was possible to in-
troduce mutations into the ligand-binding domain

of npl which resulted in the complete nullification
of the VEGF-binding ability, but did not compro-
mise the binding of s3a to npl, indicating that the
binding domains of VEGF and s3a overlap but are
not identical (Gu et al. 2002). In contrast, the bind-
ing of the np2 agonist s3f to np2 is not inhibited by
VEGF,;, indicating that the binding sites of s3fand
VEGF on np2 are independent (Gluzman-Poltorak
et al. 2001).

Since both neuropilins function as splice form-
specific VEGF receptors, it was not surprising that
they were found to affect VEGF signaling and func-
tion in various experimental systems. Initially, the
binding of VEGF,¢; to npl was found to enhance
VEGF ¢s-induced migration of endothelial cells
in cells that express, in addition to npl, the VEGF
receptor VEGFR-2 (Soker et al. 1998). It was sub-
sequently observed that soluble dimers of the npl
extracellular domain enhance VEGF-induced vas-
cular development, while monomers of the soluble
extracellular domain function as VEGF; traps
and inhibit VEGF-induced vascular development
(Yamada et al. 2001). The role of npl in embryonic
vascular development was also studied in gene tar-
geting experiments. Mice lacking functional npl
receptors suffer from impaired neural vasculariza-
tion and from defects in the development of large
arteries such as brachial arch arteries. In addition,
the development of the heart was strongly impaired
in these mice, and heart failure was responsible
for their premature death (Kawasaki et al. 1999).
Knock-in mice expressing a npl variant lacking
s3a binding ability but retaining VEGF binding
displayed normal vascular development but abnor-
mal neural development, indicating that the VEGF
binding ability of npl is critical for proper vascu-
lar development. In contrast, the s3a binding ability
is required in addition to the VEGF binding abil-
ity for proper heart development (Gu et al. 2003).
These results are strengthened by experiments
showing that mice lacking a functional npl gene
in their endothelial cells but not in other cell types
also suffer from severe vascular abnormalities (Gu
et al. 2003), and by experiments which show that
proper development of the vasculature in zebraf-
ish requires npl (Lee et al. 2002), and indicate that
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npl expression is critical for proper development of
blood vessels during embryonic development.

The role of np2 in VEGF-induced vasculogen-
esis and angiogenesis is less clear. The vasculature
of mice lacking a functional np2 receptor devel-
ops normally except for defects observed at birth
in some lymphatic vessels (Yuan et al. 2002; Giger
et al. 2000). However, these mice do not respond
to VEGF,; by retinal angiogenesis indicating that
np2 is also important for angiogenesis (Shen et al.
2004). The importance of np2 to vascular develop-
ment is also highlighted in experiments in which
mice lacking both functional neuropilins were gen-
erated. These mice display a total lack of endothelial
cells (Takashima et al. 2002), and their phenotype
therefore resembles that of mice lacking functional
VEGFR-2 receptors (Shalaby et al. 1995). Further-
more, mice lacking a functional np2 gene and con-
taining only one functional npl gene also displayed
vascular abnormalities that were more severe than
those observed in mice that lack both npl alleles
(Takashima et al. 2002).

The mechanism by which npl enhances
VEGF,¢s-induced signal transduction via the
VEGF receptor VEGFR-2 is unclear. It was sug-
gested that npl binds VEGF,4; and presents it to
the VEGFR-2 receptor, thereby increasing respon-
siveness to VEGF,¢;. Such a mechanism ought to
function “in trans” too, and it was indeed found
that angiogenesis is enhanced in tumors contain-
ing tumor cells expressing high levels of npl (Miao
et al. 2000). It was recently suggested that npl
contains a heparin-like domain that enables npl
to bind a wide variety of heparin-binding growth
factors such as basic fibroblast growth factor and
not just VEGF,¢s, and that as a consequence npl is
able to potentiate the activity of a wide variety of
heparin-binding growth factors (West et al. 2005).
On the other hand, it was also reported that npl
forms complexes with VEGFR-2 directly, although
there is some disagreement as to whether these
complexes form as a result of stimulation by VEGF
(Whitaker et al. 2001; Soker et al. 2002; Gu et al.
2002). The formation of such complexes may ac-
count, at least partially, for the npl-dependent po-
tentiation of VEGF ¢, activity.

8.3.3
The Interaction of Additional VEGF Family
Members with Neuropilins

Recent evidence indicates that although PIGF does
not seem to play an important role in developmental
angiogenesis, it is important for pathological angio-
genesis (Carmeliet et al. 2001; Luttun et al. 2002).
However, these results are still controversial and
under debate (Malik et al. 2005). It was observed
that the heparin-binding form of PIGF, PIGF-2, binds
npl. However, the functional consequences of this
interaction are still unclear (Migdal et al. 1998).
Likewise, it was reported that VEGF-B binds to npl,
but here too the functional consequences are unclear
(Makinen et al. 1999). In contrast, it was reported
that the lymphangiogenic factor VEGF-C binds to
neuropilin-2, which is highly expressed in lymphat-
ics (Karkkainen et al. 2001; Yuan et al. 2002). VEGF-
C activates angiogenesis via the VEGFR-2 tyrosine
kinase receptor and lymphangiogenesis primarily
by activating VEGFR-3 (Veikkola et al. 2001), but
whether the interaction of VEGF-C with np2 modu-
lates VEGF-C-induced lymphangiogenesis is still
unclear.

8.3.4
The Role of the Neuropilins in VEGF-Induced
Tumor Angiogenesis

VEGF is now thought to function as a primary
inducer of tumor angiogenesis (Ferrara 2002;
Neufeld et al. 1999). The importance of the neu-
ropilins for VEGF signaling suggests that neuro-
pilin-mediated signaling also plays an important
role in the induction of tumor angiogenesis by
VEGF. However, the importance of neuropilin for
VEGF-induced tumor angiogenesis has not yet
been assessed directly.
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The Role of Class 3 Semaphorins in Normal
Angiogenesis and in Tumor Angiogenesis

The class 3 semaphorins s3a, s3b, s3c, s3d and s3f
bind to neuropilins, and the binding is required
for initiation of signal transduction mediated
by plexins (Kolodkin et al. 1997; He and Tessier-
Lavigne 1997; Castro-Rivera et al. 2004; Takahashi
et al. 1998; Gitler et al. 2004; Wolman et al. 2004;
Chen et al. 1997). The primary neuropilin expressed
in adult blood vessels is npl, and it was therefore
logical to examine the effects of the npl agonist
s3a on angiogenesis. S3a competes with VEGF;
for binding to npl, inhibits VEGF,¢s-induced pro-
liferation and migration of endothelial cells, and
inhibits the pro-angiogenic effects of VEGF165 in
angiogenesis experiments in vitro (Miao et al. 1999).
Subsequent experiments indicated that s3a inhibits
developmental angiogenesis (Serini et al. 2003). To
date, however, no effects of s3a on tumor progres-
sion or on tumor angiogenesis have been reported.
The class 3 semaphorin S3f was originally identi-
fied as a tumor suppressor gene which is lost from
small cell lung carcinoma cells (Xiang et al. 1996).
Many types of tumor cells express neuropilins, and
it was observed that s3f inhibits the proliferation,
migration and spreading of several types of tumor
cells, including lung and breast cancer-derived tu-
mor cells, and inhibits the development of tumors
from several types of small cell lung carcinoma-
derived cell types (Xiang et al. 2002; Nasarre et al.
2003; Nasarre et al. 2005). Another semaphorin that
was originally identified as a tumor suppressor of
small cell lung carcinoma is s3b (Tomizawa et al.
2001). Interestingly, s3b was found to antagonize the
anti-apoptotic effects that VEGF s produces in NCI-
H1299 lung cancer-derived cells, probably by inter-
fering with neuropilin-mediated VEGF signaling in
these cells (Castro-Rivera et al. 2004). These find-
ings indicate that s3b and s3f can directly affect the
behavior of tumor cells that express neuropilins.
VEGF165 binds to np2 (Gluzman-Poltorak et al.
2000), but the biological consequences of this in-
teraction have not yet been investigated in detail.

The binding of the np2-specific semaphorin s3f to
np2 is not inhibited by VEGF,,;, suggesting that the
VEGF,4; and the s3f-binding sites of np2 are inde-
pendent (Gluzman-Poltorak et al. 2001). Neverthe-
less, s3f was found to inhibit VEGF as well as bFGE-
induced proliferation of endothelial cells and to
inhibit bFGF- and VEGF,;-induced angiogenesis in
angiogenesis assays in vivo and in vitro. These ex-
periments indicated that s3f may be able to inhibit
tumor angiogenesis. Indeed, the development of tu-
mors from s3f-expressing HEK293 cells implanted
subcutaneously in nude mice was strongly inhibited
compared to parental, empty expression vector-
transfected HEK293 cells. The inhibition was proba-
bly due to inhibition of angiogenesis, because s3f did
not inhibit the proliferation of HEK-293 tumor cells
in vitro, and because the tumors that did develop
from the s3f-expressing cells contained significantly
lower concentrations of blood vessels (Kessler et al.
2004). In another study, it was observed that S3f is
able to repel endothelial cells in vitro, indicating
that it could also affect angiogenesis through repul-
sion of newly formed blood vessels. In this study it
was observed that expression of recombinant s3f
in highly metastatic melanoma cells which express
endogenous np2 receptors inhibited their ability to
form metastases. Although the expression of s3f in
these cells did not prevent the formation of primary
tumors, it affected tumor angiogenesis, since the
primary tumors contained a much lower density
of blood vessels. In this study s3f also affected the
tumor cells directly, reducing their adherence to fi-
bronectin and downregulating integrin-p1 expres-
sion (Bielenberg et al. 2004). Taken together, these
studies indicate that s3f may be able to inhibit tumor
progression using several mechanisms, including
inhibition of angiogenesis.

Another class 3 semaphorin that activates neuro-
pilin-mediated signaling and may affect tumor an-
giogenesis is s3c. S3c is a semaphorin that seems to
signal through np2 or through npl/np2 complexes
(Takahashi et al. 1998). Recently, it was found that
both neuropilins associate with plexin-D1 to trans-
duce s3c signals (Gitler et al. 2004). Mice lacking
a functional plexin-D1 gene suffer from heart de-
fects and vascular patterning defects, indicating
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that plexin-DI1 signaling plays an important role
in vascular development (Feiner et al. 2001; Gitler
et al. 2004; Torres-Vazquez et al. 2004). Plexin-D1
was reported to be specifically expressed in tumor-
associated blood vessels and may therefore represent
a target for anti-angiogenic therapy (Roodink et al.
2005). It should be noted that plexin-D1 can also be
activated directly by the class 3 semaphorin s3e in
the absence of neuropilins. Plexin-DI signaling me-
diated by S3e was found to play an important role in
the patterning of intersomitic vessels in developing
embryos, indicating that s3e is an important modu-
lator of embryonic angiogenesis (Gu et al. 2005). It
was also reported that s3e undergoes proteolytic
processing and that the resulting cleaved s3e is more
active than the unprocessed form. The cleaved s3e
promoted tumor metastasis, promoted migration of
an endothelial cell-derived cell line, and activated
ERK1/2 phosphorylation in these cells (Christensen
et al. 2005). More work will be required to elucidate
the role of neuropilin-dependent and -independent
plexin-D1 signaling and the possible effects of s3c
and s3e on tumor angiogenesis.

Membrane-Bound Semaphorins as
Regulators of Angiogenesis

S4d is the best-characterized membrane-bound
semaphorin that utilizes plexin-Bl and plexin-B2
asits receptors (Fig. 8.4). Plexin-B1 forms complexes
with the MET tyrosine kinase receptor, which func-
tions as a receptor for the angiogenic factor hepato-
cyte growth factor (Bussolino et al. 1992). Activation
of plexin-B1 by s4d leads to the activation of the Met
tyrosine kinase receptor (Giordano et al. 2002). En-
dothelial cells express plexin-B1 as well as Met, and
it was therefore hypothesized that s4d may perhaps
regulate angiogenesis. It was indeed found that s4d
can function as a chemotactic factor for endothelial
cells and that s4d induces angiogenesis through ac-
tivation of the associated MET receptor (Conrotto
et al. 2005). Interestingly, it was also reported that

activation of plexin-Bl by s4d can induce angio-
genesis by a Met-independent mechanism (Basile et
al. 2004). A similar mechanism may also operate in
the case of s6d. S6d utilizes plexin-Al as a recep-
tor. Plexin-A1 associates with VEGFR-2, and there
is some evidence indicating that s6d can induce
signaling via VEGFR-2 in this complex (Toyofuku
et al. 2004).

Neuropilins as Modulators of VEGF-induced
Tumor Angiogenesis

8.6.1
Effects of np1 on Tumor Angiogenesis

Many types of tumor cells, including pancreatic can-
cer cells, colon cancer cells, and breast cancer cells,
express either npl or np2 (Parikh et al. 2004; Fu-
kahi et al. 2004; Cohen et al. 2002; Soker et al. 1998;
Stephenson et al. 2002; Kawakami et al. 2002; Han-
sel et al. 2004). Membrane-bound npl, as well as
soluble dimers of the extracellular domain of npl,
enhances VEGF165-induced signaling mediated by
the VEGFR-2 tyrosine kinase receptor, while solu-
ble monomers of npl extracellular domains inhibit
VEGF (Yamada et al. 2001). These observations in-
dicates that npl may work “in trans” to enhance
VEGFR-2 mediated VEGF165 signaling, indicating
that npl expressed on tumor cells may perhaps be
able to potentiate VEGF-induced signaling in adja-
cent endothelial cells. In agreement with this hy-
pothesis, it was found that overexpression of npl
in AT2.1 prostate cancer cells led to faster tumor
development even though it did not affect the pro-
liferation rate of the cancer cells in vitro, indicating
that the effects on tumor growth are not the result of
a direct effect on the cancerous cells. The enhance-
ment in tumor growth rate was accompanied by an
increased density of blood vessels in the tumors,
presumably due to such a “trans” effect on VEGF
signaling (Miao et al. 2000). It seems, therefore, that
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the expression of neuropilins on cancer cells may
enhance the pro-angiogenic effects of VEGF.

8.6.2
The Effects of Soluble Monomers of np1
Extracellular Domains on Tumor Progression

Several secreted soluble splice forms of npl and np2
have been described (Rossignol et al. 2000). One
of these, a VEGF-binding secreted form of npl,
contains a truncated extracellular domain of npl
lacking the MAM domain thought to be important
for receptor dimerization (Fig. 8.2). This secreted,
soluble extracellular domain of npl inhibited the
activity of VEGF, presumably through trapping and
sequestration of VEGF. Tumors of rat prostate car-
cinoma cells expressing this soluble npl form were
characterized by extensive hemorrhage, damaged
vessels, and by the presence of apoptotic tumor cells.
It therefore seems that this monomeric soluble npl
form functions as a VEGF165 antagonist and as an
inhibitor of tumor angiogenesis and tumor progres-
sion (Gagnon et al. 2000).

Expression of Neuropilins in Tumor Cells
and Direct Effects of Neuropilins on Tumor
Cell Behavior

8.7.1
Expression of np1 and np2 in Cancerous Cells

Cancer cells do not usually express tyrosine kinase
VEGF receptors, but many types of cancerous cells
express one or both neuropilins. Colon carcinoma
cells express npl, and its expression was reported
to be correlated with a better prognosis in one
study (Kamiya et al. 2006). In another study npl
expression was correlated with a highly malignant
phenotype of gastrointestinal tumors (Hansel et al.
2004). In gliomas, overexpression of npl is corre-

lated with poor prognosis (Osada et al. 2004). Npl
overexpression is also correlated with aggressive
prostate cancer (Latil et al. 2000), and androgen-in-
dependent prostate cancer-derived cells such as PC3
cells express high levels of npl (Li and Sarkar 2002).
Npl was also found to be expressed in breast can-
cer-derived cells such as MDA-MB-231 cells (Soker
et al. 1998). Myoepithelial cells of ducts and lobules
in both neoplastic and non-neoplastic tissue speci-
mens derived from neoplastic areas of breast can-
cer display a stronger positive reaction for npl than
those in the normal breast (Stephenson et al. 2002).
Both neuropilins were found to be highly expressed
in tumor cells of pancreatic ductal adenocarcinoma
and in cell lines derived from such tumors (Fukahi
et al. 2004). Np2 is also expressed in a variety of tu-
mors and tumor-derived cell lines. Np2 is expressed
in osteosarcoma, and high expression levels corre-
late with poor prognosis (Handa et al. 2000). In the
gastrointestinal tract, np2 is strongly expressed in
neuroendocrine cells but its expression is decreased
in carcinoid tumors which develop from these cells
(Cohen et al. 2001). In contrast, np2 is highly ex-
pressed in endocrine pancreatic tumors.

8.7.2
The Effects of Neuropilins Expressed in
Tumor Cells on Tumor Cell Behavior

The expression of neuropilins in tumor cells was
in some cases found to affect the survival and mi-
gration of tumor cells directly. Thus, inhibition of
npl expression or function in breast cancer-derived
tumor cells resulted in the induction of apoptosis
and increased the susceptibility to chemotherapy
in breast cancer cells (Barr et al. 2005). Overexpres-
sion of npl in npl-deficient breast cancer cells pro-
tected them from apoptosis by an angiogenesis-in-
dependent mechanism, indicating that the presence
of npl in these cells contributed to their survival
(Bachelder et al. 2001). In breast cancer cells it was
also found that VEGF,,, increases cell attachment
and cell spreading by a npl-dependent mechanism
(Nasarre et al. 2003). Furthermore, even though
MCEF7 breast cancer cells express npl and no np2,
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it was found that s3f inhibited cell-cell adhesion,
which was associated with decreased E-cadherin
and beta-catenin expression. In the case of the mo-
tile C100 breast cancer cells, which do express np2,
it was found that s3f had a repulsive effect (Nasarre
et al. 2005).

Npl overexpression in the human pancreatic can-
cer cell line FG increased constitutive mitogen-ac-
tivated protein kinase (MAPK) signaling, enhanced
resistance to anoikis, and increased the resistance
of cells to chemotherapy, while downregulation of
npl expression in pancreatic cancer-derived Panc-
1 cells markedly increased chemosensitivity (Wey
et al. 2005). Interestingly, overexpression of a npl
variant lacking a VEGF- or semaphorin-binding
ability in Panc-1 cells reduced several key tumori-
genic properties, including anchorage-independent
cell growth and migration in vitro, and resulted in
reduced tumor incidence and tumor volume in vivo.
Conversely, reduction of npl expression by small
interfering RNA targeting led to enhanced tumor
growth (Gray et al. 2005).

Conclusions

The neuropilins have been shown to function as re-
ceptors for VEGF and for some class 3 semaphorins.
As VEGF receptors they play a part in the induc-
tion of angiogenesis, but several class 3 semapho-
rins seem to inhibit angiogenesis as a result of their
interaction with neuropilins. The neuropilins fulfill
an important role in VEGF-induced developmental
angiogenesis as demonstrated in gene targeting ex-
periments, while the importance of semaphorins to
developmental angiogenesis is not well established
as yet and more work will be required in order to
determine whether class 3 semaphorins play impor-
tant roles in the regulation of developmental angio-
genesis. However, there exists a growing body of
evidence indicating that class 3 semaphorins such as
s3f may be capable of inhibiting pathological angio-
genesis such as the angiogenesis that accompanies

the growth of solid tumors, and that they may, in
addition, also affect tumor progression by directly
affecting the behavior of tumor cells. The next few
years will probably result in more information that
will lead to a better understanding of the role of the
neuropilins and their ligands in tumor progression.
It is hoped that these new insights will lead to the
development of new anti-tumorigenic drugs based
upon semaphorins or on drugs targeting neuropilin-
mediated VEGF-induced signal transduction.
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Platelet-derived Growth Factor:

Impact on Physiological and Tumor Angiogenesis
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Abstract

The PDGF growth factors make up a family
of five dimeric growth factors acting through
the two dimeric tyrosine kinase PDGF o.- and
B-receptors. This chapter summarizes the
findings, predominantly from analyses of
genetically modified mice, which have estab-
lished important functions for PDGF recep-
tor signaling in the recruitment and growth
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PDGF Ligands and Receptors

9.1.1
The PDGF System: Five Dimeric Ligands and
Two Tyrosine Kinase Receptors

9.1.1.1
PDGF Ligands

The PDGF family of growth factors are encoded by
four genes that give rise to four homodimeric proteins
- PDGF-AA, -BB, -CC, -DD - and one heterodimeric
form - PDGF-AB (Heldin et al. 1998). The four differ-
ent PDGF genes have similar exon-intron architecture
and all code for proteins with a classical amino-ter-
minal hydrophobic signal sequence. The conserved
PDGF core domain is characterized by eight con-
served cysteine residues. The PDGF A-chain gene
is subject to alternative splicing, which gives rise to
forms with or without a carboxy-terminal negatively
charged “retention sequence” (see below) (Betsholtz
et al. 1986, 1990). The PDGF C- and D-genes differ
from the other by encoding an amino-terminal CUB
domain (see below) (Heldin et al. 2002).

Biosynthesis of the dimeric PDGF proteins involve
intracellular dimerization, mediated by cross-wise
disulfide formation of the second and fourth cysteine
residues, which precedes processing of amino- and
carboxy-terminal pro-sequences (Andersson et al.
1992; Ostman et al. 1988, 1992). The pro-sequences,
which show significant variations between the PDGF
isoforms, are important for determining localiza-
tion and latency. PDGF-BB and dimers of the long
splice form of PDGF-AA contain carboxy-terminal
retention sequences mediating pericellular retention
through binding to proteoglycans. PDGF-CCand -DD
differ from other PDGF isoforms by being secreted
as latent version, which are activated upon cleavage
of the amino-terminal CUB domain. Recent studies
suggest tissue plasminogen activator and urokinase
plasminogen activator as the most important prote-
ases for cleavage of the CUB domain (Fredriksson
et al. 2004, 2005; Ustach and Kim 2005).

Characterization of the three-dimensional struc-
ture of PDGF-BB revealed that the chains of the dimer
are arranged in an anti-parallel manner, creating an
elongated bowl-shaped structure (Oefner et al. 1992).
This overall structure is similar to that of vascular
endothelial growth factor (VEGF), and also includes
a structurally distinct pattern of disulfide bridges
- designated cysteine knot - also seen in members
of the TGF-beta and NGF families of growth factors
(Murray-Rust et al. 1993). The receptor-binding part
has been mapped, by mutational studies, to the two
distal parts, which each are composed of distinct
loops from the two subunits (LaRochelle et al. 1990,
1992; Ostman et al. 1991b).

9.1.1.2
PDGF Receptors

The two PDGF receptors are designated o- and f3-
receptors. The two receptors are encoded by distinct
genes on chromosome 4 and 5, respectively, and are
independently regulated (Heldin and Westermark
1999). Structural features of the receptors include
an extracellular domain composed of five Ig-like
domains, a single transmembrane domain and an
intracellular part with a split tyrosine kinase do-
main surrounded by a juxtamembrane region and
a carboxy-terminal tail. The two PDGF receptors are
most similar in their kinase domains, which show
about 80% amino acid conservation. In contrast, the
extracellular parts show only 30% conservation. Dur-
ing biosynthesis the receptors undergo glycosylation
before insertion into the plasma membrane. Turnover
of receptors occurs through receptor internalization
and degradation.

9.1.1.3
Ligand-Receptor Interactions

The five PDGF ligands display distinct receptor-
binding specificities (Heldin and Westermark
1999). In brief, PDGF-BB can induce the formation
of all three possible receptor dimers (a/a, o/f3, B/B),
whereas PDGF-AA and -DD signal only through
o/a and B/ receptors, respectively. PDGF-AB and
-CC can both induce receptor heterodimers, and
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in addition signal through PDGF o-receptor ho-
modimers.

In all cases ligand binding involves receptor di-
merization through the formation of a complex com-
posed of one bivalent dimeric PDGF ligand and two
receptor molecules (Heldin et al. 1989). As of now,
the structure of a PDGF ligand-receptor complex
has not been solved. However, biochemical stud-
ies have indicated that ligand binding particularly
involves the second and third Ig-like domains of
the receptors (Heidaran et al. 1990; Miyazawa et al.
1998). Furthermore, receptor-receptor interaction,
involving the fourth Ig-like domain, contributes
to stabilization of ligand-induced receptor dimers
(Omura et al. 1997).

9.1.2
PDGF Receptor Signaling

Characteristic cellular responses to PDGF stimula-
tion include proliferation and chemotaxis. The mo-
lecular details underlying these responses to PDGF
stimulation have been extensively studied and have
revealed a complex pattern of cell-specific activation
of multiple interacting pathways (Heldin et al. 1998).
What follows below is a brief summary that high-
lights major concepts, and molecules and pathways
of particular interest.

9.1.2.1
Signal Transduction Triggered by PDGF Receptor
Activation

Ligand-induced receptor dimerization leads to auto-
phosphorylation of tyrosine residues, outside the ki-
nase domain, which induce site-specific recruitment
of proteins with phospho-tyrosine-binding domains
such as SH2 or PTB domains. These proteins include
adaptor proteins, such as grb2/sos and shc, which
both contribute to activation of ras signaling, and
signaling enzymes such as tyrosine kinase c-Src,
the tyrosine phosphatase SHP-2, phospho-lipase C-
gamma and the lipid kinase PI-3 kinase. The ac-
tivation of these enzymes include direct tyrosine
phosphorylation as in the case of PLC-gamma, con-

formational changes as for SHP-2 or translocation
to a place of substrate access, as exemplified by PI-3
kinase.

Although some initial studies indicated that
strong links could be made between particular sig-
naling enzymes and specific cellular responses, such
as migration or proliferation, there is now an emerg-
ing consensus that such a notion is too simplistic. It
is now rather believed that quantitative differences
in signal strength and duration are more important
determinants for the type of response that is elic-
ited.

9.1.2.2
Negative Regulation of PDGF Receptor Signaling

The major mechanisms for termination of PDGF
receptor signaling are ligand-induced receptor
internalization and dephosphorylation by pro-
tein-tyrosine phosphatases (PTPs). Concerning
PDGF-receptor-targeting PTPs, both cytosolic and
receptor-like PTPs have been implicated as negative
regulators, including PTP-1B, TC-PTP and DEP-1
(Haj et al. 2003; Markova et al. 2003; Persson et
al. 2004). A potentially interesting concept that has
emerged from these studies is that different PTPs
act in a site-specific manner (Persson et al. 2004).
This implies that changes in the profile of PTP ac-
tivity in cells will impact on the pattern of receptor
phosphorylation and thereby possibly determine the
type of cellular response triggered by ligand stimu-
lation.

9.1.2.3
Differences Between Signaling of Different
PDGF Receptor Dimers

As mentioned above, the intracellular parts of the
PDGF o- and B-receptors display a large degree of
conservation, and most auto-phosphorylation sites
are conserved between the two receptors. Some
noteworthy differences include the fact that the
RasGAP binding site of the -receptor (P-Tyr-771)
has no counterpart in the a-receptor, and that the
Shc-binding sites of the B-receptors appear to be
to unique to this isoform (Ronnstrand and Hel-
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din 2001). Furthermore, detailed comparison of
the phosphorylation patterns of the B-receptor in
o/B- and B/B-dimers revealed reduced P-Tyr-771
phosphorylation in the heterodimer which might
be biologically significant (Ronnstrand and Heldin
2001). Genetic approaches have also been employed
to compare the in vivo signaling capacity of recep-
tors (Klinghoffer et al. 2001). One intriguing find-
ing of this study was that the o-receptor kinase do-
main failed to execute some of the functions of the
B-receptor in vascular development.

PDGF and Physiological Angiogenesis

9.2.1
Role of PDGFs in the Development of
Vascular Mural Cells

The PDGFs are structurally closely related to the
VEGFs. The VEGF family of growth factors regu-
lates angiogenesis primarily through direct effects
on endothelial cells. The PDGFs play a role in angio-
genesis by having direct effects on the mural cells of
the vascular wall, the vascular smooth muscle cells
(vSMC) and the pericytes (reviewed in: Betsholtz
2004; Hoch and Soriano 2003).

9.2.1.1
Role of PDGF o-Receptors in Mural Cell Precursors

Developing and mature pericytes express primarily
PDGF B-receptors, but a-receptors are expressed as
wellin the vSMC oflarger vessels. Knockout of the a.-
receptor gene, pdgfra, leads to defective formation of
mural cells in the cardiac outflow tract and malfor-
mation of this region, contributing to the embryonic
lethality of pdgfra null mice at around embryonic
days (E) 14-16 (Soriano 1997). PDGF a-receptors
play a role in the proliferation and migration of
neural crest-derived mesenchyme, which may ex-
plain why mural compartments derived from neural

crest, such as that of the cardiac outflow tract, are
affected in pdgfra knockouts. The embryonic kid-
ney is another site where mesenchymal precursors
of mural cells depend on PDGF a-receptors (Ding
et al. 2004). Whereas PDGF a-receptors may thus
play a role in the development of certain mesen-
chymal precursors of mural cell precursors, it is not
known whether they also play a role in the already
established mural cells.

9.2.1.2
Role of PDGF B-Receptors for Mural Cell
Proliferation and Migration

PDGF B-receptors appear dispensable for the induc-
tion of mural cells from immature mesenchyme;
pdgfrb knockouts establish an early coat of mural
cells around the large trunk vessels and cardiac
outflow tract (Hellstrom et al. 1999). However, sub-
sequent proliferation of mural cells and their lon-
gitudinal recruitment along angiogenic sprouts fail
in pdgfrb knockouts. These mutants are perinatally
lethal (Soriano 1994), and the cause of death appears
to be widespread microvascular dysfunction caused
by lack of pericytes, resulting in extensive microvas-
cular hemorrhage and edema.

9.2.1.3
PDGF-B is the Critical PDGF B-Receptor Ligand
During Development

Pdgfb knockouts (Leveen et al. 1994; Lindahl et al.
1997) and pdgfrb knockouts have indistinguishable
phenotypes. Pdgfd null mice have not yet been re-
ported, and it is therefore too early to rule out a
role for PDGF-D in development. Pdgfc null mice
share some of the characteristics of pdgfra null mice,
and the pdgfa/pdgfc double-knockout phenocopies
the pdgfra knockout, suggesting that PDGF-AA and
PDGF-CC have cooperative functions via PDGF a-
receptors during development (Ding et al. 2004). To-
gether, these observations also suggest that PDGF-
BB is the major ligand for PDGF B-receptors in the
regulation of pericyte recruitment during develop-
mental angiogenesis. However, the possibility re-
mains that PDGF-C and -D have vascular functions
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in the postnatal period. Future conditional genetic
silencing of individual PDGF ligands and receptors
in the postnatal period will shed additional light on
these questions.

The major source of PDGF-BB for its function in
pericyte recruitment appears to be the endothelial
cells. The vascular endothelium expresses pdgfb
(Lindahl et al. 1997). Particularly strong expression
has been demonstrated in the endothelial tip cells
of the sprouts (Gerhardt et al. 2003) and in devel-
oping arteries (Hellstrom et al. 1999), i.e. at sites
where active recruitment and proliferation of mu-
ral cells take place. Endothelium-restricted abla-
tion of PDGF-B leads to defective pericyte recruit-
ment and a set of organ defects similar to that in the
full PDGF-B knockout (Enge et al. 2003; Bjarnegard
et al. 2004). Conversely, ablation of PDGF-B in he-
matopoietic cells through bone marrow transplan-
tations (Kaminski et al. 2001), or neuro-ectoderm-
selective ablation of PDGF-B (Enge et al. 2002), i.e.
ablation in the two other major sites of PDGF-B ex-
pression during development, did not result in vas-
cular complications.

Thus, expression patterns and genetic studies
have revealed that PDGF-BB produced by endo-
thelial cells triggers PDGF B-receptor signaling
in neighboring mural cells in order to regulate
their recruitment to sprouting and growing blood
vessels. This paracrine mode of signaling is par-
tially dependent on retention of secreted PDGF-B
at the surface of the producing cell or in the ex-
tracellular matrix (LaRochelle et al. 1991; Ostman
et al. 1991a). Deletion of the carboxy-terminal
retention sequence in PDGF-B leads to aberrant
detachment of pericytes from the developing mi-
crovessels and results in a microvascular phe-
notype similar to that of full knockout, with the
difference that pericytes are present but aber-
rantly attached to the microvessels (Lindblom
et al. 2003). The exact molecular identity of the
PDGF-B retention sequence-binding epitope(s) has
not yet been defined, but the abundance of basic
amino acid residues within the retention sequence
suggests that PDGF-B may associate with heparan
sulfate proteoglycans surrounding the producer
cell.

9.2.2
Consequence of Pericyte Defects for
Angiogenesis

9.2.2.1
Angiogenesis in the Absence of PDGF-B or
PDGF[3-Receptors

Insight into the role of pericytes for the angiogenic
process has come mainly from analyses of the defec-
tive vascular development in mice carrying targeted
mutations in pdgfb or pdgfrb. Studies of sprouting an-
giogenesis in the central nervous system (CNS) sug-
gest that this process does not require pericytes per se.
Sprouting and fusion of vessels into a primitive vas-
cular network takes place in the absence of pericytes,
and at least some degree of functionality of the vascu-
lature is established, as organ development (including
CNS development) proceeds relatively normally until
E17-E19 (birth). However, vessels devoid of pericytes
do not mature properly and display several abnor-
mal features, including endothelial hypercellular-
ity, vascular tortuosity and the formation of focal
dilations (microaneurysms), altered organization of
endothelial cell junctions, increased vesicular trans-
port, increased leakage of plasma and blood cells, and
aberrant formation of the luminal plasma membrane
(Hellstrom et al. 2001). Many of these abnormalities
are observed also in tumor vessels (Hashizume et al.
2000), which are also frequently poor in pericyte cov-
erage. It is therefore possible that some of the aberra-
tions typical for tumor vessels may reflect a defective
pericyte coat (Abramsson et al. 2002).

It is difficult to determine the direct versus indi-
rect effects of pericyte deficiency on endothelial cell
and microvessel formation and function. As soon as
the vessel functionality becomes insufficient with re-
gard to blood and nutrient supply to the developing
organs, hypoxia is likely to result, with consequent
upregulation of VEGF. Embryonic development is
highly sensitive to the levels of VEGF, and as little
as twofold upregulation of VEGF has been shown to
lead to lethal vascular aberrations (Miquerol et al.
2000). Pdgfb and pdgfrb knockouts display an ap-
proximately twofold increase in VEGF levels at late
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gestation (Hellstrom et al. 2001), which might con-
tribute to some of the above-mentioned abnormali-
ties, in particular to the increased extravasation of
plasma and blood cells. Thus, whereas the studies of
pdgfb and pdgfrb mutant mice have established that
pericytes have a critical role in the development of a
fully functional vasculature, it is still not clear exactly
how pericytes promote vessel maturation and stabili-
zation, and what is the molecular mediator(s) of this
process.

9.2.2.2
Retinal and Glomerular Capillaries Are Particularly
Sensitive to Pericyte Loss

Two sites appear particularly sensitive to pericyte
dysfunction (and PDGF-B/PDGF B-receptor signal-
ing), namely the retina and the renal glomerulus.
Both sites have a high abundance of pericytes (me-
sangial cells in the renal glomeruli), in comparison
with other organs and tissues. Mutants with partial
pericyte deficiency, such as the endothelial-spe-
cific pdgfb knockouts (Bjarnegard et al. 2004; Enge
et al. 2002), the PDGF-B retention motif knockouts
(Abramsson et al. 2003; Lindblom et al. 2003), the
pdgfrb F-series (tyrosine-phenylalanine substitu-
tions) (Tallquist et al. 2003; Tallquist et al. 2000)
and PDGF B/a chimeric receptor mutants (Kling-
hoffer et al. 2001) all show various degrees of reti-
nopathy and glomerulopathy, in the most severe
cases leading to blindness and proteinuria. Similar
effects onretinal and glomerular development have
been reported following administration of neutral-
izing PDGF B-receptor antibodies to newborn mice
(Uemura et al. 2002).

9.2.2.3
Physiological Consequences of
Abnormal Extracellular Distribution of PDGF-BB

The postnatal survival of some of the pdgfb and
pdgfrb mutants has permitted analysis of certain
circulatory physiological parameters. It was re-
cently reported that PDGF-B retention sequence
knockouts show reduced physical performance
(Nystrom et al. 2006). This correlated with two

structural defects in the blood vessels. First, the
aorta displayed an increased diameter and stiff-
ness, fewer layers of vSMC and increased media
collagen. No changes were observed in resistance
vessels and the blood pressure was normal, sug-
gesting a specific effect on the remodeling and
function of conduit vessels. Since pdgfb and pdgfrb
knockouts show aortic dilation at late gestation, it
is possible that the increased stiffness and media
collagen seen in adult PDGF-B retention-sequence
knockouts reflect a remodeling process that has
occurred secondary to the increased vessel wall
tension, which is an expected consequence of the
dilation (at constant blood pressure). Second, a re-
duced capillary density was observed in skeletal
muscle. Probably, this reflects the impairment of
pericyte association with the microvessels in this
mutant, adding some confirmation to the notion
that pericytes are needed for endothelial survival
and capillary stability. The reduced capillary den-
sity provides a direct explanation for the reduced
physical performance of PDGF-B retention-mo-
tif knockouts in the absence of reduced cardiac
function and lower blood pressure (Nystrom et al.
2006).

PDGF and Tumor Angiogenesis

9.3.1
PDGF Receptor Expression in Human Tumors

Analyses of the physiological functions of PDGF
receptors have implied that PDGF receptors are
highly important for the development of mesen-
chymal cells, such as pericytes, fibroblasts, smooth
muscle cells and mesangial cells. In most cases,
this occurs through paracrine stimulation follow-
ing ligand production in epithelial or endothelial
cells.

In general, this pattern appears to be maintained
in the common epithelial solid tumors, in which
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PDGF [-receptor expression has been consistently
demonstrated in pericytes and tumor fibroblasts.
A recent analysis of a tumor tissue array of 25-75
samples each of different tumor types, including
breast, colon, lung, prostate and ovarian cancer, has
provided further support for this concept (Pauls-
son, Sjoblom et al., in preparation). Perivascular
PDGF PB-receptor staining was found in variable
fractions of tumors with frequencies ranging from
56% in melanomas to 11% in prostate cancer. Tu-
mor fibroblast PDGF B-receptor expression in tu-
mor fibroblasts was commonly observed, with the
highest frequency found in colorectal cancer (51%)
and the lowest in melanoma (11). Similar analyses
of PDGFa.-receptor expression indicate, in general,
very little staining of perivascular cells and vari-
able expression in the fibroblasts, as exemplified by
41% positive colon cancer cases, compared to only
4% of breast cancers.

In addition to this, there are tumor types where
PDGF receptor expression also occurs in the ma-
lignant cells (reviewed in (Ostman 2004). Gliomas,
glioblastomas, soft tissue sarcomas and osteosar-
comas are examples of tumor types where PDGF
receptor signaling might be directly involved in the
growth of the malignant cells.

9.3.2
Regulation of Tumor Pericytes by PDGF

The functional significance of PDGF receptor ex-
pression on tumor pericytes has been explored in
various animal tumor models.

An important role for pericyte recruitment and
growth of locally retained endothelial cell-derived
PDGF-BB was deduced by analyzing tumor an-
giogenesis in which the pericellular retention of
PDGEF-BB produced by endothelial cells had been
manipulated (Lindblom et al. 2003). Furthermore,
malignant cells engineered to overproduce PDGF-
BB or -DD were demonstrated to promote peri-
cyte coverage of tumor vessels, compared to their
wild-type counterparts (Furuhashi et al. 2004; Guo
et al. 2003). Finally, co-injection of tumor cells and
wild-type pericytes gave rise to better-organized

pericyte coverage than that observed after co-in-
jection of PDGF fB-receptor-negative mesenchymal
cells (Abramsson et al. 2003).

9.3.2.1
Functional Consequences of Variations in
Tumor Vessel Pericyte Coverage

Some of these studies also indicated that the PDGF-
dependent variations in pericyte coverage had func-
tional consequences with regard to vessel function,
tumor growth and tumor metastasis (Furuhashi
et al. 2004; Xian et al. 2006). In general, higher peri-
cyte coverage was associated with a tendency towards
reduction of vessel diameter and reduced hemorrhage.
One study also clearly demonstrated that the increased
pericyte coverage, which in this model occurred in the
absence of increase in vessel density, enhanced tumor
growth (Furuhashi et al. 2004). Analyses of tumor per-
fusion, by functional MRI and staining of perfused
vessels, indicate that the enhanced pericyte coverage
is associated with enhanced perfusion, thus emphasiz-
ing the role of PDGF-dependent pericyte coverage in
tumor vessel maturation and function (Robinson et
al., submitted).

Deficient tumor vessel pericyte coverage was re-
cently correlated with increased hematogenous me-
tastasis from insulinomas in two different genetic
mouse models - PDGF-B retention-sequence knock-
outs and mice deficient for neural cell adhesion
molecule (N-CAM) (Xian et al. 2006). A negative
correlation between vSMC abundance and metas-
tasis in human tumors was also recently indicated
through transcription profiling of primary solid tu-
mors. Out of a 17-gene signature associated with in-
creased metastatic propensity, 4 of 9 downregulated
genes represent markers for vSMC (Ramaswamy
etal.2003) and may thereforereflectalterationsin the
tumor stroma rather than in the tumor cells them-
selves. A negative correlation between expression of
the SMC marker h-caldesmon and metastasis in hu-
man melanoma has also been reported (Koganehira
et al. 2003). Together, these observations highlight
the possibility that vessels that are de-stabilized as
a consequence of pericyte/vSMC deficiency may be
more prone to invasion by tumor cells.
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9.3.2.2
Origin of Tumor Pericytes

The origin of PDGF-dependent pericytes is still in-
completely characterized. It is likely that prolifera-
tion among local pericytes is a major mechanism
for expansion of this cell type during tumor angio-
genesis. Also, conversion of stromal fibroblasts to
pericytes has been proposed. Most recently, a role
for bone-marrow-derived precursors in the forma-
tion of tumor pericytes was proposed, based on the
identification of marrow-derived cells among tumor
pericytes of mouse tumors (Song et al. 2005). This
latter study also provided a preliminary identifica-
tion, which merits further investigations, of distinct
pericyte subsets with varying marker expression
and PDGF dependency.

9.3.3
PDGF-dependent VEGF Production in
Tumor Stromal Cells

VEGF is a key factor in tumor angiogenesis. Al-
though the malignant cells of the tumors are in gen-
eral considered as the major source of VEGF produc-
tion, there is good evidence that stromal fibroblasts
also represent a significant source of VEGF.

Studies of human tumor tissue have described
stromal production of VEGF. Furthermore, an el-
egant study using mice in which GFP was expressed
under the control of the VEGF promoter identified
stromal fibroblasts as a major source of VEGF pro-
duction activity in both subcutaneous and ortho-
topic experimental tumors (Fukumura et al. 1998).
More recently, PDGF receptors expressed on fibro-
blasts were identified as key upstream regulators of
stromal VEGF production. In a study using VEGF
tumor cells, tumor formation was still found to be
sensitive to treatment with anti-VEGF antibodies
(Dong et al. 2004). Stromal fibroblasts were identi-
fied as the source of VEGF production and, inter-
estingly, this angiogenic activity could be blocked
by interfering with the signaling of PDGF o.-recep-
tors exclusively expressed on mesenchymal stromal
cells.

Together, these studies thus suggest that PDGF
receptor signaling in tumor fibroblasts exerts an
important indirect effect on angiogenic function by
stimulating the VEGF production in these cells.

9.3.4
PDGF Receptor Expression on Lymph- and
Hemangiogenic Tumor Endothelial Cells

PDGF receptor expression on tumor endothelial
cells remains controversial, and the literature con-
tains conflicting information. In general, it should be
noted that many PDGF receptor antibodies, as well as
phospho-PDGF receptor antibodies, that have been
used in immuno-histochemical analyses have been
incompletely characterized with regard to specific-
ity. Furthermore, most standard formats for tissue
analyses make it difficult to distinguish staining of
pericytes and endothelial cells. Finally, phenotypic
analyses of numerous PDGF-ligand and -receptor
knockout mice have so far failed to provide strong
evidence for functionally significant PDGF receptor
signaling in endothelial cells. With these reservations
in mind, some studies remain that merit discussion
to encourage continued research efforts.

Analyses of a mouse prostate cancer bone me-
tastasis model indicated that growth of bone me-
tastases was associated with induction of PDGF
B-receptors in endothelial cells (Uehara et al. 2003).
Functional relevance was indicated both by demon-
stration of an activated state of receptors, through
phospho-PDGF-receptor immunohistochemistry,
and by growth-inhibiting effects of PDGF antago-
nists. Subsequent studies from the same group have
demonstrated similar findings from models of bone
metastases of breast cancer, ovarian cancer grown in
the intraperitoneal cavity and orthotopically grown
pancreatic carcinoma (Apte et al. 2004; Hwang et al.
2003; Kim et al. 2004; Lev et al. 2005). These find-
ings merit continued analyses, among which de-
tailed studies of corresponding human tumor tissue
should be prioritized.

Tumor lymphangiogenesis is highly dependent on
activation of VEGF-3 receptors (Alitalo et al. 2005).
The first set of evidence for a functional role of PDGF
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receptorsin this process was recently presented, with
the demonstration of enhanced tumor lymphangio-
genesis in murine fibrosarcomas after overexpres-
sion of PDGF-BB in the tumor cells (Cao et al. 2004).
To what extent this effect occurred through direct
effects of PDGF-BB on lymphatic endothelial cells,
or indirectly through induction of VEGFR-3 ligand,
remained incompletely characterized. The former
mechanism received some support from studies
on cultured lymphatic endothelial cells. Given the
significance of lymphangiogenesis for metastases,
these findings obviously need further validation.

PDGF Receptors in Tumor Vessel as
Cancer Drug Targets

9.4.1
PDGF Antagonists

9.4.1.1
Neutralizing Antibodies

Isoform-specific neutralizing polyclonal and mono-
clonal antibodies against PDGF ligands and recep-
tors have been generated and successfully used to
define PDGF-dependent processes in animal disease
models (reviewed in (Ostman and Heldin 2001).
Most of these studies have analyzed the importance
of PDGF receptor signaling in atherosclerosis and
restenosis, but significant effects have also been ob-
tained in tumor models.

Humanized antibodies are most attractive as
candidate drugs for clinical application. PDGF a-
receptor-neutralizing activity of one such antibody
was recently characterized (Loizos et al. 2005). Clin-
ical cancer studies with neutralizing PDGF receptor
antibodies are still scarce, and the only published
example is a report where a PEG-conjugated FA
fragment targeting the PDGF B-receptor was used to
analyze effects on tumor perfusion (see Sect. 9.4.3)
(Jayson et al. 2005).

9.4.1.2
Soluble Receptors

Recombinant soluble receptors constitute a ge-
neric class of growth factor antagonists. PDGF-
antagonistic effects of such proteins have also been
demonstrated. Two variants worth special atten-
tion are fusion proteins where the PDGF receptor
sequence has been fused either to the conserved
part of the immunoglobulin heavy chain or to
GST (Heidaran et al. 1995; Leppanen et al. 2000).
In both cases inhibitory effects were observed at
nanomolar concentrations, which were believed to
be dependent on the dimeric nature of both these
receptor constructs. To date, none of these types
of antagonists have been developed for clinical
applications.

9.4.1.3
LMW Kinase Inhibitors

The first selective LMW inhibitor of the PDGF recep-
tor tyrosine kinase was described in 1994 (Kova-
lenko et al. 1994). Since then a series of compounds
have been introduced that are now in various
phases of clinical development (some examples are
detailed below). Two characteristics shared by all
these compounds are that they inhibit both PDGF
o- and B-receptors, and that they block some other
tyrosine kinases at the concentration required for
PDGEF receptor inhibition. The manner in which the
compounds differ from each other is in potency, i.e.
concentration required for PDGF receptor inhibi-
tion, and selectivity profile.

Imatinib is the most established PDGF receptor
inhibitor, with demonstrated clinical efficiency in
PDGF-dependent malignancies such as dermatofi-
brosarcoma protubernas, hypereosinophilic syn-
drome and a subset of gastrointestinal tumors with
activating PDGF o.-receptor mutations (reviewed in
(Capdeville et al. 2002; Ostman 2004). Two multiki-
nase inhibitors with anti-PDGF receptor activity has
alsorecentlybeen approved by the US Food and Drug
Administration (FDA) - sunitinib and sorafenib
(www.fda.gov). Finally, a novel highly potent PDGF
receptor inhibitor (CP673451) with a more specific
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target profile has been introduced and is now enter-
ing clinical trials (Roberts et al. 2005).

9.4.2
Studies in Animal Models

Preclinical studies have defined three distinct con-
cepts implying that PDGF receptors in cancer ves-
sels are therapeutically relevant proteins. Firstly;
inhibition of PDGF receptors on endothelial cells
has been associated with direct anti-angiogenic ef-
fects. Secondly, PDGF-antagonist-mediated target-
ing of pericytes has been demonstrated to act syner-
gistically with inhibitors of VEGF receptor. Thirdly,
evidence has been presented suggesting that PDGF
receptor inhibition of stromal cells, including peri-
cytes and fibroblasts, have a beneficial effect on tu-
mor drug uptake.

As discussed above, activated endothelial cell
expression of PDGF receptors has been detected
in mouse models of bone metastases of breast and
prostate cancer lesions. Treatment of these with
STI571 was shown to lead to reduced vessel density,
apoptosis of tumor endothelial cells and concomi-
tant reduction in growth of metastases (Ueharaetal.
2003). Studies from the same group have also dem-
onstrated anti-angiogenic effects of combination of
STI571 with gemcitabine or paclitaxel in models of
orthotopic growth of pancreas cancer and intraper-
itoneal growth of ovarian cancer, respectively (Apte
etal. 2004; Hwang et al. 2003; Kim et al. 2004; Lev et
al. 2005). Also, in these models, endothelial expres-
sion of activated PDGF receptors was demonstrated
by immunohistochemistry.

The concept of a two-pronged attack on tumor
vessels by combined targeting of PDGF-dependent
pericytes and VEGF-dependent endothelial cells
was first validated by Bergers and colleagues (Berg-
ers et al. 2003). Their study compared the effects
of PDGF antagonists and VEGF antagonists, and
combinations thereof, in different phases of tu-
mor growth in the RIP-Tag model of insulinomas.
Whereas VEGF antagonists showed strong effects in
a setting designed to prevent tumor formation, only
the combination was able to reduce the size of estab-

lished tumors. Convincing analyses of these tumors
also demonstrated that PDGF receptor expression
was restricted to the pericyte part of tumor ves-
sels. Subsequently, similar findings were made after
treatment of subcutaneously grown C6 rat gliomas
(Erber et al. 2004).

Solid tumors are characterized by high intersti-
tial fluid pressure (IFP), which has been postulated
to act as a barrier to tumor drug uptake (Jain 2001).
The mechanisms underlying this phenotype are in-
completely understood. Tumor features which have
been implicated include the absence of functional
lymphatic vessels, leaky immature vasculature
and the presence of activated fibroblasts (Heldin
et al. 2004). In tumor models with PDGF receptor
expression restricted to pericytes and fibroblasts,
transient inhibition of stromal PDGF receptors has
been demonstrated to reversibly reduce tumor IFP
and increase tumor drug uptake (Baranowska-Kor-
tylewicz et al. 2005; Pietras et al. 2001, 2002, 2003).
Although inhibition of tumor fibroblasts has been
considered as the major mediator of these interest-
ing effects, it can still not be excluded that some of
these changes also involve alterations in pericyte
function.

9.4.3
Clinical Effects of Drugs with Anti-PDGF Activity
Involving Anti-angiogenesis

The antitumor activity of the FDA approved multi-
kinase inhibitors sunitinib and sorafenib are gen-
erally believed to involve anti-angiogenic effects
which occur through the ability of these drugs to
exert combined anti-endothelial and antipericyte
actions via inhibition of both VEGF and PDGF re-
ceptors (Larkin and Eisen 2006). In renal cell cancer,
phase III studies with sorafenib and sunitinib have
demonstrated survival benefits of both drugs (ab-
stracts at ASCO meetings 2005 and 2006).

These results are likely to be followed by reports
of results in phase II/III studies from many other
tumor types in the near future. It will be interest-
ing to see whether these studies can be performed
in a manner that can directly demonstrate that an-
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tipericyte effects, involving PDGF receptor inhibi-
tion, contribute to the antitumor activity. Obvious
goals for continued evaluation of anti-angiogenic
strategies include the identification of markers for
particularly sensitive or resistant tumors. In this
context it should be remembered that tumors ap-
pear to show wide variations with regard to pres-
ence of PDGF receptor-positive pericytes. It thus
seems warranted to investigate possible relation-
ships between pericyte status and sensitivity to

al—

Vascular permeablllty J

anti-angiogenic drugs with or without anti-PDGF
receptor activity.

Alterations in vascular tumor physiology follow-
ing treatment with PDGF antagonists were recently
directly demonstrated in a study which applied MRI
analyses of patients treated with a neutralizing PDGF
receptor antibody (Jayson et al. 2005). In this study,
an increase in relative blood volume was observed
following PDGF receptor inhibition. This change is
compatible with a reduction in IFP, mediated by tu-

Metastasis

Angiogenesis

VEGF

Fig. 9.1. Schematic depiction of paracrine PDGF and VEGF functions in solid tumors and their consequences for the tumor
vasculature and stroma. Interplay between tumor cells (red), blood vessel endothelium (blue), pericytes (green) and fibro-
blasts (yellow). PDGF-BB production by sprouting endothelial cells promotes pericyte recruitment to the growing sprout.
PDGF B-receptor agonists (-BB or -DD) produced by tumor cells may stimulate pericytes to detach from the vessels. PDGF
o- and PB-receptor agonists (-AA, -AB, -BB, -CC, -DD) produced by the tumor cells may influence fibroblast recruitment, and
B-receptor agonists may increase the interstitial fluid pressure within the tumor. Pericyte deficiency or detachment from the
vessels may facilitate metastatic dissemination of tumor cells. In addition to the tumor cells, both stromal fibroblasts and
pericytes may contribute to the production of VEGF, which increases vascular permeability and interstitial fluid pressure,
as well as triggering endothelial sprouting and proliferation as part of the tumor angiogenic response
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mor fibroblasts, but might also reflect functional or
structural changes of the tumor vasculature caused
by perturbed pericyte functions.

Concluding Remarks

Genetic and pharmacological experiments, primar-
ily performed in rodents, have firmly established a
role of PDGF-B-containing PDGF ligands and the
PDGF -receptor in pericyte recruitment to newly
formed blood vessels, both under physiological con-
ditions and in tumors. More broadly, PDGF ligands
and receptors have also been shown to have indi-
rect roles in angiogenesis, for example by promoting
the recruitment of stroma cells (e.g. "fibroblasts") as
pericyte/vSMC precursors or as important sources
of endothelial mitogens (such as VEGF) (Fig.9.1).
Based on data obtained from various experimental
animal models, it may therefore appear attractive to
attempt tumor vessel targeting, directly or indirectly,
by inhibiting PDGF/PDGF receptor signaling. One
possible caveat which requires further exploration
is that the abnormal and dysfunctional vessels that
may result from PDGF/PDGF receptor inhibition or
pericyte/vSMC targeting may also be more prone to
invasion by tumor cells, possibly promoting tumor
dissemination. Other tumor parameters that may be
influenced by PDGF/PDGF receptor targeting include
IFP, reduction of which may have the beneficial effect
of enhancing drug delivery to the tumor.

Altogether, there is thus now ample experimental
rationale for testing PDGF or PDGF receptor antago-
nists clinically in human patients with the aim of
inhibiting formation or maturation of tumor blood
vessels. However, since many basic aspects of the
PDGF, mural cell, and tumor stroma biology remain
poorly understood, it is also important to continue
addressing fundamental questions in various exper-
imental model systems.

Notes added in proof: The phase III studies with sorafenib and
sunitinib in renal cell cancer are now published (Escudier B et
al.,, NEJM, 2007 and Motzer, RA et al., NEJM, 2007).
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Abstract

The hypoxia-inducible factor (HIF) is a
well-known transcription factor recognized
to play a key role in tumour angiogenesis
through a cellular response to a low tissue
oxygen concentration, a feature of a rapidly
expanding tumour. Malignant cells initially
proliferate in a nourishing vascular envi-
ronment, but as the tumour mass develops
it rapidly outstrips its vascular supply of
nutrients and oxygen, leading to a cellular
stress response that initiates metabolic and
micro-environmental adaptive changes. A
low level of oxygen, or hypoxia, directly regu-
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Ambient and Tissue Oxygen Gradients

Hypoxia is a deficiency in the availability of oxygen
and may be encountered at an atmospheric level, as
in increasing altitude, or within mammalian tissues.

Mt Everest peak
8,850 m
7% O2 (54 mm Hg)

Mt Everest base camp
6,000 m
11% O2 (80 mm Hg)
Mt Blanc
4,810 m
12% 02 (90 mm Hg) >
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15% O2 (114 mm Hg)

Beach at Nice
Om
21% Oz (160 mm Hg)

\

Sy

Hypoxiain tissues maybe a necessary part of a physio-
logical event, in particular in embryogenesis, but may
also be a characteristic of certain pathophysiological
situations such as ischaemic diseases and cancer.

10.1.1
Thinning of Air with Increasing Altitude

The proportion of oxygen in the air is around 21%
(160 mmHg) at sea level and decreases with increas-
ing altitude (Fig. 10.1). High-flying (3,000-9,000 m)
migratory birds that are exposed to a rarefied atmo-
sphere show cardiopulmonary and haematological
adaptation, including a high haemoglobin-oxygen
affinity. While the vast majority of humans live at,
or close to, sea level, some populations such as the
inhabitants of the Andean mountains live at very high
altitude (around 4,000 m) and have adapted to condi-
tions of low oxygen, hypobaric hypoxia. Individuals
living at high altitude are subject to tumours of the
carotid body (the peripheral oxygen-sensing organ)
that have been shown to result from mutations in
a tumour suppressor gene, succinate dehydrogenase
D. The increased penetrance and severity of these
tumours in these individuals provides a link to

Fig. 10.1. The oxygen partial pres-
sure (PO,) correlated to altitude. With
increasing altitude PO, (measured here
in mmHg) drops. Individuals residing
near sea level experience a physiologi-
cal and biochemical response when
confronted with increasing altitude,
which results in an increase in respira-
tion and cardiac output and produc-
tion of molecules such as erythropoi-
etin that increase the capacity of blood
to transport oxygen
(http://www.mountaineering.ie)
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oxygen sensing (Astrom et al. 2003). Short-term ex-
posure of people who live at low altitude to hypobaric
hypoxia results in a physiological and biochemical
response that includes, respectively, an increase in
the heart and respiratory rate and an increase in the
synthesis of a multitude of different proteins, includ-
ing erythropoietin (Epo), that help mammals adapt
to hypoxic stress. Epo, as everybody in the sporting
world knows, increases the red blood cell count and
thus increases the capacity of blood to transport oxy-
gen. After much discussion the 1968 Olympic Games
were held in Mexico City, but the choice of this loca-
tion was controversial due to the city’s high altitude
0f 2,300 m (Fig. 10.1) At this altitude the oxygen level
is 30% less than at sea level. Athletes participating in
endurance events experienced a low level of perfor-
mance, while those in events requiring a rapid burst
of energy were advantaged.

10.1.2
Progressive Tissue Distribution of Oxygen

At sea level the oxygen partial pressure (PO,) of in-
spired air is around 160 mmHg. A substantial drop in
the PO, is then observed in the lungs, in part due to
water vapour and diffusion (Fig. 10.2). The blood flow-
ing from the alveolar capillaries carries the oxygen, at
a PO, of around 104 mmHg, towards organs and tis-
sues for their oxygenation. Here a further drop in the
PO, is observed, to a level well below that present at
the peak of Mount Everest. The normal PO, of a given
tissue depends on the type of organ; for example, rat
spleen has a measured PO, of around 16 mmHg while
for the thymus it is 10 mmHg (Braun et al. 2001). Thus,
certain normal tissues can be considered as hypoxic.
The normal rat retina, due to its low vascularity, is
also relatively hypoxic (2-25 mmHg) (Yu and Cringle
2005). The normal tissue of the rat brain is even more
hypoxic, 0.4-8.0 mmHg, depending on the location
(Erecinska and Silver 2001). Oxygen has been reported
to only diffuse within a distance of 100-200 pm from a
capillary, and a PO, of almost zero has been reported at
only 100 um from blood vessels (Folkman et al. 2000;
Gatenby and Gillies 2004). Thus, tissues such as the
retina with a low vascularity are relatively hypoxic.

Inspired air

Po, = 160 mm Hg

Po,; = 1-10 mm Hg

Lungs
Po, = 104-150 mm Hg

‘Venous circulation.  Arterial circulation
Po, =40 mm Hg Po; = 104 mm Hg
Tissues

Po, = 4-20 mm Hg

Fig. 10.2. The PO, gradient from inspired air to normal and
tumour tissues. A significant drop in PO, is observed as in-
spired air flows from the lungs into tissues. An even greater
decrease is observed in tumour tissue, in which a low level of
oxygen (hypoxia) has been correlated to the expression of a
transcription factor termed the hypoxia-inducible factor

10.1.3
Tumour Hypoxia

Considerable attention has been paid to investigating
the instability of the human genome in cancer, but
mounting evidence points more and more to epigen-
etic and environmental factors in tumour progression
(Folkman et al. 2000). Cancerous tissues, in general,
have been reported to possess extensive regions of
hypoxia relative to the corresponding normal tissue
(Vaupel 2004). This is due, in part, to the rapid pro-
liferation of the tumour mass that distances the cells
from the oxygen-carrying vasculature, but is also the
consequence of the formation of a vasculature that is
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distorted and irregular, and thus inefficient in oxygen
transport. The degree of hypoxia is variable within
tumours and between tumours, and is often associated
with necrotic regions. Hypoxia can be measured in
tissues samples either with chemical markers such as
pimonidazole hydrochloride or EF5 or by using O, mi-
cro-electrodes or optical PO,-measuring devices. More
recently hypoxic tumours in patients were detected by
positron emission tomography (PET) after injection of
[*®F]misonidazole (Rajendran et al. 2004). The hypoxic
nature of tumours is disadvantageous for clinical out-
come - it has been known for some time that they are
resistant to radio- and chemotherapy. In 1991 it was
reported by Semenza et al. (Semenza et al. 1991) that
liver cells incubated under hypoxic conditions experi-
enced a substantial induction in the expression of the
Epo gene, as described above for mammals exposed
to acute hypobaric hypoxia. A cellular, nuclear fac-
tor appropriately termed the hypoxia-inducible factor
(HIF) was subsequently identified to bind to the Epo
gene and to induce its transcription, and thus its pro-
tein product, in hypoxia. This transcription factor was
shown in vitro, in a variety of cell culture systems, to be
activated at a cut-off of around 5% oxygen (40 mmHg).
However, most in vitro experiments reported in the
literature are performed at between 1% and 2% oxy-
gen (8-16 mmHg), which can be considered as highly
hypoxic. Under these conditions HIF is detected in
the nucleus of cells, where it influences the transcrip-
tion of numerous genes involved in multiple functions
(Fig. 10.3).

General Introduction to the
Hypoxia-inducible Factor

Signalling through HIF is a multi-step process in-
volving first oxygen depletion, HIF o subunit stabil-
ity, translocation to the nucleus, heterodimerization,
binding to DNA and finally induction of transcription
of a vast array of genes. HIF is often referred to as
the key or master regulator in the hypoxic response
of cells but in fact it is the activity of two oxygen-

sensing enzymes, the prolyl hydroxylase domain
(PHD) proteins and factor inhibiting HIF-1 (FIH-1)
that determines its existence and activity, and thus
orchestrates the hypoxic response. These proteins are
dioxygenases that, as this name implies, are depen-
dent on the presence of oxygen for activity.

10.2.1
The PHD Proteins Drive HIF-a to Destruction

The PHD proteins, of which there exists three human
isoforms, are 2-oxoglutarate- and Fe®'-dependent
dioxygenases belonging to the largest known fam-
ily of non-haem-oxidizing enzymes (EC 1.14.11.2). A
number of other terms have been used to designate
these proteins, including HIF-1ow prolyl-4-hydroxy-
lase (HPH) and EGL nine (EGLN). The equivalent
abbreviations for the different homologues are as
follows: PHD1/HPH-3/EGLN2; PHD2/HPH-2/EGLN]1;
PHD3/HPH-1/EGLN3. These enzymes, in the pres-
ence of oxygen, hydroxylate two prolyl residues (P402
and/or 564) of the human HIF-1a subunit in a region
referred to as the oxygen-dependent degradation do-
main (ODDD) (Fig. 10.4). This posttranslational mod-
ification results in the rapid attraction to HIF-a of the
protein von Hippel-Lindau (VHL), a component of
an E3 multiprotein ubiquitin ligase complex termed
VBC (VHL/elongin B/elongin C). Subsequently HIF-a
becomes earmarked with multi-ubiquitin chains that
drive it to destruction by the proteasomal system.
HIF-a is probably a champion when it comes to half-
life, determined at around 5 minutes at 21% oxygen.
In general, when cells in culture are incubated under
hypoxic conditions (1.5% O,) for 2-4h the HIF-a
protein is stabilized because the PHDs, in the absence
of oxygen, are inhibited. Auto-regulation in hypoxia
occurs through increased expression of the genes
phd2 and phd3, but not phdl, since these genes are
themselves HIF targets and thus their products are
up-regulated in hypoxia. This response thereby guar-
antees rapid and optimal degradation of HIF-o on re-
turn of cells to normoxia. Recent reviews describing
in further detail the properties and functions of the
PHDs have been published by our group and by others
(Berra et al. 2006; Schofield and Ratcliffe 2005).
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Fig. 10.3. Cellular localization of the
o subunit of the hypoxia-inducible
factor-1 (HIF-I1ct) in hypoxia. Under
normoxic conditions HIF-1c is hardly
detectable by immunofluorescence

(red staining, left panels), while under
hypoxic conditions it is detected and
localized to the nucleus (red staining,
right upper panel), where it binds to its
partner HIF-1B. Cell nuclei are stained
with 4',6-diamine-2-phenyl indole
(DAPI) (blue staining). Transfection of
cells with siRNA to HIF-10. attenuates
the signal obtained for cells incubated
in hypoxia (red staining, right lower
panel), thereby validating the antibody
detection of HIF-1o. Transfection of
siRNA to SIMA, Drosophila HIF, was
used as a control (upper panels)

siRNA to SIMA

siRNA to HIF-1o

10.2.2
The Inhibition of FIH-1 Unlocks
HIF Transcriptional Activity

The HIF-a protein possesses a nuclear localisation
signal sequence in its C-terminus, so once stable
it is rapidly directed into the nucleus where it in-
teracts with its partner HIF-f3; the latter subunit
is not affected by the level of oxygen and is con-
stitutively present (Fig. 10.4). Hand in hand, the o
and f subunits bind to so-called hypoxia response

Hypoxia

Normaxia

elements (HRE), of the sequence 5'-RCGTG-3), in
target genes. Dimerization and DNA interaction
occurs via basic helix-loop-helix (bHLH) and PER-
ARNT-SIM (PAS) domains in the N-terminal part
of the proteins, while the transcriptional activity is
regulated at the C-terminal part via two transcrip-
tionalactivation domains (TAD) termed N-TAD and
C-TAD. The C-TAD activity of HIF-1a is regulated
by another 2-oxoglutarate- and Fe**-dependent
dioxygenase termed factor inhibiting HIF-1
(FIH-1) that hydroxylates an asparagine residue
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Fig. 10.4. Regulation of the stability and activity of HIF by oxygen sensors. Under normoxic condition HIF-10. is hydroxylated
on two proline residues (402 and 564) in its oxygen-dependent degradation domain (ODDD) by prolyl hydroxylase domain (PHD)
proteins. This hydroxylation is a signal for interaction with the von Hippel-Lindau (VHL) protein, a component of a E3 ubiquitin
ligase, and addition to HIF-1o. of multi-ubiquitin chains that address it for degradation by the proteasome. (Since the amino acids
modified with ubiquitin (Ub) have not been identified, the indicated location is hypothetical, as is the length of the chain.) Under
hypoxic conditions the PHDs, which require oxygen for activity, are inhibited and HIF-1o.is no longer degraded. Another oxygen
sensor, factor inhibiting HIF-1 (FIH-1), which hydroxylates HIF-1o in the presence of oxygen, on an asparagine (803) residue in
its C-terminal transcription activation domain (C-TAD), is also inactive, thereby allowing interaction with co-activators such as
CBP/p300. Proteins such as CITED2 can act as repressors by competing with co-activators. Together the HIF-1o and -1f subunits
bind to hypoxia response elements (HRE) in a myriad of genes and induce or repress their transcription

3 J

(N803). This hydroxylation of HIF-a has been

shown to inhibit its transcriptional activity by 10.2.3

abrogating interaction with transcriptional co- Fine-tuning Through Protein Interaction and
activators such as p300 and its paralogue CBP Posttranslational Modification Influences Sta-
(CREB-binding protein), which are also histone bility and Activity

acetyltransferases (Fig. 10.4). Thus, a double lock

of posttranslational hydroxylation controls HIF Theregulation of the alpha subunits of HIF, of which
stability and activity. there are three isoforms, involves interaction with a
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number of proteins, some of which lead to its post-
translational modification. The protein OS-9 been
shown to interact with HIF-1a and to increase its
instability by promoting interaction with PHD2
and PHD3, resulting in prolyl hydroxylation and
thus VHL-dependent polyubiquitination and pro-
teasomal degradation (Baek et al. 2005). Therefore,
by favouring instability OS-9 reduces HIF tran-
scriptional activity; however, this would require
the presence of oxygen and thus would concern ei-
ther residual levels of HIF-1a or HIF-1 a stabilized
through non-hypoxic mechanisms such as in the
presence of certain growth factors. Acetylation of
HIF-1a by an acetyltransferase ARD1 has been re-
ported to diminish stability (Jeong et al. 2002), but
more recently this has been questioned (Arnesen et
al. 2005b; Bilton et al. 2005; Fisher et al. 2005). The
expression of ARDI was found to be neither hypoxia
nor HIF-1- or HIF-2-dependent and had no effect on
the stability of HIF-1a or -2 o (Bilton et al. 2005).
While acetylation of HIF-1a. by ARDI1 has not been
convincingly confirmed, the interaction of ARDI
with HIF-1 o has (Arnesen et al. 2005b). Thus the
role of ARDI1 in HIF function remains to be clarified
and any link to tumorigenesis through increased ex-
pression of its partner N-acetyl transferase human
(NATH; also called Tubedown or Gal9) needs to be
further investigated (Arnesen et al. 2005a; Brahimi-
Horn et al. 2005). The o subunit of HIF undergoes
other forms of posttranslational modification that
result in further fine-tuning of the activity of HIF;
these include phosphorylation, SUMOylation and
S-nitrosylation (for review see Brahimi-Horn et al.
2005; Sects. 3.4, 3.6).

The Nitty-Gritty of the Transcriptional
Activity of the Hypoxia-inducible Factor

More than 60 target genes induced by HIF have al-
ready been identified (Semenza 2003) and probably
as many are repressed; however, the latter are less
well studied (Manalo et al. 2005; Wang et al. 2005).

A myriad of genes of varied function are HIF-depen-
dent. The majority of the gene products involved in
glycolysis are up-regulated in hypoxia through HIF
induction, as are some genes for nucleotide, amino
acid and iron metabolism. Other genes include
those involved in such functions as cell survival,
apoptosis, cell motility, cytoskeletal structure, cell
adhesion, erythropoiesis, vascular tone, transcrip-
tional regulation, epithelial homeostasis and drug
resistance.

10.3.1
Differential Gene Expression Through
Two Transcriptional Activation Domains

For gene regulation heterologous partners of the large
family of bHLH-PAS proteins of the o.and 3 classes are
usually required. Three isoforms of the o subunit of
HIF (1, 2 and 3) and three of the 3 subunit (1, 2 and 3;
also termed ARNT) together with a number of splice
variants have been identified (For a diagrammatical
representation of the different isoforms and of other
bHLH-PAS proteins, see Brahimi-Horn and Pouysse-
gur 2005.) The relative role of these isoforms, which
show the same mechanisms of regulation, is still to
be determined. Each possesses at least one TAD in
its C-terminal part; however, HIF-1 o and -2 o have
two such domains (N-TAD and C-TAD); HIF-3 o has
a single N-TAD. Few transcription factors possess
two TAD, and as yet their respective roles remain to
be defined. Only 20% similarity exists between the
human HIF-1 a N-TAD and C-TAD amino acid se-
quences. However, comparison of the sequence of
the human HIF-1a and 2 oo C-TAD shows more than
70% conservation. The human N-TAD protein se-
quences of HIF-2 a and -3a share, respectively, 65%
and 60% identity with human HIF-1 o. Interspe-
cies comparison between Homo sapiens, Bos taurus,
Mus musculus, Rattus norvegicus and Gallus gallus
shows that the N-TAD is highly conserved, with more
than 90% similarity, while the C-TAD is even more
conserved, with almost 100% identity.

RNA interference has proved to be a useful
approach not only to determine the role of ex-
pressed proteins but also in validating tools such as
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antibodies. In this way our laboratory previously vali-
dated antibodies to HIF-1o,, PHD2 (Berra et al. 2003)
and the acetyltransferase ARD1 (Bilton et al. 2005).
Using specific siRNA targeting of PHD2 our labora-
tory was able to demonstrate that PHD2 is the key
isoform controlling the stability of HIF-1 a (Berra et
al. 2003). Using an RNA interference approach we are
now studying the bifunctional role of the two TADs of
HIF-1o. Studies on the Km of the two oxygen sensors,
PHD and FIH-1, indicate that the PHDs require higher
oxygen levels than FIH-1 for activity (Koivunen et al.
2003). Based on this study we postulate that in areas
near blood vessels, where cells are maximally oxygen-
ated, both PHD and FIH-1 will be active (Fig. 10.5).
Under these conditions only minimal, basal normoxic
levels of HIF-1 o will exist but will be inactive. As the
cells are distanced from the blood vessels a progres-
sive drop in oxygen pressure will occur with stabiliza-
tion of HIF-1a. but maintenance of the lock on C-TAD

activity. However, if certain genes are driven solely by
the N-TAD, i.e. they do not require the C-TAD, these
genes will become activated at the intermediate oxy-
gen level. As the oxygen pressure drops even further,
the genes requiring the C-TAD with or without N-TAD
activity will be induced. Our preliminary results dem-
onstrate that this is the case, and the study of 26 differ-
ent genes by real-time quantitative PCR, in a cell sys-
tem where FIH-1 is either overexpressed or silenced,
has allowed us to identify two groups of genes that are
respectively inhibited or not by FIH-1 expression, thus
C-TAD activity-independent and -dependent (Mazure
et al. 2005). However, within the inhibited group we
also identified a sub-class of genes that were repressed
when FIH-1 was silenced and either repressed or en-
hanced when FIH-1 was overexpressed. Taken to-
gether, these results suggest that HIF-1o. possesses a
bifunctional transcriptional activity that regulates
gene expression differentially.

Oxygenated Midly Hypoxic Hypoxis
cells cells cells
N
0
= ; E
Acidosis q
' R
(0]
PHD2 PHD2 PHD2 S
1
Activity | FIH-1 FIH-1 FIH-1 3
HIF-Tal HIF-1or HIF-1o
HIF-1 N-TAD N-TAD
target Genes +
genes C-TAD
Genes

Fig. 10.5. Bifunctional role of two TAD of HIF. HIF-1a: and -20 contain two TAD in the C-terminal part of the protein,
termed N-TAD and C-TAD. The respective role of these two TAD has not yet been investigated and is a subject we are ex-
ploring. The two oxygen sensors, the PHD and FIH-1, control, respectively, HIF-1a stability and activity. FIH-1 targets an
asparagine residue in the C-TAD and thereby blocks interaction with co-activators. A decreasing PO, gradient from the blood
vessel to the tumour core will determine the activity of the PHDs and FIH-1. The K, values of the PHDs and FIH-1 predict
that the former is more sensitive to oxygen levels and thus is more rapidly inhibited then FIH-1. Thus at moderate oxygen
concentrations HIF-1ow will be stable but genes dependent on the C-TAD activity will not be induced due to maintenance of
FIH-1 activity; however, genes requiring only N-TAD activity will be induced. As the PO, decreases further, the inhibition
of C-TAD will be released and HIF-1o will attain full transcriptional activity. Using RNA interference and overexpression
of FIH-1 we have demonstrated that certain genes are indeed regulated differentially by the two TAD
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10.3.2
Differential Gene Expression by HIF-1 and HIF-2

Differential gene expression may also arise from the
specificity of HIF-1a and -20. for different genes, i.e.
there is evidence to suggest that these isoforms have
preferential or exclusive activity toward a given gene
(Aprelikova et al. 2004; Hu et al. 2003; Sowter et al.
2003; Wang et al. 2005). These two isoforms show
substantial structural resemblance with about 48%
overall amino acid sequence similarity and with
even greater similarity in the bHLH-PAS domain
(bHLH, 85%; PAS-A, 68%; PAS-B, 73%) (Brahimi-
Horn and Pouyssegur 2005). However, they do pos-
sess differences in the sequences of their TAD, as
seen above. In addition, their instability and stabil-
ity, respectively, are regulated by PHDs/VHL and hy-
poxia and they both heterodimerize with HIF-1f to
bind HRE sequences. HIF-2o was initially described
in endothelial cells but later shown to be expressed
in a broad range of cells of different origin. How-
ever, these isoforms do show cell-type specificity, as
seen for certain VHL-deficient renal cell carcinoma
(RCC) cell lines that express either both isoforms
or, in the case of 786-0 cells, only HIF-2a (Maxwell
et al. 1999). The latter cells have been studied with
the aim of deciphering the respective roles of these
isoforms in gene induction and in their association
to tumorigenesis. Of particular interest, it was de-
termined that certain glycolytic enzymes (PGK-1
and LDHA) were induced preferentially by HIF-1o
(Hu et al. 2003). Although probably too simplistic,
it appears that HIF-1o is preferentially implicated in
breast cancer cells while HIF-20. may play a more ac-
tive role in RCC (Kondo et al. 2002; Maranchie et al.
2002). The role of the third HIF-otisoform, and its six
splice variants, has so far been little studied. It has
a more divergent structure, though its bHLH-PAS
domain shows considerable amino acid sequence
similarity and it heterodimerizes with HIF-1§
to bind core HRE sequences. However, it lacks a
C-TAD. It may turn out that this isoform functions
in competition for binding to HIF-1p, leading to re-
pression of the hypoxic response for induction of
certain genes.

Additional differential regulation mayresult from
specific interaction with co-activators or co-repres-
sors. Indeed, while the co-activators CBP/p300 have
been shown to activate both isoforms, NEMO, the
NF-kB essential modulator, has been shown to be a
co-activator specific for HIF-2o (Bracken et al. 2005).
Even in the context of expression of both isoforms it
is conceivable that one or the other is repressed un-
der certain conditions in certain cell types.

10.3.3
Repression of Activity Through Protein-Protein
Interactions

Although FIH-1 is the major protein involved in re-
pression of HIF, several other proteins have also
been reported to repress the transcriptional activity,
including CBP/p300 interacting transactivator with
ED-rich tail 2 (CITED2) (Freedman et al. 2003) and
PHD?2 (To and Huang 2005). Repression by CITED2,
as the name suggests, occurs through competition of
HIF-1o for CBP/p300 and thereby results in a block
in HIF-dependent transcription. However, CITED2
binds p300 with a 33-fold higher affinity than HIF-
1o, but its expression is increased in hypoxia via a
HRE in its promoter, providing yet another feedback
loop in regulation. Yet the levels of CITED2 com-
pared to CBP/p300 are low, so a balance towards
activation may dominate. An interplay between
CITED2 and FIH-1 was suggested where CITED2
may facilitate FIH-1 hydroxylation (Freedman et
al. 2003). Another member of the CITED family,
CITED4, also acts as a repressor of activity and its
expression is inversely correlated to that of HIF-1o
in breast cancer (Fox et al. 2004). Surprisingly, re-
pression of the N-TAD activity of HIF-1 in hypoxia
was also reported to occur through binding of PHD2
and was found to be independent of interaction with
VHL (To and Huang 2005). The mechanism involved
probably does not involve the hydroxylase activity
of PHD2, since this is absent in hypoxia. PDH2 may
have other functions and has been shown to also
repress HIF activity in hypoxia by recruitment of a
candidate tumour suppressor, inhibitor of growth
family member 4 (ING4) (Ozer et al. 2005). The ING
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family of proteins regulate gene expression at the
level of chromatin by interacting with complexes
that modulate histone acetylation. Histone acetyla-
tion by histone acetyltransferases (HATs) and his-
tone deacetylation by histone deacetylases (HDACs)
determine the level of acetylation of lysine residues
of histones. This acetylation leads to modification
in the charge of lysine residues, which become more
acidic and thereby bind DNA less strongly, mak-
ing the DNA more accessible to the transcription
machinery. Thus, acetylation is associated with ac-
tivation of transcription, while deacetylation is in
general correlated with repression of transcription.
The protein VHL has been implicated in transcrip-
tional repression and this has been hypothesised to
occur by recruitment of HDACs (Mahon et al. 2001).
However, HDAC7 has been reported to interact with
the inhibitory domain of HIF-lo. and to activate
rather that repress transcription (Kato et al. 2004).
Interaction of HIF-lo. with proteins that enhance
its binding to VHL is another way of repressing
HIF-1o activity. A protein termed VHL-associated
KRAB-A domain-containing protein (VHLaK) has
been shown to repress HIF-1a: activity independent
of VHL ubiquitin-dependent degradation (Brahimi-
Horn and Pouyssegur 2005).

10.3.4
Repression Through Posttranslational
Modification

Repression of the activity of a transcription fac-
tor can occur not only through protein-protein
interactions but also through direct posttransla-
tional modification of the factor itself, which may
in turn solicit additional protein interactions. The
posttranslational modification of a large number of
proteins involved in transcription by the covalent
attachment of the small ubiquitin-related modifier
(SUMO) is emerging as an important mechanism
in the control of transcription (Gill 2005). In ad-
dition to a variety of effects on protein function,
more often than not SUMOylation of transcription
factors correlates with repression of transcription.
SUMO, as the name suggests, is a small polypeptide

that in many ways resembles ubiquitin. However,
unlike certain forms of ubiquitination that drive
proteins to proteolytic degradation by the protea-
some, SUMOylation does not induce proteasomal
targeting and can even protect against degradation.
In the case of HIF, SUMO modification of both the
HIF-1P and -1o subunits has been suggested to re-
press its transcriptional activity without altering
the stability of the latter subunit (Berta et al. 2004;
Tojo et al. 2002). Repression of transcription of the
key co-activators of HIF, CBP/p300, also implicates
SUMOylation. This may be due to the recruitment
of co-repressors, including certain HDACs that are
themselves SUMO-modified proteins. It may also
be the consequence of crosstalk between acetyla-
tion and SUMOylation, modifications that both oc-
cur on lysine residues, where HDACs may regulate
SUMOylation. Thus, interaction with repressive
molecules and posttranslational modification may
represent fine-tuning feedback mechanisms that
protect from an excessive hypoxic response.

10.3.5
Activation Through Protein-Protein
Interactions

Rather than repressing HIF activity, interaction
with a number of molecules has been shown to en-
hance its activity. As mentioned above, the interac-
tion with co-activators such as CBP/p300, but also
the protein steroid hormone receptor co-activator-
1 (SRC-1), has a major impact on transcriptional
activity. These proteins possess HAT activity,
which as also mentioned above is associated with
transcriptional activation. Their activity can also
be potentiated by proteins such as the redox regu-
latory proteins redox-factor 1 (Ref-1) and thiore-
doxin-1. However, the acetyltransferase activity of
CBP/p300 does not concern only histones, and it
is now apparent that many non-histone proteins,
in particular transcription factors such as p53, are
substrates. As yet no evidence has been put for-
ward to suggest that HIF-1o is acetylated by CBP/
p300, and there exists considerable doubt concern-
ing acetylation by ARDI (Arnesen et al. 2005b;




Hypoxia and Tumour Angiogenesis

181

Bilton et al. 2005; Fisher et al. 2005). The large
protein p300 contains domains involved in tran-
scriptional activation as well as acetyltransferase
activity (Brahimi-Horn and Pouyssegur 2005). The
first cysteine/histidine-rich (CH1) domain in the
N-terminal part binds HIF-1o but also many other
proteins such as p53 and CITED2. Taken that HIF
activity is highly dependent on this interaction for
activity, its rupture has been shown in principle to
be an effective way of inhibiting HIF. Disruption
of the interaction was achieved with polypeptides
of either the C-TAD of HIF-1o. or the CHI mini-
mal binding domain of p300, or with the small
molecule inhibitor chetomin. Not only were these
agents able to diminish HIF transcriptional activ-
ity, they also diminished tumour growth in xeno-
graft mouse models (Kung et al. 2004). However,
another study showed that deletion of the CHI
domain did not attenuate tumorigenesis signifi-
cantly (Kasper et al. 2005). These studies indicated
that inhibition of HIF may be of potential clinical
benefit, and substantial investigation into small
molecular inhibitors for therapeutic purposes is
currently under way. Considerable interest is also
being shown in the therapeutic use of HDAC in-
hibitors in cancer due to their anti-proliferative
and apoptotic effects. A number of clinical trials
have shown some benefit in the treatment of both
haematological and solid tumours. Yet one would
expect that from the point of view of HIF activa-
tion by the CBP/p300 HAT activity, such inhibitors
would enhance its activity and thus tumorigen-
esis. However, the inhibitor trichostatin A (TSA)
has been reported to be anti-angiogenic possibly
through reactivation of p53 and VHL and parallel
suppression of HIF-1 and VEGF (Brahimi-Horn
and Pouyssegur 2005). More recently it was re-
vealed that certain HIF-1 target genes are either
CHI1-dependent or -independent and that the de-
pendent genes were sensitive to inhibition with
TSA (Kasper et al. 2005). Surprisingly fewer genes
were CHI1-dependent than -independent. These
observations reinforce the notion of differential
activation of sets of genes, possibly by soliciting
either N-TAD or C-TAD or both for transcriptional
activation of HIF target genes.

10.3.6
Activation Through Posttranslational
Modification

Posttranslational modification of a transcription
factor and in particular phosphorylation is a well-
known mechanism for controlling activity, and HIF-
Lo is no exception. When stabilized under hypoxic
conditions HIF-1a is phosphorylated subsequent to
activation of the Ras/ERK pathway by growth factors
or oncogenes and possibly through the implication
of p38 kinase and casein kinase II-like kinase (Bra-
himi-Horn et al. 2005). The level of phosphoryla-
tion is probably considerable, if the easily perceived
shift in the mobility in the protein on SDS-PAGE
is any indication. Although eight serine residues
that could be consensus target sites for ERK exist
in the C-TAD region of HIF-1a, the individual resi-
dues phosphorylated by these kinases have not yet
been identified. Phosphorylation does not modify
the stability or DNA-binding capacity of HIF-la,
but does increase the transcriptional activity, possi-
bly by favouring heterodimerization with HIF-1J or
interaction with co-activators. However, increased
transcriptional activity has also been linked to the
phosphorylation of the co-activator p300 by ERK.
In addition, S-nitrosylation of cysteine 800 in the
C-TAD of HIF-1a. enhances HIF-1a activity by again
increasing interaction with p300.

The Hypoxia-inducible Factor and Tumour
Angiogenesis

The cellular expansion of tumours progressively
distances cells from the vasculature and thus from
a supply of oxygen and nutrients. In an attempt to
correct this deficiency, tumour cells respond by
sending out signals that initiate the formation of
new blood vessels, which then penetrate the tumour
mass and thus allow cells to continue to be supplied
with oxygen and nutrients and maintain their prolif-
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eration. This adaptive process, termed angiogenesis,
is a characteristic of solid tumours and constitutes a
potential therapeutic target (Carmeliet 2003; Ferrara
and Kerbel 2005). However, the new vessels show
structural malformations as well as fluctuations in
their blood flow, and local regions of hypoxia may
nonetheless prevail. Evidence that HIF plays a fun-
damental role in angiogenesis comes in part from
the study of embryos of mice that are knockout for
HIF-10, HIF-1B or VEGF, all of which are lethal to
the embryo and show defects in blood vessel devel-
opment (Brahimi-Horn and Pouyssegur 2005; Pugh
and Ratcliffe 2003). However, hypoxia and thus HIF
influences not only the behaviour of endothelial and
tumour cells but also the surrounding normal stro-
mal cells and macrophages.

10.4.1
The Key Angiogenic Factor Vascular Endothelial
Growth Factor Is HIF-mediated

Some of the major proteins involved in initiating
angiogenesis are HIF-1 and -2-dependent, includ-
ing vascular endothelial growth factor (VEGE), the
role of which has been extensively studied (Ferrara
et al. 2003). VEGF in cooperation with angiopoietin-
2 (Ang-2) attracts and guides sprouting neo-vessels
into oxygen-depleted regions of the tumour mass
(Carmeliet 2003). While binding of HIF to the vegf
promoter is a key determinant in its expression, other
levels of control, including mRNA stability through
the stress-activated kinase p38 and translation via
internal ribosome entry site (IRES) sequences, also
regulate expression (Pages and Pouyssegur 2005).
Since under hypoxic and nutrient-depleted condi-
tions classic cap-dependent translation is inhibited,
only mRNA containing IRES will be translated. Thus
translation of VEGF is assured under such conditions,
asis HIF-1§ which also contains IRES. We have shown
in our laboratory that VEGF is up-regulated by the
Ras>MEK>ERK pathway through the phosphoryla-
tion of the transcription factor Spl and its recruitment
to the proximal region of the vegf promoter. Up-regu-
lation also occurs through this pathway by HIF-1a
phosphorylation (Pages and Pouyssegur 2005), and

phosphorylation may improve accessibility of vegf to
RNA polymerase II. In addition, binding of Spl to
VHL has been shown to repress vegf promoter activity
(Pages and Pouyssegur 2005). Since VEGF is up-regu-
lated by HIF, a number of studies have investigated
a possible correlation between HIF expression and
the intratumoral microvascular density, a measure of
tumour angiogenesis (Brahimi-Horn and Pouyssegur
2005). The majority of these studies show a link be-
tween the two, but the most striking and convincing
association comes from studies into RCC, in which
there is loss of function of VHL (Kaelin 2002). Vhl is
a tumour-suppressor gene and its product is a compo-
nent of an E3 ubiquitin ligase complex. As mentioned
above, it earmarks HIF-o with ubiquitin chains that
target it for degradation by the proteasome. In RCC
and in VHL disease, a familial cancer syndrome,
this function is lost, and as a consequence HIF-a is
stable and active, and tumours are highly vascular-
ized. VHL disease is characterized by the formation
of blood vessel tumours (haemangioblastomas) of the
central nervous system and retina often associated
with other tumours such as RCC. These observations
also support the notion that the HIF pathway plays
an important role in tumorigenesis. The finding that
the expression of HIF-1o.is increased in a broad range
of cancers (Brahimi-Horn and Pouyssegur 2005) and
has been correlated to tumour grade also supports
this hypothesis.

The micro-environment with respect to the degree
of vascularization influences tumour progression
and is HIF and VEGF dependent. This is nicely illus-
trated in a study in which HIF-1a-deficient astrocytes
were injected into either a vessel-poor or a vessel-rich
environment, respectively either subcutaneously or
into the brain parenchyma (Blouw et al. 2003). In the
former environment necrosis and reduced tumour
growth was observed, while in the latter the tumours
grew rapidly, penetrating the brain. Minimal vascu-
larization of the tumour itself in the subcutaneous
site was noted compared to the other site. In contrast,
the growth of astrocytes deficient in VEGF injected
at either site was reduced due to an inability to main-
tain co-opted vessels. Thus the differences may result
from induction of VEGF in the HIF-1a-deficient cells
by non-HIF-dependent mechanisms.
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10.4.2
Inhibition of Angiogenesis in Relative Hypoxia

However, so-called hypoxic conditions do not neces-
sarily lead to angiogenesis. It was noted previously
that the retina is relatively hypoxic and yet in the
normal situation angiogenesis is not induced, and
when it is induced it leads to a pathophysiological
situation. Retinal capillary quiescence is a reflection
of a fine balance in pro-angiogenic and anti-angio-
genic factors, in particular due to the expression
of a HIF-o truncated variant exerting a dominant
negative action in this hypoxic micro-environment
(Makino et al. 2001). Ocular neovascularization,
on the other hand, is a major feature of diabetic
retinopathy and age-related macular degeneration.
Retinopathy can be induced in newborn mice by
alternating exposure to hyperoxia (45% oxygen) and
normoxia (12.5% oxygen). The return to normoxia
is in fact relative hypoxia and results in the expres-
sion of angiogenic factors and neovascularization.
Knockout of HIF-1aw and -20. in mice is lethal for
the embryo, ruling out the investigation of the role
of these proteins in mouse physiology. However,
the study of HIF-2o. knockdown in mice exposed
to hyperoxia-normoxia in the investigation of reti-
nopathy of prematurity leads to the conclusion that
HIF-20 plays a key role in this pathology and that
the angiogenic factor Epo, rather than other more
frequently induced angiogenic factors, is associated
with retinopathy (Morita et al. 2003).

Tumour Metabolism

It has been known for some time that tumours in
general have a high rate of glucose uptake accom-
panied by elevated glucose consumption, i.e. gly-
colysis (for review see Gatenby and Gillies 2004). In
fact, this characteristic of tumours has been put into
clinical application through the detection by PET
of ['®F]2-deoxy-2-fluoro-D-glucose (FDG), which

accumulates in solid tumours. It is now generally
accepted that the rate of glucose uptake measured
by PET-FDG is an important predictor in determin-
ing the aggressivity of a broad range of types of
tumours. However, detection of hypoxic regions in
human tumours by PET after injection of the radio-
actively labelled hypoxia marker [18F]misonidazole
and comparison to PET-FDG showed that some hy-
poxic tumours had a modest glucose uptake while
other non-hypoxic tumours showed a high uptake
(Rajendran et al. 2004). These results point to an
overall heterogeneity of oxygenation of different
tumours that, although not related to tumour size,
probably reflects differences in vascularization.

10.5.1
Aerobic Versus Anaerobic Glucose Metabolism

In the 1920s Otto Warburg discovered that tumours,
unlike normal cells, converted glucose to pyruvate
and then to lactate, even in the presence of plen-
tiful amounts of oxygen (the “Warburg effect”)
(Fig. 10.6A). This is the same metabolic pathway
used by muscle tissue when oxygen is low. In nor-
mal cells, glucose is similarly converted to pyru-
vate (glycolysis), which is then transported to the
mitochondria where it enters the tricarboxylic acid
(TCA) cycle (synonyms: citric acid cycle, Krebs cy-
cle). During subsequent oxidative phosphorylation,
the NADH and FADH, that are produced transfer
electrons to molecular oxygen (Fig. 10.6B). This oxy-
gen-requiring catalytic process is highly efficient in
providing energy, with the overall production of 38
ATP molecules per molecule of glucose, while direct
conversion to the waste product lactate produces
only two ATP molecules. It was initially thought that
the choice by tumour cells to opt for or “switch” to
so-called “aerobic glycolysis”, an inappropriate and
confusing term for a process that could be more ap-
propriately termed “anaerobic glucose metabolism”,
was due to defective mitochondrial respiration, but
little evidence was found, until recently, to support
this. One explanation lies in chronic or transitory
exposure of cells to hypoxic conditions. Stable and
active HIF in these cells would induce up-regulation
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Aerobic glucose metabolism:
CgH;,06 + 38 ADP + 38 P, + 6 O, —= 6 CO, + 44 H,0 + 38 ATP

"Pasteur Effect”, inhibition of glycolysis in presence of O,

Aerobic glucose metabolism:
C¢H1,06 + 2 ADP + 2 P, —» 2 lactate + 2 H* + 2 H,0 + 2 ATP

"Warburg Effect’ also termed aerobic glycolysis
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Fig. 10.6a,b. Tumour cells switch from aerobic to anaerobic glucose metabolism. Tumour cells posses a high level of uptake
and consumption of glucose with the production of high amounts of lactate. a Aerobic glucose metabolism generates 38
molecules of ATP, while anaerobic glucose metabolism gives only two. The “Pasteur effect” relates to the observation that
oxygen results in inhibition of aerobic glucose metabolism. The “Warburg effect” relates to tumour cells that preferentially
adopt anaerobic glucose metabolism even when in the presence of oxygen, also termed “aerobic glycolysis”. b Glucose
oxidation may occur via glycolysis but also through the pentose phosphate pathway (PPP). In normal cells the pyruvate
generated by glycolysis is metabolized through the tricarboxylic acid (TCA) cycle and oxidative phosphorylation, which is
efficient in energy production. One of the metabolites of the TCA cycle is 2-oxoglutarate (2-OG) (o-ketoglutarate), which
is required for PHD and FIH-1 activity. Catabolism of amino acids is also a source of 2-OG. The free energy required to
generate ATP is obtained from the oxidation of NADH and FADH, by the mitochondrial electron transport chain (ETC), a
series of five multi-enzyme complexes (I-V) via which electrons transfer from lower to higher reduction standard potentials.
Other abbreviations: G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate, R-5-P, ribose-5-phosphate; GAP, glyceralde-
hyde-3-phosphate; ATP, adenosine triphosphate; NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine
dinucleotide phosphate; SDH, succinate dehydrogenase; FH, fumarate hydratase
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of not only glucose transporters but also the en-
zymes involved in glycolysis. In addition, pyruvate,
in inhibiting HIF-1ow degradation, would enhance
further the rate of glycolysis. Active HIF would also
drive the reversible conversion of pyruvate to lactate
by lactate dehydrogenase A (LDH-A), another HIF
target that is up-regulated in transformed cells. In
this way, highly proliferating cells with a high energy
demand rapidly dispose of a supply of ATP. However,
this picture is probably too simplistic, and the ori-
gins of transformation of cells into cancer-initiating
cells, be they differentiated or stem cells in origin,
requires clarification. Numerous factors in the host
cell environment may trigger early stages in tumour
formation. Modifications in both the c-myc onco-
gene and Akt kinase pathways have been reported to
activate anaerobic glucose metabolism (Gatenby and
Gillies 2004). c-myc was found to induce up-regula-
tion of the glucose transporter GLUT1 and several
glycolytic enzymes as well as lactate dehydrogenase
A and thus lactate overproduction. The Akt onco-
gene also induces anaerobic glucose metabolism,
and Akt-expressing cells were dependent on glu-
cose for survival. Though conflicting evidence has
been reported, HIF-1 is also activated by the PI3 K/
Akt— mTOR pathway. Nonetheless, oncogenes are
more usually considered to be involved in cancer
cell proliferation and survival, so their involvement
in metabolism came as a surprise.

10.5.2
Modulation of HIF Signalling Through Metabo-
lism

The concentration of glucose and of glycolytic
and/or TCA cycle components in the micro-en-
vironment may influence the activity of the HIF
pathway. Glucose has been shown to be required
for hypoxic accumulation of HIF-lo. in FaDu and
HT1080 tumour cell lines, and this observation has
been put forward as an explanation for the detec-
tion of only low levels of HIF-1o in FaDu xenograft
tumours (Vordermark et al. 2005). 2-Oxoglutarate
(2-0G) (o-ketoglutarate), a product of the TCA cy-
cle and amino acid catabolism, is required for the

activity of the oxygen sensors PHDs and FIH-1; thus,
a decrease in its concentration could be expected to
favour HIF-a stability and HIF activation. However,
the explanation for the effect of pyruvate, mentioned
above, does not seem to be due to competition for
2-0G. Otto Warburg's initial suggestion that mi-
tochondrial function was deficient in tumour cells
turns out to be, to a certain degree, correct. Muta-
tions in the mitochondrial enzymes succinate de-
hydrogenase (SDH) and fumarate hydratase (FH;
also termed fumarase), enzymes of the TCA cycle,
promote tumorigenesis (for review see Gottlieb and
Tomlinson 2005). SDH and FH are in fact tumour
suppressors, and SDH provides a direct link with
the respiration chain. The postulated mechanism
leading to tumorigenesis includes the accumulation
of succinate or fumarate, and thus inhibition of SDH
or FH respectively, which represses the activity of
the PHDs. This leads to stabilization of HIF-1o. and
induction of downstream genes such as vegf, with
the consequence of formation of highly vascularized
tumours (Gottlieb and Tomlinson 2005). In addi-
tion, the competitive inhibition of PHD by succi-
nate was found to be reversed by an excess of 2-OG.
However, succinate is also a product of oxidative
decarboxylation of 2-OG by PHD. Increased produc-
tion of reactive oxygen species (ROS) has also been
implicated and may be linked to HIF activation by
oxidation of Fe?* and ascorbic acid, two co-factors
required for PHD activity (Gerald et al. 2004).

10.5.3
Tumour Cells Use the Pentose PhosphatePath-
way

An alternative catalytic process diverging from the
glycolytic pathway is the pentose phosphate path-
way (PPP) or hexose monophosphate shunt that is
in part responsible for nucleic acid synthesis (for a
detailed schematic presentation of PPP and its in-
terconnection with glycolysis see Coy et al. 2005).
Transketolase activity controls the non-oxidative
part of this pathway, and it has been proposed
that the inhibition of its activity suppresses tu-
mour growth and metastasis (Coy et al. 2005).
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In addition, it has been shown that a mutated
transketolase-like 1 (tktlI) gene is up-regulated in
cancer, and thus this pathway may also be involved
in lactate production and metabolic adaptation of
cancer cells (Coy et al. 2005). Glycolysis and the
PPP also produce respectively, NADH and NADPH,
which in oxidative stress act as cofactors for anti-
oxidant enzymes and in preserving high amounts
of the cell’s major antioxidant, reduced glutathi-
one. Thus activation of these pathways through
HIF may have implications for a vast number of
diseases in addition to cancer, such as diabetic
retinopathy, atherosclerosis and neurodegenera-
tive diseases, where oxidative stress is suspected to
play a significant role. Indeed HIF-dependent acti-
vation of glycolysis and the PPP has been reported
to mediate a neuroprotective response of cells to
toxic amyloid beta peptide, a peptide suspected to
be a causative agentin Alzheimer’s disease (Soucek
et al. 2003).

The Acidic Micro-environment of Tumours

A correlation between PO, and pH, both of which
decrease with increasing distance from blood ves-
sels, has been reported in breast cancer (Gatenby
and Gillies 2004). The high levels of lactate and
CO, produced by tumour cells are the major con-
tributors to acidosis. A number of transporters,
exchangers and pumps, together with the enzyme
carbonic anhydrase, contribute to maintaining the
intracellular pH that allows cancer cells to survive
acidosis.

10.6.1
Intracellular pH Regulation by Transporters
and Exchangers

The lactate produced by anaerobic glucose me-
tabolism in tumour cells is excreted from the cells
via a H*/lactate cotransporter (monocarboxylate

transporter, MCT), with the consequence of a de-
crease in the extracellular pH (pH,) of tumours:
pH 6.2-6.8 for tumour cells compared to 7.2-7.4
for normal cells (Fig. 10.7) (Cardone et al. 2005).
The pH, may also remain acidic due to inefficient
removal of this waste product by a defective mi-
cro-vasculature in tumours. In addition, active
MCT even results in alkalinization of the intra-
cellular pH (pH;) of tumour cells beyond that of
normal cells: pH 7.2-7.7 versus 6.9-7.1, respectively
(Cardone et al. 2005). The amiloride-sensitive
Na*/H* exchanger (NHE-1), a major player in pH;
homeostasis (Counillon and Pouyssegur 2000)
has even been implicated in promoting metas-
tasis through extracellular matrix remodelling
(Cardone et al. 2005). With the aim of investigating
the role that the acidic extracellular environment
plays in tumorigenesis, several years ago our labo-
ratory established mutant cell lines, obtained from
parental Chinese hamster lung fibroblast (CCL39)
transformed with the H-ras oncogene, that were
defective in pHi regulation through NHE-1 and/
or aerobic glucose metabolism (Pouyssegur et al.
2001). Ras-transformed cells mutated for nhel
(nhel”) formed tumours when injected into nude
mice, but 80% of these tumours finally regressed
and disappeared, demonstrating that NHE-1 is in-
deed an important factor controlling tumour cell
survival. We hypothesised that this regression
occurred because tumour cells, producing large
amounts of lactic acid, need all of the pH;-regulat-
ing system for progression. To validate this point,
we engineered a double mutant that lacked both
NHE]1 (nhel”) and the glycolytic enzyme phospho-
glucose isomerase (pgi-) and produced 14 times
less lactic acid than the parental cells. The single
mutant cells (pgi~), which rely on respiration via
glucose-6-phosphate being diverted into the PPP
for energy supply, formed tumours like wild-type
Ras-transformed fibroblasts. Interestingly, the
double mutant (nhel™, pgi~) was no longer impaired
in tumour formation. This finding established that
NHE-1 is a key player in tumour progression in the
context of an acidic micro-environment. Another
cell line, mutant for oxidative phosphorylation
(respiration mutant, res”) that produced 3-4 times
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Fig. 10.7. The pH of tumours is highly acidic due to over-production of lactate and CO,. To survive, cells must maintain a
balance between the extracellular pH (pH,) and intracellular pH (pH;) and do so through the activity of a number of pumps,

exchangers and transporters. Lactate is excreted from cells by

the H*/lactate cotransporter (monocarboxylate transporter,

MCT), while intracellular protons are exchanged for sodium ions by the Na*/H* exchanger (NHE-I). The extracellular activ-
ity of carbonic anhydrase IX (CA IX) converts CO, into carbonic acid, and bicarbonate ions are exchanged for chloride ions
in both directions by different Na*-dependent and -independent CI"/HCO;~ exchangers. The pH, of tumour cells is more

acidic than normal cells and the pH; is more alkaline

more lactic acid showed a 5 times lower incidence
of tumour formation. These cells survived hypoxia
but were very reliant on glucose for energy. Thus
a low level of lactate production, due to inhibition
of glycolysis, brought about a high incidence of
tumour formation, while a high level of lactate,
resulting from an inhibition of respiration, led to
a low incidence of tumour formation. A double
mutant nhel” res” never gave rise to tumours.
These results indicate that oncogenic transforma-
tion alone is not the only factor important for in
vivo tumorigenesis and that pHi regulation and
therefore the acidic micro-environment is also a
key determinant in cancer progression.

10.6.2
Carbonic Anhydrase, a pH;-regulating Enzyme
and Marker of Tumour Hypoxia

However, lactate is not the only source of acidifica-
tion of tumours. The production of CO, induced by
anaerobic conditions also contributes to the major
acid load in the tumour environment. The enzyme
carbonic anhydrase (CA), which catalyzes the re-
versible conversion of CO, to carbonic acid, contrib-
utes to the increase in the pH; of tumour cells via
the uptake of HCO,~ through CI'/HCO;" exchangers
(Fig. 10.7) (Ivanov et al. 2001). CA is a family of
zinc metalloenzymes (EC 4.2.1.1) of which there are
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14 mammalian isoforms that vary in activity and
tissue distribution. CA 9 and CA 12 are HIF-de-
pendent genes and have been shown to be up-regu-
lated in cells of RCC and in multiple human cancers
(Brahimi-Horn and Pouyssegur 2005; Ivanov et al.
2001). The protein CA IX is localized in the plasma
membrane and has an extracellular activity, which
may be involved in pH sensing. A correlation be-
tween hypoxia, angiogenesis, HIF-1o. and CA IX
expression in primary tumours and lymph node
metastases in breast cancer has been reported (Van
den Eynden et al. 2005), and considerable interest is
being shown in investigating immunohistochemical
labelling of cancer tissue sections with antibodies
to CA IX for prognostic purposes. It is of interest to
note that recently, in addition to interacting with a
number of membrane exchangers and cotransport-
ers, the CA II isoform was shown to interact with
MCT1 and to enhance the rate of H* flux mediated
by MCT1 via a mechanism that did not involve its
enzyme activity (Becker et al. 2005). However, the
involvement of CA in tumour progression and me-
tastasis through modulation of the pH is still to be
determined.

Hypoxic Induction of Cell Survival or
Cell Death

The implication of hypoxia and HIF in cell survival
versus cell death is not clear-cut (for review: Greijer
and van der Wall 2004). This may be due to the fact
that: (1) different degrees and duration of hypoxia
may promote survival or death depending on the cell
type (Vaupel 2004); (2) HIF induces genes involved
in both apoptosis (programmed cell death) and cell
survival and proliferation, two seemingly opposite
events (Semenza 2003); (3) although structurally
similar, HIF-1o. and HIF-20. may act in opposing
ways in different cellular contexts and in response to
different environmental stimuli (Acker et al. 2005);
and (4) the micro-environment of hypoxic tumour
cells may influence the direction cells follow (Blouw

etal.2003).Itis also generally accepted that tumours
that are hypoxic are more aggressive, leading to a
metastatic phenotype (Vaupel 2004).

Hypoxia is undoubtedly the major stimulus regu-
lating HIF activity; however, a number of cell-spe-
cific non-hypoxia-dependent modes of regulation
also influence activity and thus cell survival/death
(Semenza 2003). Some of the agents found to influ-
ence HIF activity are in fact better known for their
effects on cell proliferation, others for their effects
on cell death. These include a number of growth
factors, such as insulin-like growth factor, epider-
mal growth factor, platelet growth factor and fibro-
blast growth factor, hormones such as the vasoac-
tive angiotensin II and androgens, cytokines such
as tumour necrosis factor-o. and interleukin-1f3, and
finally the vasoactive molecule NO. These molecules
bring into play the Ras/ERK, PI3K/Akt, NF-xB and
ROS-sensitive signalling pathways.

10.7.1
Cell Survival, Growth and Metastasis

The insulin-like growth factor-2 and insulin-like
growth factor binding proteins that promote cell
proliferation and survival are themselves HIF-in-
duced gene products. These growth factors bind
transmembrane receptor tyrosine kinases that
phosphorylate tyrosine residues of substrates that
signal predominantly through the PI3K/Akt path-
way. These factors cooperate with nutrients in ac-
tivating mammalian target of rapamycin (mTOR),
a serine/threonine protein kinase involved in reg-
ulating protein translation, for protein synthesis
during cell proliferation (for review: Pouyssegur
et al. 2006). When nutrients and thus energy are
limited, or when cells are exposed to a hypoxic
stress, mTOR 1is inhibited and protein synthesis
shuts down.

Cells that survive acidosis are thought to have
developed a selective growth advantage. In addi-
tion, the acidic extracellular environment leads
to activation of proteins such as matrix metallo-
proteases that themselves are induced in hypoxia
in a HIF-dependent manner (Petrella et al. 2005).
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This contributes to disruption of cell-cell and cell-
extracellular matrix (ECM) contacts that allow mi-
gration of cells through basement membranes and
stromal tissue to enter blood or lymph vessels and
to metastasize. The role of a number of proteins in-
volved in cell-cell-ECM contact, such as epithelial
cadherin, selectins and integrins, may be influenced
directly by HIF or indirectly by its effects on the
tumour environment. Thereby high lactate concen-
trations, even if not the cause of tumour formation,
may induce adaptive processes and favour metas-
tasis with subsequent poor survival (Walenta and
Mueller-Klieser 2004). In addition, HIF is known
to activate certain genes, such as c-met proto-on-
cogene and the chemokine receptor CXCR4, that
are involved in invasion and metastasis (Pennac-
chietti et al. 2003; Staller et al. 2003). It is of interest
to note that a cytokine termed autocrine motility
factor (AMF) is none other than the HIF-dependent
glycolytic enzyme PGI (Tsutsumi et al. 2004). The
cytokine function of AMF/PGI has been attributed
to a region of the protein that is distinct from the
region that possesses enzyme activity. AMF/PGI is
of course found to be up-regulated in a number of
cancers, and the cytokine function has been im-
plicated in a number of cancer-associated events,
including transformation, proliferation, angio-
genesis, apoptosis, cell migration and metastasis
(Tsutsumi et al. 2004). AMF/PGI is secreted from
cells and binds to a seven-transmembrane glyco-
protein receptor, AMFR. We are presently examin-
ing the impact of knockdown by RNA interference
of AMF/PGI on lactate production and HIF func-
tion (Laferriere et al. 2005). These studies should
provide further insight into the role of glycolysis
and hypoxia in tumour progression and allow dis-
tinction between acidosic and hypoxic stress.

Studies using HIF-1o deficient cells have shown
conflicting results with respect to the promotion or
inhibition of tumour growth, and a similar situa-
tion exists for HIF-20. (Acker et al. 2005). This may
again suggest that the same genetic mutation may
have different outcomes depending on the environ-
mental conditions. Therefore further studies are re-
quired to clarify the tumour-suppressor-like versus
oncogene-like functions of HIF.

A number of reports have indicated that cells may
develop resistance to hypoxia-mediated cell death
through successive periods of exposure to hypoxia.
In these cells the translocation of the pro-apoptotic
protein Bax to mitochondria was reduced and lower
levels of cytochrome C released. Two anti-apoptotic
proteins, the HIF-induced apoptosis inhibitor pro-
tein-2 (AIP-2) and Bcl-xL, have been implicated in
this hypoxia-resistant cell survival. AIP-2 had an
inhibitory effect towards the activity of caspases,
proteolytic activity associated with apoptosis. Bcl-
xL was found to interact with the pro-apoptotic Bax
protein, thus preventing the activation of the in-
trinsic cascade. Protection accorded by Bcl-xL was
dependent on the import of ATP, produced by gly-
colysis, into the mitochondria to generate an inner
mitochondrial membrane potential through F,F-
ATP synthase, the fundamental cellular energy pro-
ducer. When glucose was deficient or glycolysis was
inhibited, protection from hypoxic-mediated cell
death was absent - yet another example of the im-
portance of environmental factors in determining
cell fate. HIF may also indirectly favour cell survival,
through angiogenic proteins or activation of signal-
ling pathways. Thus VEGF expression enhances the
expression of anti-apoptotic proteins, and activation
of the PI3 K/Akt pathway can protect from apoptosis
due to serum starvation (Ferrara et al. 2003).

Hypoxiacanalsoleadtoreduced cell proliferation,
and there again certain HIF target genes are involved
in cell-cycle arrest and proliferation, including p21
and cyclin G2 (Brahimi-Horn and Pouyssegur 2005).
G1/S phase cell cycle transition implicates certain
cyclin-dependent kinases (CDK)-cyclin complexes
that are inhibited by p21°P! and p27Xi¥!, A deficiency
in HIF-1o.in embryonic fibroblasts or splenic B lym-
phocytes abolished hypoxia-induced growth arrest,
and hypoxia led to a HIF-lo-dependent increase
in p21°P! and p27XiPL, Growth arrest was also inde-
pendent of p53 expression. Increased expression of
p21°P! in hypoxia was linked to derepression by Myc
through the displacement of Myc from the p21°P! pro-
moter by HIF-16 Similar findings were reported for
vhl~/- fibrosarcoma cells (Mack et al. 2005). This
result suggests that other genes regulated by Myc
may also be counteracted by HIF.
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10.7.2
Cell Death

Multiple mechanisms of programmed cell death,
including apoptosis, necrosis and autophagy, are re-
sponsible for physiological and pathological clear-
ing of cells (Edinger and Thompson 2004). Apop-
tosis is an ATP, energy-dependent mechanism that
occurs either through an extrinsic (death receptor)
pathway or intrinsic (mitochondrial) pathway and
is dependent on the proteolytic activity of caspases.
“Accidental necrosis” is caspase independent and
occurs when the level of ATP is so low that cells
can no longer survive. It is termed accidental be-
cause it is often observed subsequent to exposure
to cytotoxic agents. Autophagic cell death involves
vacuolation of cellular components for lysosomal
degradation and recycling, and thereby constitutes
a desperate survival strategy in response to stress,
which ends in suicide. These different routes of cell
death all contribute to reduce tumour progression,
but the part that hypoxia and HIF play, in particular
in the area of autophagy, still needs clarification.
Autophagy may represent a temporary mechanism
of obtaining nutrients to increase the ATP level
prior to the establishment, through angiogenesis,
of new blood vessels that eventually bring oxygen
and nourishment to the tumour.

The protein Bcl-2/adenovirus EIB 19kDa-inter-
acting protein 3 (BNIP3) and its homolog Nip-3-
like protein X (NIX) are induced by HIF and are
implicated in cell death (Greijer and van der Wall
2004). BNIP3 is overexpressed in ductal carcinoma
in situ of the breast and was associated with high-
grade necrotic lesions that may correlate with an
invasive phenotype. However, no correlation was
found for the expression of NIX, which may suggest
that other factors come into play. Despite the fact
that BNIP3 belongs to the family of Bcl-2 apoptotic
proteins, BNIP3-mediated cell death has been sug-
gested to resemble necrosis more than apoptosis.
However, increased expression of BNIP3 on its own
may not be sufficient to induce apoptosis; other
additional conditions may be needed. Removal of
epidermal growth factor and insulin-like growth

factor in breast cancer cell line MCF7, and acidosis
or glucose deprivation in cardiac myocytes (Greijer
and van der Wall 2004; Webster et al. 2005), were
required to lead to BNIP3-induced cell death in
hypoxia. HIF also induces two other proteins that
are involved in apoptosis, HGTD-P and RTP801
(Brahimi-Horn and Pouyssegur 2005). The former
was found to be associated with mitochondria and
promotes apoptosis by the mitochondrial pathway.
RNA interference targeting HGTD-P led to protec-
tion of PC-3 prostatic cancer cells from apoptosis.
RTP801 overexpression in differentiated neuronal
PC12 cells and MCF7 breast carcinoma cells re-
sulted in apoptosis through a decrease in the pro-
duction of ROS.

A number of studies have investigated possible
links between the HIF signalling pathway and p53,
the so-called “guardian of the genome”. The p53
gene is a tumour suppressor gene that is often in-
activated or mutated in tumours and transformed
cells. The protein product is a transcription factor
that controls cell growth and DNA damage repair,
and its activation leads potentially cancerous cells
to autodestruct. The protein p53, in response to mul-
tiple DNA damage, induces the apoptotic proteins
Bax and Bak that initiate apoptosis by regulating
release of cytochrome C from mitochondria, a char-
acteristic of the mitochondrial pathway of apopto-
sis. The level of p53 is normally low in cells, but it
has been shown to accumulate under hypoxic stress
and to interact directly with the ODDD of HIF-1a..
The direct physiological consequence of this is not
fully understood (Fels and Koumenis 2005). Inter-
action may diminish HIF activity by competing
with p53 for common cofactors, such as p300/CBP,
or p53 may influence HIF-1lo stability or vice versa.
Indeed, the ubiquitin E3 ligase murine double min-
ute 2 (Mdm?2), responsible for proteasomal target-
ing, and thus destruction, of p53, has been shown
to interact with HIF-lo. and be suppressed by it,
thus leaving p53 free to act in cell-cycle arrest and
apoptosis (Fels and Koumenis 2005). Cells deficient
in p53 have also been shown to be less sensitive to
hypoxia-induced apoptosis, giving them a survival
advantage and a low responsiveness to anti-angio-
genic combination therapy (Yu et al. 2002).
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Conclusions

Given the substantial evidence that hypoxia- throug
HIF activation of downstream genes- plays a role in
tumorigenesis and in poor patient survival, it is es-
sential that the precise mechanisms involved in this
pathway be fully explored. Therapeutic strategies
targeting the HIF-signalling pathway, be it through
direct inhibition of HIF activity with small molecules
or, better, through inhibition of HIF-dependent gene
products, such as VEGEF, are still in their infancy but
show promise for the future. However, due to the
dual effect of HIF in cell survival/death, the risk of
producing tumour cells even less dependent on the
vasculature and more resistant to stress-induced cell
death, thus favouring metastasis, by such approaches
has been raised. Only further pre-clinical and clinical
evidence will assuage such concerns.
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Abstract

Malignant gliomas have retained their dis-
mal prognosis despite an aggressive, mul-
timodal therapeutic approach, warranting
the need for novel therapeutic modalities.
Highly proliferating tumors frequently
outstrip their vascular supply, leading to a
tumor microenvironment characterized by
low PO,, low glucose levels, and an acidic
pH. Regions of low PO, are indeed common
findings in malignant tumors, being associ-
ated with increased frequency of tumor in-
vasion and metastasis. The ability to initiate
homeostatic responses and adapt to hypoxia
is a crucial aspect of solid tumor growth.
The hypoxia-inducible transcription factors
HIF-1loo and HIF-200 act as main regulators
of hypoxia-induced gene expression, deter-
mining key parameters of the tumor pheno-
type such as angiogenesis, energy metabo-
lism, pH regulation, and genetic instability,
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as well as tumor invasion/metastasis. These
adaptive responses confer an increased re-
sistance to the hostile tumor microenviron-
ment. Recent insights into cellular and mo-
lecular crosstalk in this microenvironment
suggest a model in which hypoxia, HIF, and
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gesting a far more complex agrowth. Thus,
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Introduction

Each year 20,000 new primary central nervous sys-
tem (CNS) neoplasms are diagnosed In the United
States. Importantly, CNS tumors affect the organ
that defines the “self;” they are among the most
debilitating of human malignancies, often severely
compromising quality of life. A multitude of differ-
ent neoplastic CNS entities are recognized by the
CNS tumor classification of the World Health Orga-
nization (WHO). Among them, malignant gliomas
are the most common and most studied primary
malignancies. Malignant gliomas have retained
their dismal prognosis despite an aggressive, mul-
timodal therapeutic approach, warranting the need
for novel therapeutic modalities.

Tumor growth and progression occurs as a re-
sult of cumulative acquisition of genetic alterations
affecting oncogenes or tumor suppressor genes se-
lecting for tumor cell clones with enhanced prolif-
eration and survival potential. Tumor growth de-
pends on vascular supply to sustain the metabolic
needs of the tumor tissue. Indeed, the acquisition
of a functional blood supply seems to be rate-limit-
ing for the tumor’s ability to grow beyond a certain
size and metastasize to other sites. However, highly
proliferative tumors frequently outstrip their vas-
cular supply, leading to a tumor microenvironment

characterized by low oxygen tension, low glucose
levels and an acidic pH. Glioblastomas are charac-
terized by a prominent, proliferative vascular com-
ponent and necrotic areas, making them prototype
tumors in the understanding of the role of hypoxia-
induced mechanisms in tumor growth and progres-
sion. A series of recent cell and molecular biology
studies have significantly extended our knowledge
on how tumor cells exploit key regulatory mecha-
nisms of oxygen homeostasis to adapt to changes in
ambient oxygen concentrations. These studies have
identified putative oxygen-sensing mechanisms,
showing that reduced oxygen levels and tumor-spe-
cific genetic alterations synergistically control im-
portant physiological pathways by activating a key
transcriptional system, the HIF (hypoxia-inducible
factor) system, a potent inducer of gene expression
in tumor cells. A mounting body of evidence sug-
gests that hypoxia and HIF play a decisive role in
tumor physiology and progression by setting and
controlling a tumor-specific microenvironment es-
sential for tumor growth. HIF and hypoxia are the
major triggers for new blood vessel growth in ma-
lignant tumors, and, as recent evidence suggests,
regulate a pro-invasive and -metastatic machinery
crucially determining tumor aggressiveness. They
induce a shift in energy metabolism from oxida-
tive to glycolytic pathways, thus contributing to
the acidic tumor microenvironment. Moreover,
hypoxia induces genetic instability in tumor cells
and, possibly involving HIF function, selects for
apoptosis-resistant and thus malignant cell clones.
Given the significance of HIF and hypoxia in tumor
physiology, recent insight into the precise mecha-
nisms of oxygen sensing and signaling may offer
new promising and potentially selective targets for
tumor therapy.

The Transcription Factor System HIF

Cells respond to changes in the microenvironment
such as acidosis, hypoglycemia or changes in oxygen
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tension by down- or upregulation of certain genes.
Hypoxia, for example, upregulates the transcription
of several genes. A highly developed, multi-level
physiological system is devoted to oxygen homeo-
stasis, requiring the coordinate regulation of a wide
array of genes. Most of these genes are hypoxia-in-
ducible in multiple cell types including tumor cells.
The identification of the HIF transcription system in
1995 constituted a milestone in our understanding
of oxygen physiology (Wang and Semenza 1995).
Since then the HIF system has emerged as a key
regulatory system of responses to hypoxia both on
a local and on a systemic level. It is believed that
approximately 1-1.5% of the genome is transcrip-
tionally regulated by hypoxia.

The HIF transcriptional complex is widely con-
served among mammalian species and invertebrate
model organisms such as Drosophila melanogaster
and Caenorhabditis elegans, further stressing its
importance as a key transcriptional regulator of
hypoxia-induced responses throughout evolution.
The HIF complex exists as a heterodimer composed
of constitutively expressed HIF-f and O,-regulated
HIF-a subunits belonging to the bHLH (basic helix
loop helix)-PAS (PER-ARNT-SIM) family of tran-
scription factors. Both HIF-a and HIF-B proteins
exist as isoforms [HIF-lo, HIF-2or, HIF-30. and
ARNT (aryl hydrocarbon receptor nuclear translo-
cator), ARNT2 and ARTN3, respectively] (reviewed
in Wenger 2002).

11.21
Oxygen-Dependent HIF Regulation

HIF activity is tightly regulated throughout the
range of physiological and pathological oxygen
concentrations, involving multiple mechanisms of
control at the level of mRNA expression, protein
stability, nuclear translocation and transactivation
activity. These combine to activate HIF to maximal
levels under decreasing oxygen concentrations. On
the molecular level this is mediated by subjecting
HIF-o subunits to multiple modes of posttransla-
tional modification, including lysine residue acety-
lation, phosphorylation and two different types of

hydroxylation. The dominant control mechanism
occurs through oxygen-dependent proteolysis of
HIF-o subunits (Fig. 11.1). Cellular oxygen concen-
trations regulate transcriptional activity of HIF-o
subunits, namely via influencing protein levels and
transactivation domain functions. However, other
processes, encompassing common tumor-specific
genetic alterations (see below), can influence HIF
function on different levels. Oxygen-dependent en-
zymatic hydroxylation of proline residues within
HIF-o subunits constitutes the critical modification
governing protein stability. Prolyl hydroxylation al-
lows capture by the von Hippel-Lindau tumor sup-
pressor protein (pVHL), which acts as the recogni-
tion component of an E3-ubiquitin ligase enzyme.
Subsequent ubiquitination targets the complex for
proteosomal degradation. As a consequence only
low-level HIF-o. protein expression can be detected
in the presence of oxygen, increasing rapidly and
exponentially with decreasing oxygen concentra-
tions. A second oxygen-dependent switch involving
hydroxylation of an asparagine residue within the
transactivation domain regulates transcriptional
activity, possibly by interfering with recruitment
of the coactivator p300, which results in reduced
transcriptional activity. Following oxygen depriva-
tion HIF-o, subunits translocate into the nucleus,
where they dimerize with HIF-f subunits, allowing
binding to the conserved consensus DNA-binding
motif RCGTG residing in the hypoxia-responsive
elements (HRE) of many oxygen-regulated genes.
Transactivation is initiated by recruitment of coacti-
vators such as CBP (CREB-binding protein)/P300,
SRC (steroid receptor coactivator)-1, and TIF2 (tran-
scriptional intermediary factor), which is promoted
by the redox regulatory protein Ref (redox effector
factor)-1.

11.2.2
Oxygen-Independent HIF Regulation

Though oxygen-dependent regulation seems to pro-
vide the prevailing control mechanism of HIF func-
tion, receptor-mediated phosphorylation cascades
viabindingofvarious growth factorsand cytokines,
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NORMOXIA 1

ﬁ/

Proteosomal degradation

HIF-100

HYPOXIA

Protein stabilization

—> Hypoxia inducible genes

Fig. 11.1. Regulation of HIF subunits by oxygen tension: Oxygen-dependent enzymatic hydroxylation of proline residues
within HIF-o subunits constitutes the critical modification governing protein stability. Under normoxia, prolyl hydroxylase
(HPHD)-mediated hydroxylation allows capture by the von Hippel-Lindau tumor suppressor protein (VHL), which acts as
the recognition component of an E3-ubiquitin ligase enzyme. Subsequent ubiquitination targets the complex for proteo-
somal degradation. As a consequence only low-level HIF-o. protein expression can be detected in the presence of oxygen
(immunofluorescence HIF-1 protein in red). Following oxygen deprivation (hypoxia), HIF-o. subunit protein concentrations
rapidly translocate into the nucleus (immunofluorescence HIF-1 protein in red), where they dimerize with HIF-3 subunits,
allowing binding to the conserved consensus DNA-binding motif RCGTG residing in the hypoxia-responsive elements (HRE)

of many oxygen-regulated genes

including angiotensin II, epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), tu-
mor necrosis factor (TNF) o, insulin, and insulin-
like growth factor (IGF) 1 and 2, represent an alter-
native way to enhance HIF activity by translational
and posttranslational controlunder normoxia. This
induction is generally less intense than that medi-
ated by reductions in oxygen tension (reviewed in
Bilton and Booker 2003). ARDI1-mediated acetyla-
tion of a lysine residue (Lys 532) within the ODD
(oxygen-dependent domain) represents a novel
mode of posttranslational modification of HIF-o
subunits under normoxia. Lysyl acetylation has
been shown to modulate HIF-o. protein stability
by promoting VHL binding and subsequent pro-

teosomal degradation. With decreasing oxygen
tensions acetylation is gradually reduced due to
decreased ARDI mRNA levels and decreased affin-
ity of ARD1 to HIF-o subunits (Jeong et al. 2002).
A VHL-independent regulation of HIF-o stability
was suggested by studies reporting that heat shock
protein (Hsp) 70 and Hsp 90 protect HIF-1o from
proteosomal degradation involving physical inter-
action and support HIF-a transcriptional activity
(Isaacs et al. 2002). While these pathways do not
directly mediate the response to hypoxia, interac-
tions with HIF signaling suggest that cellular re-
sponses to hypoxia can be fine tuned by integration
into the major signaling systems.
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The 2-Oxoglutarate-Dependent
Hydroxylases PHD and FIH

Hydroxylation provides a dual mechanism of in-
hibiting HIF activity, inducing proteolytic degrada-
tion and reducing transcriptional capacity. These
processes are conferred by a subclass of 2-oxoglu-
tarate-dependent hydroxylases (reviewed in Acker
and Acker 2004). Interaction of VHL with HIF-o
requires an oxygen- and iron-dependent hydroxyl-
ation of specific prolyl residues (Pro 402, Pro 564)
within the HIF-o ODD carried out by HIF-prolyl
hydroxylase (PHD) (Epstein et al. 2001). So far, four
orthologs of PHD have been described (PHD I-1V).
A second oxygen-dependent switch involves hydrox-
ylation of an asparagine residue within the C-TAD
of HIF-o subunits by a HIF asparaginyl hydroxy-
lase called factor inhibiting HIF (FIH-1) (Lando
et al. 2002). Asparagine hydroxylation apparently
interferes with recruitment of the coactivator p300,
resulting in reduced transcriptional activity. Both
PHD and FIH belong to a superfamily of 2-oxoglu-
tarate-dependent hydroxylases which employ non-
heme iron in the catalytic moiety. They require oxy-
gen in the form of dioxygen, with one oxygen atom
being incorporated into the prolyl or asparagyl resi-
due, respectively, and the other into 2-oxoglutarate,
yielding succinate and CO,. Thus, the hydroxylation
reaction is inherently dependent on ambient oxygen
pressure, providing a molecular basis for the oxy-
gen-sensing function of these enzymes.
Interestingly, PHD are strikingly sensitive to
graded levels of oxygen in vitro, mirroring the pro-
gressive increase in HIF-o. protein stability and
transactivation activity observed when cells are
subjected to graded hypoxia in vitro (Epstein et
al. 2001). In line with this observation, PHD have
been found to have a strikingly low oxygen affinity
of 178 mmHg above the concentration of dissolved
oxygen in the air (Hirsild et al. 2003). Consequently,
given the regular tissue PO, distribution, PHD
would operate under suboptimal, nonequilibrium
conditions for HIF-o turnover far beyond their K.
However, given a regular Michaelis—Menten kinetic

this would allow the enzymes to operate in a highly
sensitive manner, in which even small changes in
oxygen concentration result in pronounced changes
in enzymatic reaction velocity, and thus in HIF-o
turnover.Incontrast, collagen prolyl-4-hydroxylases
exhibit a K, of about 28 mmHg, one sixth of the K |
of PHD, allowing optimal hydroxyprolyl-collagen
biosynthesis under the low oxygen concentrations
physiologically found in the cell (Hirsil4 et al. 2003).
FIH was shown to have a K, of around 64 mmHg,
suggesting that also this enzyme acts as a bona fide
oxygen sensor at least under conditions as found in
normoxic tissues in vivo (Linke et al. 2004).

The above-mentioned characteristics of the PHD
system render it highly sensitive to alterations in co-
factor concentration such as ferrous iron (Knowles
et al. 2003) or 2-oxoglutarate; in substrate concen-
tration, e.g. due to changes in HIF-o synthesis; and
in enzyme concentration, e.g. due to changes in
mRNA expression of PHD orthologs in response to
PO, (Epstein et al. 2001), being particularly striking
for PHD3. Consistent with this hypothesis, physio-
logical concentrations of cofactors such as ascorbate
(25-50 uM) (Knowles et al. 2003) have been reported
to be far below the K, values of PHD for vitamin
C (140-170 pM) (Hirsil4 et al. 2003), suggesting sig-
nificant alterations in PHD activity with changes in
co-factor concentrations. Our understanding of the
exact interplay of these factors in setting the sensi-
tivity of the PHD/HIF system is still at the beginning,
but without any doubt it is of crucial importance to
understand the cell- and tissue-specific activity and
response of the oxygen signaling cascade. Immuno-
histochemical staining of tissues for HIF-o subunits
provide an indirect method to assess the activity of
the PHD/HIF system in vivo. These studies have
documented that HIF-c. levels are generally low in
rodent tissues under physiological conditions and
are substantially increased in response to systemic
hypoxia or tissue ischemia (Stroka et al. 2001; Wie-
sener et al. 2003). Interestingly, HIF-c: levels remain
low even in regions such as the renal medulla, which
are characterized by low oxygen tensions known
to enhance HIF-o protein in vitro. In addition, the
extent and time course of induction as well as cell
type-specific expression varies suggesting that indi-
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vidual, cell-specific thresholds for activation of the
response may exist.

HIF Activation in Tumors

A wide range of genes known to be involved in adap-
tive mechanisms to hypoxia, such as enzymes of
glucose metabolism and pH regulation as well as
angiogenic growth factors, have been classically as-
sociated with tumors. Many of these genes have sub-
sequently been shown to be regulated by HIF function
(see below). To date more than 60 putative HIF target
genes have been identified, expression of which gov-
erns important processes such as angiogenesis and
regulation of vascular tone, erythropoiesis, iron ho-
meostasis, energy metabolism and pH regulation, as
well as cell survival and proliferation (reviewed in
Semenza 2003) (Fig. 11.2). A mounting body of evi-
dence suggests that HIF activation by hypoxia and
genetic alterations underlie the observed patterns of
gene expression (reviewed in Acker and Plate 2002).

Angiogenesis
VEGF, VEGFR-1/2,
Ang-2, tie2

Energy metabolism

glucose transporters
glycolytic enzymes

11.4.1
Tumor Hypoxia

Hypoxia is a common feature of solid tumor growth.
Reduced PO, levels have been found in the major-
ity of human tumors analyzed compared to nor-
mal tissue of the corresponding organ (Vaupel
et al. 1989). Immunolabeling studies using mono-
clonal antibodies raised against the HIF-a sub-
unit, which determines HIF activity, demonstrated
increased HIF-lo expression in about 53% of ma-
lignant tumors, including colon, breast, gastric,
lung, ovarian, pancreatic, prostate, and renal cell
carcinomas (RCC), melanomas and glioblastomas,
compared to the respective normal tissue (Zhong
et al. 1999). Indirect experimental evidence for the
induction of HIF activity by the hypoxic tumor en-
vironment came from studies showing perinecrotic
expression patterns of HIF target genes or HRE-
driven reporter genes (Damert et al. 1997; Plate
et al. 1992). In the majority of tumors analyzed,
intense HIF-o. immunostaining was observed in
perinecrotic tumor cells, suggesting regulation by
microenvironmental tumor hypoxia. In contrast,

Cell proliferation

Metastasis/Invasion
CMET, CXCR4, SDF-1, uPAR,

Apoptosis
p53, NIX, BNIP-3, RTP801

survival
IGF-2, epo, VEGF

PAl, Cathepsin D, TGFou

Fig. 11.2. Extended physiological responses governed by the HIF pathway. The HIF system acts as master regulator of physi-
ological responses to hypoxia, initiating a cascade of mechanisms allowing the tumor to adapt to the hostile microenviron-
ment. To date more than 60 putative HIF target genes have been identified. These include transactivation of genes mediating
angiogenesis (VEGF), shift in energy metabolism from oxidative to glycolytic pathways (glucose transporters, glycolytic
enzymes), pH regulation (CA IX) and cell survival and proliferation (IGF-2). In addition, the HIF pathway includes responses
with adverse effects on cell function by inducing cell-cycle arrest-specific and pro-apoptotic proteins
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HIF-o. immunoreactivity in hemangioblastomas
and RCC is rather homogeneous, consistent with a
constitutive HIF activation being caused by VHL tu-
mor suppressor gene inactivation (see below) (Krieg
et al. 2000).

When tumors develop, they often become more
malignant with time, a process termed tumor pro-
gression. HIF expression and activation seem to
relate to tumor progression. In a mouse model of
multi-step epidermal carcinogenesis, evolution of
a more malignant phenotype was correlated with a
progressive increase in HIF activation as shown by
enhanced HIF-loo mRNA and HIF target gene ex-
pression (Elson et al. 2000). Overall, HIF expression
is increased in more aggressive tumors, and it has
been shown to correlate with tumor grade and tu-
mor progression in a series of human brain tumors.
While little or no HIF-o. immunoreactivity could
be detected in low-grade gliomas, glioblastomas re-
vealed marked upregulation of HIF-1o in palisad-
ing cells adjacent to areas of necrosis (Zagzag et al.
2000). This finding correlates with previous studies
showing significantly higher levels of VEGF (vascu-
lar endothelial growth factor) and increased vascu-
larization in high-grade gliomas (Plate 1999). VEGF,
as the major tumor angiogenesis and vascular per-
meability factor, supports glioma growth via a para-
crine effect on endothelial cells (see below).

11.4.2
Genetic Alterations

Apart from microenvironmental tumor hypoxia,
additional mechanisms have been identified which
influence HIF function. HIF expression or activ-
ity is increased in response to genetic alterations,
inactivating tumor suppressor genes or activating
oncogenes, and in response to activation of various
growth factor pathways.

11.4.21
VHL

About 100 years ago, von Hippel and Lindau were the
first to describe an autosomal-dominant hereditary

angiomatous syndrome, which was subsequently
linked to VHL loss of function. VHL inactivation is
further frequently detected in sporadic hemangio-
blastoma and RCC. The common hallmark of lesions
associated with VHL loss of function is an angio-
genic phenotype, which led to the suggestion that
angiogenic factors such as VEGF are constitutively
activated. Interestingly, lesions linked to the VHL
syndrome occasionally overproduce erythropoietin
(Epo), leading to polycythemia. Both VEGF and Epo
are hypoxia-inducible genes which are regulated by
HIF, connecting VHL function to HIF regulation.
In support of this hypothesis, constitutive activa-
tion of the HIF system can be observed in RCC
lacking a functional pVHL. Loss of VHL function
leads to stabilization of HIF-o subunits already un-
der normoxic conditions, while reintroduction of a
functional VHL gene restores HIF regulation (Krieg
et al. 2000; Maxwell et al. 1999). Importantly, HIF-
o degradation involves a physical association be-
tween pVHL and HIF-o subunits. It was previously
demonstrated that pVHL interacts with a number
of proteins, namely elongin B, elongin C, Cul2 and
Rbx1, forming a multimeric complex with similari-
ties to the Skpl/Cdc53 F-Box class of ubiquitin li-
gases, which are classified as E3 ligases. Proteins
are tagged for proteosomal-dependent destruction
in cells by covalent binding of polyubiquitin chains.
It was therefore suggested that pVHL acts as a sub-
strate recognition module in an E3 ligase complex
mediating HIF degradation under normoxic condi-
tion by targeting HIF for polyubiquitination. Several
studies went on to show that the pVHL B-domain
binds to the ODD of HIF-o subunits, which involves
hydroxylation of specific prolyl residues, while the
pVHL a-domain mediates interaction with elongin
C. In conclusion, VHL loss of function would lead to
a constitutive HIF activation by inhibiting ubiqui-
tin-mediated proteosomal degradation, conferring
a status of hypoxia mimicry to the cell.

11.4.2.2
SDH/FH

Little is known about the involvement of PHD in
neoplasia. However, PHD may be a target of growth




202

T. Acker and K. H. Plate

factor signaling pathways and/or oncogenic trans-
formation. In fact, it has been shown that certain
oncogenes such as ras and src induce HIF under
normoxia by inhibiting prolyl hydroxylation on Pro
564 (Chan et al. 2002). Recent findings, however,
suggest a possible link between PHD function and
tumorigenesis. The co-substrate 2-oxoglutarate as
an intermediate of the Krebs cycle is generated in
mitochondria. The two ubiquitously expressed mito-
chondrial enzymes, succinate dehydrogenase (SDH)
and fumarate hydratase (FH), catalyze sequential
steps in the Krebs cycle. Germline heterozygous
mutations in the autosomally encoded enzyme and
enzyme subunits are associated with hereditary pre-
dispositions to various tumors including paragan-
glioma, pheochromocytoma, benign smooth muscle
cell tumor and RCC (Baysal et al. 2000; Tomlinson
et al. 2002). Thus, both SDH and FH act as tumor
suppressor genes. Interestingly, both succinate and
fumarate, sequential metabolites of the mitochon-
drial Krebs cycle, have been shown to increase HIF-1
protein levels by PHD inhibition, indicating a di-
rect link between PHD activity and tumorigenesis
(Isaacs et al. 2005; Selak et al. 2005).

11.4.2.3
p53, PTEN

In addition, other tumor suppressor genes, includ-
ing p53 and PTEN have been implicated in HIF regu-
lation. p53 activity is induced in response to various
stimuli, leading to cell cycle arrest or apoptosis. Loss
of p53 function is a frequent event in tumorigenesis.
Loss of p53 activity can result either from somatic
mutations in the p53 gene locus or from functional
inactivation, e.g. mediated by overexpression of
MDM 2, a ubiquitin-protein ligase targeting p53
for proteosomal degradation. p53 has been impli-
cated in promoting HIF degradation and decreas-
ing transactivation of HRE-bearing genes, possibly
by competing for the coactivator p300. Apparently,
interaction between p53 and HIF-1a is physical, as
shown by co-immunoprecipitation of both proteins.
Loss of p53 activity in HCT116 human colon car-
cinoma cells is associated with increased HIF-lo

expression and HIF-1 DNA-binding activity, as a
consequence promoting tumor angiogenesis by en-
hancing levels of the angiogenic factor VEGF (Ravi
et al. 2000). These studies suggest that apart from
protecting the cell from hypoxia-mediated apop-
tosis, loss of p53 activity might also contribute to
metabolic adaptation and angiogenesis by enhanc-
ing HIF-1 activity. PTEN is inactivated in a number
of human tumors, including glioblastoma, breast
cancer and prostate cancer. Induced expression of
PTEN in glioblastoma or prostate cancer cells sup-
presses HIF accumulation under hypoxia and leads
to attenuation of HIF transcriptional response, pos-
sibly by inhibiting signaling via the PI3 K(kinase)-
AKT pathway (Zundel et al. 2000).

11.4.2.4
The PI3K-AKT-FRAP and the
RAS-RAF-MEK-ERK Pathway

Several oncogenes have been shown to amplify the
HIF pathway. V-SRC expression results in increased
HIF-lo. protein expression and transactivation of
different HIF target genes (Jiang et al. 1997). Trans-
formation of cells by V-SRC seems to involve two
major intracellular signal transduction pathways,
namely the PI3K-AKT-FRAP and the RAS-RAF-
MEK-ERK pathway, the latter including p42/p44
MAP kinase. Both signaling cascades have been
found to influence HIF activity, with the former
inducing HIF-o. protein expression and the latter
HIF-a transcriptional activity. There seems to be
some crosstalk between the two pathways, as H-RAS
transformation appears to increase HIF-o. levels un-
der normoxia and hypoxia via the PI3 K signaling
cascade (Semenza 2000).

Taken together, these studies have proven that
increased HIF expression or activity within tumor
cells is the result of different mechanisms such as
microenvironmental hypoxia or multiple tumor
growth-promoting genetic alterations. As a conse-
quence, pathways are activated which help the tu-
mor to adapt to the hypoxic and proliferative mi-
croenvironment, acting in concert with the selective
advantage conferred by these mutations.
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Tumor Angiogenesis and Hypoxia

In 1971, Folkman proposed that solid tumor growth
is angiogenesis dependent. It is now widely accepted
that tumors and metastases need to acquire a func-
tional blood supply to grow beyond a volume of
several cubic millimeters. Thus, absence of angio-
genesis can be considered as rate-limiting for tumor
growth (Carmeliet and Jain 2000). The angiogenic
switch occurs when the balance between pro-an-
giogenic and anti-angiogenic molecules is shifted
in favor of angiogenesis, permitting rapid tumor
growth and subsequent development of invasive and
metastatic properties, characteristics that define the
lethal cancer phenotype (Hanahan and Folkman
1996). Indeed, a statistically significant correlation
between vascular density as a parameter for tumor
angiogenesis and patient survival has been estab-
lished for a variety of tumors.

11.5.1
Molecular Regulators of Angiogenesis

Various molecular players have been identified
which are involved in orchestrating specific stages
and mechanisms of vascular growth in response to
developmental, physiological and oncogenic stimuli.
Among these, members of the VEGF and the angio-
poietin (Ang) family seem to have a predominant
role (Carmeliet 2000; Yancopoulos et al. 2000). Other
factors that can act as inducers or modulators of
angiogenesis include acidic fibroblast growth factor
(aFGF), basic fibroblast growth factor (bFGF), trans-
forming growth factor alpha and beta (TGF-o and
-B), tumor necrosis factor alpha (TNF) and interleu-
kin-8 (IL-8). In addition, factors have been reported
that function as naturally occurring inhibitors of
angiogenesis, like angiostatin or endostatin, derived
from proteolytic fragments of larger proteins such
as plasminogen or collagen type XVIII, respectively
(Jansen et al. 2004).

11.5.1.1
The VEGF Family

VEGF and its tyrosine kinase receptors VEGFR-1
(fit-1) and VEGFR-2 (flk-1/KDR) are major regula-
tors of vasculogenesis and angiogenesis. Gene tar-
geting studies suggest that signaling via VEGFR-2
mediates vascular permeability and endothelial cell
(EC) growth, while VEGFR-1 plays a negative role
by either acting as a decoy receptor or suppressing
signaling through VEGFR-2. However, recent stud-
ies imply a positive regulatory role of VEGFR-1 in
pathological angiogenesis in vivo (see below). VEGF
isan EC-specific mitogen with vascular permeability
inducing properties in vivo (Keck et al. 1989). Inter-
estingly, a fundamental link between microenviron-
mental tumor hypoxia and induction of angiogen-
esis could be established by several studies showing
that VEGF expression is regulated by oxygen levels.
VEGF is highly expressed in perinecrotic palisading
cells but is downregulated in tumor cells adjacent to
vessels, suggesting oxygen-dependent gene expres-
sion (Plate et al. 1992; Shweiki et al. 1992). VEGF
expression under hypoxia is subject to multi-level
regulation. The hypoxia-mediated response seems
to depend on regulatory sequences in the 5' and 3'
regions of the VEGF gene. It has been shown that (1)
the 5' HRE binding site for HIF is necessary for the
hypoxic transactivation and (2) mRNA stabilization
sites in the 3' UTR of the VEGF gene restrict hypoxic
gene expression to the perinecrotic palisading cells
in situ. mRNA stabilization seems to involve RNA-
protein complexes in the 3' UTR as formed by HuR,
an RNA-binding protein, or hnRNP (heterogeneous
nuclear ribonucleoprotein) L. In addition, VEGF ex-
pression is regulated on the translational level by a
functional IRES (internal ribosomal entry site) in
the 5' UTR which allows for efficient, cap-indepen-
dent translation even under hypoxia. Further, VEGF
protein export and secretion seems to be controlled
by oxygen tension.

VEGEF, secreted by the hypoxic tumor cell com-
partment, is distributed throughout the tumor by
diffusion generating a gradient. The diffusion capac-
ity differs with the different splice variants of VEGF,
depending on their heparin-binding affinity, which
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determines their adherence to the extracellular ma-
trix. VEGF binding to its receptors (VEGFR) specifi-
cally expressed by EC, enhances endothelial VEGFR
expression in an autocatalytic fashion. VEGFR sig-
naling leads to a cascade of events, including EC
migration and proliferation as well as induction of
fenestrae and vascular permeability in tumor ves-
sels. The importance of the VEGF family in regulat-
ing tumor angiogenesis, tumor growth and progres-
sion was verified by several reports showing that
inhibition of VEGF/VEGFR-2 signaling by VEGF-
neutralizing antibodies, low-molecular VEGFR-2
inhibitors or gene transfer of VEGFR-2 dominant-
negative constructs led to stunted tumor growth
with reduced vascularization. In an elegant ap-
proach using the well-established RIP1-Tag2 mouse
model of multi-step tumorigenesis of pancreaticislet
carcinoma, islet-specific VEGF deletion by means of
the Cre-lox system diminished angiogenic switch-
ing and decreased tumor growth and progression
(Inoue et al. 2002). The history of the identifica-
tion of "VEGF and the quest for tumor angiogenesis
factors" has been excellently depicted in a review by
N. Ferrara (Ferrara 2002).

PIGF (placenta growth factor), another member of
the VEGF family, which specifically binds to VEGFR-1,
has been shown to exert important, possibly synergis-
tic functions with VEGF in increasing tumor vascu-
larization (Carmeliet et al. 2001). These findings have
established a positive regulatory role of the VEGFR-1
signaling pathway in tumor angiogenesis. However,
much of the biological function of the VEGFR-1 ligand
system may lie in the regulation and recruitment of
hematopoietic and inflammatory cells to the tumor
site rather than acting directly on EC. Although a HIF-
binding site (HRE) has not yet been identified in the
PIGF gene, several reports indicate oxygen-dependent
PIGF expression in certain cell types. Thus, tumor hy-
poxia may induce VEGFR-1 signaling synergistically
by VEGF and PIGF upregulation.

11.5.1.2
The Angiopoietin/Tie Family

Angiopoietins, in particular Ang-1 and the naturally
occurring antagonist Ang-2, are implicated in later

stages of vascular development, i.e. during vascu-
lar remodeling and maturation (Yancopoulos et al.
2000). In adult animals, Ang-2 induction is demon-
strated in EC undergoing active remodeling. Hence,
it was proposed that Ang-2 induced in the vascular
endothelium blocked the constitutive stabilizing
influence exerted by Ang-1. This would allow the
EC to revert to a more plastic and unstable state.
VEGF and hypoxia have been reported to increase
Ang-2 expression in EC in vitro. The observation
that Ang-2 expression in tumor EC can be seen
in close vicinity to VEGF-expressing tumor cells
adjacent to areas of necrosis suggests that similar
mechanisms take place in vivo (Stratmann et al.
2001). Moreover, tumor vessels are structurally and
functionally abnormal, with excessive branching,
shunts and leakiness resulting in regional hetero-
geneity in tumor perfusion (Carmeliet 2000). As a
consequence tumor blood flow is chaotic, leading
to severely hypoxic regions within the tumor, so
that even EC of tumor vessels are subject to hypoxia
(Helmlinger et al. 1997). Acting in concert, EC hy-
poxia and VEGF-mediated upregulation of Ang-2
would render EC more accessible to angiogenic in-
ducers such as VEGF, resulting in a strong angio-
genic response (Maisonpierre et al. 1997). In addi-
tion, angiopoietins have been implicated in vascular
permeability. In particular Ang-1 could counter the
permeability-inducing effects of VEGF. In return,
itsantagonist Ang-2 potentiated the VEGF-mediated
increase in vascular permeability.

Taken together, these observations support the
view that hypoxia and HIF are key regulators of
blood vessel growth, inducing upregulation of both
pivotal angiogenic ligands and their cognate recep-
tors. Tumor hypoxia and HIF-mediated upregula-
tion of VEGF and Ang-2 is most likely responsible
for the two major obstacles to effective cancer treat-
ment: tumor angiogenesis and edema.

11.5.2
Cellular Regulators of Angiogenesis

Apart from endothelial and perivascular cells, tu-
mors attract a number of cell types which syner-
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gistically act to augment tumor vascularization,
including inflammatory/ hematopoietic cells and
circulating endothelial precursor cells (CEP). Cur-
rent studies indicate that tumor hypoxia not only
indirectly influences these cell types by tumor
cell-specific upregulation of various secreted, para-
crine-acting factors but may in addition have direct
cell-intrinsic effects (reviewed in Acker and Plate
2003).

11.5.2.1
Endothelial Cells

Hypoxia-mediated induction of angiogenesis is
thought to be mainly conferred by transactivation
of VEGF in surrounding cells, thus acting in a para-
crine fashion on EC (extrinsic pathway). However,
exposure of EC to intermittent and chronic hypoxic
conditions has been shown to occur in vivo as a
result of the structurally and functionally abnor-
mal tumor vasculature (Helmlinger et al. 1997).
Recent studies suggest that hypoxia may operate as
an intrinsic regulator of EC growth and function by
stimulating receptor and ligand expression. HIF-o
subunits have been reported to induce VEGFR-1,
VEGFR-2 and tie2. Stabilization of HIF-lo. by the
peptide regulator (PR) 39 in different EC lines re-
sulted in VEGF upregulation and accelerated for-
mation of vascular structures. Moreover, in vivo
expression of PR39 targeted to the myocardium in-
creased myocardial vascularization, though it was
not clear from that study how relevant HIF pathway
activation in EC was in comparison with activation
in the surrounding tissue (Li et al. 2000). Interest-
ingly, hypoxic VEGF induction in EC was also shown
to promote network formation in vitro (Helmlinger
et al. 2000). Thus, hypoxia-driven autocrine stimu-
lation of EC may enhance the angiogenic pathway
and participate in the formation and reorganization
of the vascular network in solid tumors. This was
recently confirmed by demonstrating that EC-spe-
cific loss of HIF-1 resulted in reduced tumor growth
concomitantly with decreased tumor vasculariza-
tion (Tang et al. 2004).

Apart from their metabolic function EC may
provide inductive signals important for tumor de-

velopment. A number of studies suggest that blood
vessels, independent of their nourishing function,
stimulate organ development and differentiation,
as shown for pancreas and liver formation, and en-
hance tumor proliferation. Thus, signaling between
tumor cells and EC might indeed be bidirectional,
with tumor cells promoting blood vessel growth and
EC giving tumor cell-specific differentiation and
proliferation cues.

11.5.2.2
Inflammatory/Hematopoietic Cells

When in the early 1970s Folkman put forward
the hypothesis that tumors induce blood vessel
ingrowth by secreting diffusible angiogenic fac-
tors, his concept was much criticized as common
belief stated that tumor angiogenesis was directed
by the inflammatory host response. His work in-
spired many researchers, leading to the discovery
of VEGF and its regulation by tumor hypoxia. Sev-
eral decades later a mounting body of evidence
suggests that tumors may indeed exploit the host-
defense mechanism and attract inflammatory cells
to further enhance vascularization. Interestingly,
both concepts may finally be reconciled with the
observation that tumor- and host cell-directed
vascularization apparently makes use of similar
mechanisms with analogous functions of the VEGF
family and tumor hypoxia.

Induction of angiogenesis is known as a hall-
mark of various chronic inflammatory disorders
such as rheumatoid arthritis and psoriasis. Tumors
produce various cytokines and chemokines that
attract inflammatory/hematopoietic cells (Rafii et
al. 2002). Hematopoietic stem cells are pluripotent
cells with the capacity for self-renewal and differ-
entiation into specific lineages; for instance, when
differentiating along the myeloid lineage they give
rise to neutrophils and macrophages. Immune sur-
veillance has long been viewed as keeping tumor
growth at bay. However, the inflammatory cell com-
ponent may have a dual role in tumors. Apart from
killing neoplastic cells, leukocytes such as tumor-
associated macrophages (TAM) produce an array
of potent angiogenic and lymphangiogenic growth
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factors, cytokines and extracellular proteases which
potentiate tumor growth and progression (Carme-
liet and Jain 2000). Failure to recruit TAM has been
demonstrated to significantly attenuate tumor pro-
gression and metastasis (Lin et al. 2001), partly due
to impaired angiogenesis. Hypoxia and the HIF
transcriptional system may play an important role
in these processes. It has been shown using trans-
genic mice expressing the green fluorescent protein
under the control of the human VEGF promoter that
the tumor environment is capable of inducing this
HIF-responsive promoter in stromal cells of host
origin (Fukumura et al. 1998). Moreover, hypoxia
seems to reduce macrophage migration, potentially
leading to a preferential accumulation of macro-
phages in hypoxic tumor regions. In line with these
observations, conditional gene targeting of HIF-1o
in myeloid cells blunted the inflammatory cell re-
sponse by attenuating macrophage/neutrophil in-
vasion and migration (Cramer et al. 2003). Several
reports have further underlined the importance of
several HIF target genes such as VEGF, PIGF and
IL-8 either in the direct regulation or by promoting
the release of additional factors such as MMP-9 and
s-KitL in the indirect regulation of hematopoietic
cell recruitment and function.

11.5.2.3
CEP

In addition to angiogenic sprouting and co-option
of pre-existing vessels (Holash et al. 1999), new evi-
dence indicates that tumor vascularization is en-
hanced by the mobilization and incorporation of cir-
culating endothelial progenitor cells (CEP). CEP are
bone-marrow-derived cells with a high proliferation
potential. Depending on the experimental system,
their contribution to tumor vessels ranges from a
few to up to 90% of all vessels (Rafii et al. 2002). The
VEGF family, in line with its pivotal role in tumor
angiogenesis, has also been implicated in the mo-
bilization of CEP. While signaling in hematopoietic
and inflammatory cells seems to be mediated mainly
via the VEGFR-1/ligand system, VEGFR-2 signal-
ing constitutes the prevailing pathway in CEP to
induce recruitment and proliferation. Interestingly,

in tumors hematopoietic cells and CEP are found
in close association, suggesting crosstalk between
these two cell types. It remains to be determined
whether hypoxia and the HIF pathway exert similar
direct effects on CEP.

Tumor Physiology and Hypoxia

11.6.1
HIF and the Warburg Effect

More than 70 years ago Otto Warburg demon-
strated a marked turnover of the glycolytic path-
way in tumor cells even when cultured under nor-
moxic conditions. Induction of aerobic, in contrast
to anaerobic glycolysis came to be known as the
Warburg effect. Metabolic adaptation of the tumor
cell to intratumoral hypoxia includes switching
from oxidative to glycolytic pathways. Hypoxia-
responsive elements have been identified in a
number of genes involved in glycolysis (Semenza
2000). In addition, expression studies in HIF-1o.-
deficient embryonic stem cells revealed decreased
expression of 13 different genes encoding glucose
transporters and glycolytic enzymes. Fructose-
2,6-bisphosphate, an allosteric activator of 6-phos-
phofructo-1-kinase, regulating glycolytic flux, has
been shown to be induced by HIF-a (Minchenko
et al. 2002). Thus, HIF mediates coordinate up-
regulation of genes of the glycolytic pathway rang-
ing from glucose uptake to lactate production. In
line with these findings, glycolytic metabolism
as measured by lactate concentration correlates
with disease progression and metastasis. Though
a tempting candidate, to date HIF function has
not been directly linked to the Warburg effect.
However, glycolytic end products such as lactate
and pyruvate, which accumulate as a consequence
of the Warburg effect, have been shown to further
promote HIF-o stability and HIF-o-dependent
gene expression (Lu et al. 2002).
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Cellular proliferation inevitably increases oxygen
demand. It has been proposed that the switch from
oxygen-consuming to glycolytic pathways might be
hardwired to the program of cellular proliferation.
This would provide the cells with an alternative en-
ergy source during increased oxygen consumption
and would, in addition, reduce the generation of
deleterious reactive oxygen species. Indeed, HIF-1o
levels are elevated in the presence of various growth
factors such as angiotensin II, PDGF and thrombin
in vascular smooth muscle cells and in tumor cells
cultured under conditions associated with cellular
proliferation. In an experimental model of epider-
mal wounding, HIF activation closely correlates
with cellular proliferation of keratinocytes in vivo
(Elson et al. 2000).

Apart from hypoxia, tumors are typically char-
acterized by an acidic extracellular microenviron-
ment (Helmlinger et al. 1997). Lactate production
by glycolysis is thought to be the major source of
protons within the tumor. Tumor pH homeostasis
is tightly controlled by various proton extrusion
mechanisms. Among these, the tumor-associated
transmembrane carbonic anhydrases (CA) 9 and 12
provide a potential link between metabolism and
pH regulation. They catalyze the reversible hydra-
tion of carbon dioxide to bicarbonate and protons.
It has been proposed that this mechanism may con-
tribute to intracellular pH homeostasis and further
aggravate extracellular acidosis as bicarbonate is
exchanged for intracellular chloride. Interestingly,
CA9 and CA12 have been identified as a new class of
HIF-o.-regulated genes (Wykoff et al. 2000). In sup-
port of this finding, upregulation of CA9 and CA12
is observed in a variety of tumors by hypoxia and
VHL loss of function in vitro and in vivo. Taken
together, these findings suggest that HIF controls
fundamental metabolic changes which are favorable
for tumor growth by inducing a shift from oxidative
to glycolytic pathways, while at the same time pro-
viding means to deal with the resulting increase in
proton load by upregulation of CA.

11.6.2
HIF and Tumor Progression

Genetic instability leading to mutations is a hall-
mark of malignancy (Hanahan and Weinberg 2000).
Accumulative acquisition of specific genetic altera-
tions is implicated in tumor progression. Glioblas-
tomas, for example, arise either de novo (primary
glioblastoma) or by progression from a low-grade
astrocytoma (secondary glioblastoma). Epidermal
growth factor receptor overexpression and p53 mu-
tations have been specifically associated with pri-
mary and secondary glioblastomas, respectively.
Interestingly, glioma progression in vivo is associ-
ated with clonal expansion of p53 mutant cells. With
these findings in mind, it is interesting to consider
that genetic alterations found in tumor cells are not
necessarily primary events, but may themselves be
a consequence of tumor hypoxia. An elevated mu-
tation frequency in hypoxic compared to normoxic
tumor cells has been reported. The authors conclude
that “the microenvironment of an incipient develop-
ing tumor might itself contribute to genomic insta-
bility and mutagenesis, leading to tumor progres-
sion and an evolution of the malignant phenotype”
(Reynolds et al. 1996). A diminished DNA repair
capacity reported under hypoxic conditions may
underlie this phenomenon. Recently it was shown
that HIF represses expression of the DNA-repair
enzymes MSH2 and MSH6, providing a molecular
link between tumor hypoxia and the pro-mutagenic
tumor microenvironment (Koshiji et al. 2005).
Hypoxia may not only induce mutations in tumor
cells, but may select for malignant cell clones with
increased resistance to hypoxia-mediated apoptosis.
Subjecting cells to hypoxia has been shown to induce
p53 activity and apoptosis (Graeber et al. 1994). Hy-
poxia-induced acidosis has been implicated in this
process. When p53-deficient and p53 wild-type (wt)
cells were mixed in vitro, several rounds of hypoxia
led to an accumulation of p53-deficient cells. In
vivo, highly apoptotic regions overlap with hypoxic
areas in wt p53 tumors, while only little apoptosis
in hypoxic areas of p53-deficient tumors is reported
(Graeber et al. 1996). A potential mechanism for HIF
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involvement in hypoxia-induced p53 accumulation
was proposed by a study demonstrating a physical
and functional interaction of p53 with HIF-1a., with
the binding of HIF-1o to p53 protecting the latter
from proteosomal degradation (An et al. 1998). This
apparently involves a dephosphorylated form of
HIF-1o. In line with these findings, one study dem-
onstrated that apoptosis in ES cells in response to
hypoxia or hypoglycemia involved HIF-lo-medi-
ated upregulation of p53 and downregulation of Bcl-
2 (Carmeliet et al. 1998). In contrast, HIF-2a. seems
to be rather specifically involved in mediating hy-
poglycemia-induced apoptosis (Brusselmans et al.
2001). Interestingly, in mixed tumors composed of
HIF-lo-deficient and HIF-1o. wt ES cells, HIF-1o de-
ficient cells preferentially accumulated at distance
from existing blood vessels (Yu et al. 2001). In strik-
ing concordance, a study analyzing mixed tumors
composed of p53-deficient and p53 wt HCT116 cells
revealed clustering of p53-deficient cells in hypoxic
regions (Yu et al. 2002). These findings suggest that
tumor cell apoptosis induced in hypoxic/hypoglyce-
micareas, possibly mediated by HIF activation, leads
to selection of cell clones which have lost p53 activity
and are less vulnerable to low oxygen tension.

11.6.3
HIF and Tumor Invasion

The clinical correlation between intratumoral hy-
poxia and tumor aggressiveness which is in particu-
lar characterized by tumor invasion and the abil-
ity to metastasize has found a possible molecular
correlate in recent studies. Thus, crucial steps in
these processes, including cell mobility and migra-
tion, tissue invasion and the ability to home into
specific organ sites, are governed by specific signal-
ing pathways known to contain HIF target genes
such as c-Met, the receptor for HGF (scatter fac-
tor/ hepatocyte growth factor), or the chemokine
receptor CXCR4. Both receptor systems have well-
established functions in tumor invasion and metas-
tasis, as shown for example in breast cancer (Muller
et al. 2001) and gliomas (reviewed in Lamszus et al.
1999). In addition, a number of factors known to

determine the invasive cancer phenotype, such as
cathepsin D, matrix metalloproteinase 2 and uroki-
nase plasminogen activator receptor (uPAR), have
been shown to be regulated by HIF. Indeed, inhibi-
tion of the HIF pathway by geldanamycin was shown
to diminish glioma cell migration in vitro (Zagzag
et al. 2003). Interestingly, though a growing body of
evidence suggests that HIF-1a is the major ortholog
to convey hypoxia-induced gene expression, both
orthologs, HIF-1o. and HIF-20., seem to be required
for hypoxia-induced cell migration, as shown by
siRNA-mediated knockdown of each ortholog in
breast cancer cell lines (Sowter et al. 2003). Thus,
low PO, and activation of the HIF system cause the
tumor cell to migrate away from hypoxic areas and
invade further into the host tissue and organs, thus
supporting tumor spread. It is interesting to note
that in highly invasive glioblastoma multiforme,
the most malignant and particularly hypoxic brain
tumor entity, single tumor cells with high-level HIF
expression have been detected at the leading tumor
invasion front (Zagzag et al. 2000).

Implications for Tumor Therapy

Tumor growth and progression occurs as a result
of clonal selection of cells within the tumor cell
population with mutations in key tumor suppressor
genes or oncogenes which confer a survival advan-
tage within a hostile tumor environment (Hanahan
and Weinberg 2000). These changes contribute to
a microenvironment, characterized by low oxygen
tensions, low glucose and an acidic extracellular pH,
which by itself further increases genetic instability.
Tumor hypoxia has several deleterious effects for pa-
tients. Hypoxia correlates with tumor malignancy,
frequency of invasion and metastasis, and thus with
poor patient prognosis. In addition, intratumoral
hypoxia has been associated with increased resis-
tance to radio- and chemotherapy (Jain 2001). HIF
activation is commonly observed in human tumors
and their metastases. As outlined, this can be partly
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attributed to tumor hypoxia. In addition, mutations
leading to tumor suppressor gene inactivation or
oncogene activation as well as activation of vari-
ous growth factor pathways lead to increased HIF
activity. Thus, physiological and genetic alterations
act synergistically to enhance HIF activation. As a
consequence, HIF activity progressively increases
with tumor progression.

The HIF system acts as master regulator of physi-
ological responses to hypoxia, initiating a cascade
of mechanisms allowing the tumor to adapt to the
hostile microenvironment (Acker and Plate 2002;
Semenza 2000). These include transactivation of
genes mediating angiogenesis (VEGF), shift in en-
ergy metabolism from oxidative to glycolytic path-
ways (glucose transporters, glycolytic enzymes), pH
regulation (CA IX) and cell survival and prolifera-
tion (IGF-2) (Fig. 11.2). However, clonal selection of
a particular advantageous component lying down-
stream of HIF activation may co-select for other
components that are linked through a common
physiological pathway, the HIF system. These may
have properties with a positive, neutral or even neg-
ative influence on the growth of the emerging cell
clone. Indeed, apart from inducing pro-proliferative
proteins, such as IGF (insulin-like growth factor)-2,
IGF-BP (binding proteins) 1-3 and TGF (transform-
ing growth factor) B3, the HIF pathway includes re-
sponses with adverse effects on cell function by in-
ducing cell-cycle arrest-specific and pro-apoptotic
proteins such as DEC (defective chorion)-1, BNIP
(Bcl2/adenovirus E1B 19kDa-interacting protein)-3,
its ortholog NIX (Nip3-like protein X) and cyclin G2.
In addition, direct stabilization of the pro-apoptotic
protein p53 has been suggested by studies demon-
strating physical and functional interaction between
HIF-1a and p53 (reviewed in Acker and Plate 2002).
Thus, the HIF system transactivates an extended
physiological pathway which encompasses a wide
array of physiological responses to hypoxia, rang-
ing from mechanisms which increase cell survival
to those inducing cell cycle arrest or even apoptosis.
Though activation of the entire pathway by wide-
spread HIF activation in tumors seems to confer
an overall growth advantage to the individual cell,
single components may have opposing functions

on tumor growth. However, tumors may counter-
act these cell death responses by selection of cells
with specific genetic alterations, exploiting HIF-
mediated survival mechanisms for their growth
and progression. In this context, hypoxia-mediated
upregulation of an antisense HIF-1a, the inhibitory
PAS protein IPAS, PHD2/3 or activation of glycogen
synthase kinase 3 (GSK3), resulting in reduced hy-
poxic HIF-o accumulation, may be viewed as a pre-
ventative and self-limiting procedure by the cell to
keep HIF-o levels and function from reaching toxic
concentrations (reviewed in Acker and Acker 2004).

The recent insight into the precise mechanisms
of oxygen sensing and signaling may further help
to develop novel strategies to specifically target the
HPHD-HIF-VHL pathway in tumor cells at differ-
ent levels, namely interfering with hypoxia-induc-
ible gene function, inhibiting HIF-mediated trans-
activation or preventing HIF stabilization. Given
the widespread HIF activation in tumors, the role
of HIF in transactivating angiogenic factors and the
role of angiogenic factors in tumor growth, interfer-
ing with the HIF system is particularly appealing.
The rationale of this approach lies in depriving the
tumor cell of oxygen and nutrients by inhibiting
angiogenesis while at the same time disabling adap-
tive mechanisms that help the cell to survive in this
microenvironment. However, as described, the HIF
system may transactivate an extended physiological
pathway with individual components having pro- or
anti-tumorigenic effects. Based on the relative in-
fluence each component has on overall cell growth,
general manipulation of the HIF system is likely to
show variable outcome.

Indeed, several studies have revealed conflict-
ing data with regard to the effect of HIF manipula-
tion on tumor growth. Some reported reduction in
tumor growth and angiogenesis by HIF inhibition
using, for example, HIF-1o.-deficient ES cells (Ryan
et al. 1998); a peptide blocking the interaction of
the HIF-1o carboxyl terminus with the transcrip-
tional coactivator p300 (Kung et al. 2000); the his-
tone deacetylase inhibitor trichostatin A (Kim et al.
2001); or PI3 K pathway inhibitors such as LY294002
(Blancher et al. 2001). In contrast, one group
demonstrated accelerated growth of HIF-lo-defi-
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cient ES cells due to a decrease in hypoxia-mediated
apoptosis, though angiogenesis was also reduced
(Carmeliet et al. 1998). Similarly, others described
a negative influence on tumor growth by constitu-
tive HIF-2o. activation in breast cancer cell lines
(Blancher et al. 2000). Interestingly, clinical studies
correlating HIF-1a expression with patient progno-
sis have supported this variable outcome. One, for
instance, positively correlated increased HIF-1c ex-
pression with a poor prognosis in patients with cer-
vical cancer (Birner et al. 2000), while another study
reported a better survival rate for patients with non-
small cell lung cancer with HIF-lo-positive than
-negative tumors (Volm and Koomagi 2000). A re-
cent study (Acker et al. 2005) provided new evidence
indicating that under certain conditions HIF may a
have tumor-suppressive role, suggesting a dual func-
tion of HIF in tumor biology (reviewed in Acker and

Cell Survival

Acker 2004) (Fig. 11.3). Though decreasing tumor
vascularization, HIF inhibition using a dominant-
negative HIF transgene in gliomas or HIF-2-defi-
cient teratomas accelerated tumor growth, partly
due to a decrease in hypoxia-induced tumor apop-
tosis. Moreover, HIF-1 crucially determines tumor
responsiveness to radiotherapy (Moeller et al. 2005).
By promoting ATP metabolism, proliferation and
p53 activation, HIF-1 has a radiosensitizing effect
on tumors. In contrast, through stimulating endo-
thelial cell survival, HIF-1 promotes tumor radiore-
sistance.

Thus, in terms of both tumor physiology and tu-
mor responsiveness to therapeutic intervention, the
impact of HIF on tumor growth is complex and vari-
able. For this reason, employing HIF inhibitors in
cancer treatment requires careful consideration and
characterization of pro- and anti-tumorigenic func-

Cell Deth

Fig. 11.3. Dual role of HIF in governing cell survival and death. The HIF system transactivates
an extended physiological pathway which encompasses a wide array of physiological responses
to hypoxia, ranging from mechanisms which increase cell survival to those inducing cell cycle
arrest or even apoptosis. Current data suggest a model in which decreasing oxygen concentra-
tions translate into concomitant changes in HIF-a protein levels and modifications leading to
exponentially increasing HIF transactivation activity. When reaching a cell-specific threshold,
HIF activity induces a qualitative switch in the cellular response from cell survival to cell death

mechanisms
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tions of the oxygen-sensing pathway. From a thera-
peutic point of view, intervention in the PHD/HIF
pathway is a double-edged sword. The solution may
lie in a balanced and fine-tuned manipulation of the
system, as it holds true for so many matters in life.

References

Acker T, Acker H (2004) Cellular oxygen sensing need in CNS
function: physiological and pathological implications. ]
Exp Biol 207:3171-3188

Acker T, Plate KH (2002) A role for hypoxia and hypoxia-in-
ducible transcription factors in tumor physiology. ] Mol
Med 80:562-575

Acker T, Plate KH (2003) Role of hypoxia in tumor angiogen-
esis - molecular and cellular angiogenic crosstalk. Cell
Tissue Res. 80:562-575

Acker T, Diez-Juan A, Aragones ], Tjwa M, Brusselmans K,
Moons L, Fukumura D, Moreno-Murciano MP, Herbert
JM, Burger A, Riedel J, Elvert G, Flamme I, Maxwell PH,
Collen D, Dewerchin M, Jain RK, Plate KH, Carmeliet P
(2005) Genetic evidence for a tumor suppressor role of
HIF-2alpha. Cancer Cell 8:131-141

An WG, Kanekal M, Simon MC, Maltepe E, Blagosklonny
MYV, Neckers LM (1998) Stabilization of wild-type p53 by
hypoxia-inducible factor lalpha. Nature 392:405-408

Baysal BE, Ferrell RE, Willett-Brozick JE, Lawrence EC, Mys-
siorek D, Bosch A, van der MA, Taschner PE, Rubinstein
WS, Myers EN, Richard CW, III, Cornelisse CJ, Devilee
P, Devlin B (2000) Mutations in SDHD, a mitochondrial
complex II gene, in hereditary paraganglioma. Science
287:848-851

Bilton RL, Booker GW (2003) The subtle side to hypoxia
inducible factor (HIFalpha) regulation. Eur ] Biochem
270:791-798

Birner P, Schindl M, Obermair A, Plank C, Breitenecker G,
Oberhuber G (2000) Overexpression of hypoxia-induc-
ible factor lalpha is a marker for an unfavorable prog-
nosis in early-stage invasive cervical cancer. Cancer Res
60:4693-4696

Blancher C, Moore JW, Talks KL, Houlbrook S, Harris AL
(2000) Relationship of hypoxia-inducible factor (HIF)-
lalpha and HIF-2alpha expression to vascular endothelial
growth factor induction and hypoxia survival in human
breast cancer cell lines. Cancer Res 60:7106-7113

Blancher C, Moore JW, Robertson N, Harris AL (2001) Effects
of ras and von Hippel-Lindau (VHL) gene mutations on
hypoxia- inducible factor (HIF)-lalpha, HIF-2alpha, and
vascular endothelial growth factor expression and their
regulation by the phosphatidylinositol 3’-kinase/Akt sig-
naling pathway. Cancer Res 61:7349-7355

Brusselmans K, Bono F, Maxwell P, Dor Y, Dewerchin M,
Collen D, Herbert JM, Carmeliet P (2001) Hypoxia-induc-
ible factor-2alpha (HIF-2alpha) is involved in the apop-
totic response to hypoglycemia but not to hypoxia. ] Biol
Chem 276:39192-39196

Carmeliet P (2000) Mechanisms of angiogenesis and arterio-
genesis. Nat Med 6:389-395

Carmeliet P, Jain RK (2000) Angiogenesis in cancer and
other diseases. Nature 407:249-257

Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans
K, Dewerchin M, Neeman M, Bono F, Abramovitch R,
Maxwell P, Koch CJ, Ratcliffe P, Moons L, Jain RK, Collen
D, Keshert E, Keshet E (1998) Role of HIF-lalpha in hy-
poxia-mediated apoptosis, cell proliferation and tumour
angiogenesis. Nature 394:485-490

Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V,
De Mol M, Wu Y, Bono F, Devy L, Beck H, Scholz D, Acker
T, DiPalma T, Dewerchin M, Noel A, Stalmans I, Barra A,
Blacher S, Vandendriessche T, Ponten A, Eriksson U, Plate
KH, Foidart JM, Schaper W, Charnock-Jones DS, Hicklin DJ,
Herbert JM, Collen D, Persico MG (2001) Synergism between
vascular endothelial growth factor and placental growth
factor contributes to angiogenesis and plasma extravasation
in pathological conditions. Nat Med 7:575-583

Chan DA, Sutphin PD, Denko NC, Giaccia AJ (2002) Role of
prolyl hydroxylation in oncogenically stabilized hypoxia-
inducible factor-lalpha. J Biol Chem 277:40112-40117

Cramer T, Yamanishi Y, Clausen BE, Forster I, Pawlinski
R, Mackman N, Haase VH, Jaenisch R, Corr M, Nizet V,
Firestein GS, Gerber HP, Ferrara N, Johnson RS (2003)
HIF-1lalpha is essential for myeloid cell-mediated inflam-
mation. Cell 112:645-657

Damert A, Machein M, Breier G, Fujita MQ, Hanahan D,
Risau W, Plate KH (1997) Up-regulation of vascular
endothelial growth factor expression in a rat glioma is
conferred by two distinct hypoxia-driven mechanisms.
Cancer Res 57:3860-3864

Elson DA, Ryan HE, Snow JW, Johnson R, Arbeit JM (2000)
Coordinate up-regulation of hypoxia inducible factor
(HIF)-lalpha and HIF-1 target genes during multi-stage
epidermal carcinogenesis and wound healing. Cancer Res
60:6189-6195

Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke
J, Mole DR, Mukherji M, Metzen E, Wilson MI, Dhanda A,
Tian YM, Masson N, Hamilton DL, Jaakkola P, Barstead
R, Hodgkin J, Maxwell PH, Pugh CW, Schofield CJ, Rat-
cliffe PJ (2001) C. elegans EGL-9 and mammalian homo-
logs define a family of dioxygenases that regulate HIF by
prolyl hydroxylation. Cell 107:43-54

Ferrara N (2002) VEGF and the quest for tumour angiogen-
esis factors. Nat Rev Cancer 2:795-803

Fukumura D, Xavier R, Sugiura T, Chen Y, Park EC, Lu N,
Selig M, Nielsen G, Taksir T, Jain RK, Seed B (1998) Tumor
induction of VEGF promoter activity in stromal cells.
Cell 94:715-725




212

T. Acker and K. H. Plate

Graeber TG, Peterson JF, Tsai M, Monica K, Fornace AJ Jr,
Giaccia AJ (1994) Hypoxia induces accumulation of p53
protein, but activation of a Gl-phase checkpoint by low-
oxygen conditions is independent of p53 status. Mol Cell
Biol 14:6264-6277

Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ,
Lowe SW, Giaccia AJ (1996) Hypoxia-mediated selection
of cells with diminished apoptotic potential in solid tu-
mours. Nature 379:88-91

Hanahan D, Folkman ] (1996) Patterns and emerging mech-
anisms of the angiogenic switch during tumorigenesis.
Cell 86:353-364

Hanahan D, Weinberg RA (2000) The hallmarks of cancer.
Cell 100:57-70

Helmlinger G, Yuan F, Dellian M, and Jain RK (1997) In-
terstitial pH and pO2 gradients in solid tumors in vivo:
high-resolution measurements reveal a lack of correla-
tion. Nat Med 3:177-182

Helmlinger G, Endo M, Ferrara N, Hlatky L, Jain RK (2000)
Formation of endothelial cell networks. Nature 405:139—
141

Hirsild M, Koivunen P, Gunzler V, Kivirikko KI, Myllyharju
J (2003) Characterization of the human prolyl 4-hydroxy-
lases that modify the hypoxia-inducible factor HIF. ] Biol
Chem 278:30772-30780

Holash J, Maisonpierre PC, Compton D, Boland P, Alexander
CR, Zagzag D, Yancopoulos GD, Wiegand SJ (1999) Vessel
cooption, regression, and growth in tumors mediated by
angiopoietins and VEGF. Science 284:1994-1998

Inoue M, Hager JH, Ferrara N, Gerber HP, Hanahan D (2002)
VEGF-A has a critical, nonredundant role in angiogenic
switching and pancreatic beta cell carcinogenesis. Cancer
Cell 1:193-202

Isaacs JS, Jung YJ, Mimnaugh EG, Martinez A, Cuttitta F,
Neckers LM (2002) Hsp90 regulates a von Hippel Lindau-
independent hypoxia-inducible factor-1 alpha-degrada-
tive pathway. J Biol Chem 277:29936-29944

Isaacs JS, Jung YJ, Mole DR, Lee S, Torres-Cabala C, Chung
YL, Merino M, Trepel J, Zbar B, Toro J, Ratcliffe PJ, Line-
han WM, and Neckers L (2005) HIF overexpression cor-
relates with biallelic loss of fumarate hydratase in renal
cancer: novel role of fumarate in regulation of HIF stabil-
ity. Cancer Cell 8:143-153

Jain RK (2001) Normalizing tumor vasculature with anti-
angiogenic therapy: a new paradigm for combination
therapy. Nat Med 7:987-989

Jansen M, Witt Hamer PC, Witmer AN, Troost D, van Noor-
den CJ (2004) Current perspectives on antiangiogenesis
strategies in the treatment of malignant gliomas. Brain
Res Brain Res Rev 45:143-163

Jeong JW, Bae MK, Ahn MY, Kim SH, Sohn TK, Bae MH,
Yoo MA, Song EJ, Lee KJ, Kim KW (2002) Regulation and
destabilization of HIF-1lalpha by ARD1-mediated acetyla-
tion. Cell 111:709-720

Jiang BH, Agani F, Passaniti A, Semenza GL (1997) V-SRC

induces expression of hypoxia-inducible factor 1 (HIF-1)
and transcription of genes encoding vascular endothelial
growth factor and enolase 1: involvement of HIF-1 in tu-
mor progression. Cancer Res 57:5328-5335

Keck PJ, Hauser SD, Krivi G, Sanzo K, Warren T, Feder ],
Connolly DT (1989) Vascular permeability factor, an en-
dothelial cell mitogen related to PDGF. Science 246:1309-
1312

Kim MS, Kwon H]J, Lee YM, Baek JH, Jang JE, Lee SW, Moon
EJ, Kim HS, Lee SK, Chung HY, Kim CW, Kim KW (2001)
Histone deacetylases induce angiogenesis by negative
regulation of tumor suppressor genes. Nat Med 7:437-
443

Knowles HJ, Raval RR, Harris AL, Ratcliffe PJ (2003) Effect
of ascorbate on the activity of hypoxia-inducible factor in
cancer cells. Cancer Res 63:1764-1768

Koshiji M, To KK, Hammer S, Kumamoto K, Harris AL, Mo-
drich P, Huang LE (2005) HIF-lalpha induces genetic in-
stability by transcriptionally downregulating MutSalpha
expression. Mol Cell 17:793-803

Krieg M, Haas R, Brauch H, Acker T, Flamme I, Plate KH
(2000) Up-regulation of hypoxia-inducible factors HIF-
lalpha and HIF-2alpha under normoxic conditions in
renal carcinoma cells by von Hippel-Lindau tumor sup-
pressor gene loss of function. Oncogene 19:5435-5443

Kung AL, Wang S, Klco JM, Kaelin WG, Livingston DM (2000)
Suppression of tumor growth through disruption of hy-
poxia-inducible transcription. Nat Med 6:1335-1340

Lamszus K, Laterra J, Westphal M, Rosen EM (1999) Scatter
factor/hepatocyte growth factor (SF/HGF) content and
function in human gliomas. Int J] Dev Neurosci 17:517-
530

Lando D, Peet D], Gorman JJ, Whelan DA, Whitelaw ML,
Bruick RK (2002) FIH-1 is an asparaginyl hydroxylase
enzyme that regulates the transcriptional activity of hy-
poxia-inducible factor. Genes Dev 16:1466-1471

Li J, Post M, Volk R, Gao Y, Li M, Metais C, Sato K, Tsai J,
Aird W, Rosenberg RD, Hampton TG, Sellke F, Carmeliet
P, Simons M (2000) PR39, a peptide regulator of angio-
genesis. Nat Med 6:49-55

Lin EY, Nguyen AV, Russell RG, Pollard JW (2001) Colony-
stimulating factor 1 promotes progression of mammary
tumors to malignancy. ] Exp Med 193:727-740

Linke S, Stojkoski C, Kewley RJ, Booker GW, Whitelaw ML,
Peet DJ (2004) Substrate requirements of the oxygen-
sensing asparaginyl hydroxylase factor inhibiting HIF. J
Biol Chem 279:14391-14397

Lu H, Forbes RA, Verma A (2002) Hypoxia-inducible factor
1 activation by aerobic glycolysis implicates the Warburg
effect in carcinogenesis. J. Biol. Chem

Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand
SJ, Radziejewski C, Compton D, McClain ], Aldrich TH,
Papadopoulos N, Daly TJ, Davis S, Sato TN, Yancopoulos
GD (1997) Angiopoietin-2, a natural antagonist for Tie2
that disrupts in vivo angiogenesis. Science 277:55-60




Hypoxia and Angiogenesis in Glioblastomas

213

Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux
EC, Cockman ME, Wykoff CC, Pugh CW, Maher ER,
Ratcliffe PJ (1999) The tumour suppressor protein VHL
targets hypoxia-inducible factors for oxygen-dependent
proteolysis. Nature 399:271-275

Minchenko A, Leshchinsky I, Opentanova I, Sang N, Srini-
vas V, Armstead V, Caro J (2002) Hypoxia-inducible
factor-1-mediated expression of the 6-phosphofructo-
2-  kinase/fructose-2,6-bisphosphatase-3  (PFKFB3)
gene. Its possible role in the Warburg effect. ] Biol Chem
277:6183-6187

Moeller BJ, Dreher MR, Rabbani ZN, Schroeder T, Cao Y,
Li CY, and Dewhirst MW (2005) Pleiotropic effects of
HIF-1 blockade on tumor radiosensitivity. Cancer Cell
8:99-110

Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME,
McClanahan T, Murphy E, Yuan W, Wagner SN, Barrera
JL, Mohar A, Verastegui E, Zlotnik A (2001) Involvement
of chemokine receptors in breast cancer metastasis. Na-
ture 410:50-56

Plate KH (1999) Mechanisms of angiogenesis in the brain. ]
Neuropathol Exp Neurol 58:313-320

Plate KH, Breier G, Weich HA, Risau W (1992) Vascular en-
dothelial growth factor is a potential tumour angiogene-
sis factor in human gliomas in vivo. Nature 359:845-848

Rafii S, Lyden D, Benezra R, Hattori K, Heissig B (2002) Vas-
cular and haematopoietic stem cells: novel targets for
anti-angiogenesis therapy? Nat Rev Cancer 2:826-835

Ravi R, Mookerjee B, Bhujwalla ZM, Sutter CH, Artemov
D, Zeng Q, Dillehay LE, Madan A, Semenza GL, Bedi A
(2000) Regulation of tumor angiogenesis by p53-induced
degradation of hypoxia-inducible factor lalpha. Genes
Dev 14:34-44

Reynolds TY, Rockwell S, Glazer PM (1996) Genetic instabil-
ity induced by the tumor microenvironment. Cancer Res
56:5754-5757

Ryan HE, Lo ], Johnson RS (1998) HIF-1 alpha is required
for solid tumor formation and embryonic vasculariza-
tion. EMBO ] 17:3005-3015

Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson
DG, Mansfield KD, Pan Y, Simon MC, Thompson CB, Got-
tlieb E (2005) Succinate links TCA cycle dysfunction to
oncogenesis by inhibiting HIF-alpha prolyl hydroxylase.
Cancer Cell 7:77-85

Semenza GL (2000) Hypoxia, clonal selection, and the role of
HIF-1 in tumor progression. Crit Rev Biochem Mol Biol
35:71-103

Semenza GL (2003) Targeting HIF-1 for cancer therapy. Nat
Rev Cancer 3:721-732

Shweiki D, Itin A, Soffer D, Keshet E (1992) Vascular endo-
thelial growth factor induced by hypoxia may mediate
hypoxia-initiated angiogenesis. Nature 359:843-845

Sowter HM, Raval R, Moore ], Ratcliffe PJ, Harris AL (2003)
Predominant role of hypoxia-inducible transcription
factor (Hif)-lalpha versus Hif-2alpha in regulation of

the transcriptional response to hypoxia. Cancer Res
63:6130-6134

Stratmann A, Acker T, Burger AM, Amann K, Risau W, Plate
KH (2001) Differential inhibition of tumor angiogenesis
by tie2 and vascular endothelial growth factor recep-
tor-2 dominant-negative receptor mutants. Int J] Cancer
91:273-282

Stroka DM, Burkhardt T, Desbaillets I, Wenger RH, Neil
DA, Bauer C, Gassmann M, Candinas D (2001) HIF-1
is expressed in normoxic tissue and displays an organ-
specific regulation under systemic hypoxia. FASEB ]
15:2445-2453

Tang N, Wang L, Esko ], Giordano FJ, Huang Y, Gerber HP,
Ferrara N, Johnson RS (2004) Loss of HIF-lalpha in en-
dothelial cells disrupts a hypoxia-driven VEGF autocrine
loop necessary for tumorigenesis. Cancer Cell 6:485-495

Tomlinson IP, Alam NA, Rowan A]J, Barclay E, Jaeger EE,
Kelsell D, Leigh I, Gorman P, Lamlum H, Rahman S, Ro-
ylance RR, Olpin S, Bevan S, Barker K, Hearle N, Houlston
RS, Kiuru M, Lehtonen R, Karhu A, Vilkki S, Laiho P,
Eklund C, Vierimaa O, Aittomaki K, Hietala M, Sistonen
P, Paetau A, Salovaara R, Herva R, Launonen V, Aaltonen
LA (2002) Germline mutations in FH predispose to domi-
nantly inherited uterine fibroids, skin leiomyomata and
papillary renal cell cancer. Nat Genet 30:406-410

Vaupel P, Kallinowski F, Okunieff P (1989) Blood flow, oxygen
and nutrient supply, and metabolic microenvironment of
human tumors: a review. Cancer Res 49:6449-6465

Volm M, Koomagi R (2000) Hypoxia-inducible factor (HIF-1)
and its relationship to apoptosis and proliferation in lung
cancer. Anticancer Res 20:1527-1533

Wang GL, Semenza GL (1995) Purification and characteriza-
tion of hypoxia-inducible factor 1. ] Biol Chem 270:1230-
1237

Wenger RH (2002) Cellular adaptation to hypoxia: O2-sens-
ing protein hydroxylases, hypoxia-inducible transcrip-
tion factors, and O2-regulated gene expression. FASEB ]
16:1151-1162

Wiesener MS, Jurgensen ]S, Rosenberger C, Scholze CK,
Horstrup JH, Warnecke C, Mandriota S, Bechmann I,
Frei UA, Pugh CW, Ratcliffe PJ, Bachmann S, Maxwell
PH, Eckardt KU (2003) Widespread hypoxia-inducible
expression of HIF-2alpha in distinct cell populations of
different organs. FASEB ] 17:271-273

Wykoff CC, Beasley NJ, Watson PH, Turner KJ, Pastorek J,
Sibtain A, Wilson GD, Turley H, Talks KL, Maxwell PH,
Pugh CW, Ratcliffe PJ, Harris AL (2000) Hypoxia-induc-
ible expression of tumor-associated carbonic anhydrases.
Cancer Res 60:7075-7083

Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ,
Holash ] (2000) Vascular-specific growth factors and
blood vessel formation. Nature 407:242-248

Yu JL, Rak JW, Carmeliet P, Nagy A, Kerbel RS, Coomber BL
(2001) Heterogeneous vascular dependence of tumor cell
populations. Am J Pathol 158:1325-1334




214

T. Acker and K. H. Plate

Yu JL, Rak JW, Coomber BL, Hicklin DJ, Kerbel RS (2002)
Effect of p53 status on tumor response to antiangiogenic
therapy. Science 295:1526-1528

Zagzag D, Zhong H, Scalzitti JM, Laughner E, Simons JW,
Semenza GL (2000) Expression of hypoxia-inducible
factor lalpha in brain tumors: association with angio-
genesis, invasion, and progression. Cancer 88:2606-
2618

Zagzag D, Nomura M, Friedlander DR, Blanco CY, Gag-
ner JP, Nomura N, Newcomb EW (2003) Geldanamycin
inhibits migration of glioma cells in vitro: a potential

role for hypoxia-inducible factor (HIF-lalpha) in gli-
oma cell invasion. J Cell Physiol 196:394-402

Zhong H, de Marzo AM, Laughner E, Lim M, Hilton DA,
Zagzag D, Buechler P, Isaacs WB, Semenza GL, Simons
JW (1999) Overexpression of hypoxia-inducible factor
lalpha in common human cancers and their metasta-
ses. Cancer Res 59:5830-5835

Zundel W, Schindler C, Haas-Kogan D, Koong A, Kaper F,
Chen E, Gottschalk AR, Ryan HE, Johnson RS, Jefferson
AB, Stokoe D, Giaccia AJ (2000) Loss of PTEN facilitates
HIF-1-mediated gene expression. Genes Dev 14:391-396




Endogenous Inhibitors of Angiogenesis
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Abstract

During angiogenesis new blood vessels are
formed from pre-existing blood vessels. Tu-
mor angiogenesis enables a small colony of
malignantly transformed cells to grow and
develop into an invasive cancer. This process
is believed to be regulated by a change in the
balance between endogenous pro-angiogenic
and anti-angiogenic factors, and thus tumor
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Introduction

Endogenous inhibitors of angiogenesis are defined
as proteins or fragments of proteins that are formed
in the body, which subsequently can inhibit the for-
mation of blood vessels by disrupting the angiogenic
process (Kalluri 2003; Nyberg et al. 2005). These
substances can be found both in the circulation and
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sequestered in the extracellular matrix (ECM) sur-
rounding cells. It was previously thought that the
ECM merely functions as a structural scaffold for
cells. However, the highly active role of the ECM
in modulating most aspects of cell behavior in the
multicellular organism is becoming increasingly ap-
preciated (Folkman and Kalluri 2003; Kalluri 2003;
Nyberg et al. 2005). In the context of angiogenesis
this becomes evident by the many endogenous in-
hibitors of angiogenesis that are fragments of larger
ECM molecules. These fragments become released
upon proteolysis of the ECM and the vascular base-
ment membrane (VBM) by enzymes of the tumor
microenvironment, such as matrix metalloprotein-
ases (MMPs), cathepsins and elastases (Kalluri2003;
Sundetal.2004). Therefore, manyendogenousinhib-
itors of angiogenesis are bio-active fragments from
the ECM and VBM degradome (Kalluri 2003; Sund
et al. 2004). Besides the matrix-derived molecules,
the quite heterogeneous group of other endogenous
inhibitors of angiogenesis contains molecules that
are fragments or metabolites of hormones, clotting
factors or proteins of the immune system (Folkman
2004; Nyberg et al. 2005). Thus through the concept
of the protein degradome, a ‘second wave’ of defense
against pathologic neovasculature, fought by frag-
ments of proteins that are released by enzymes of the
tumor microenvironment, becomes evident.

The ECM is central to a functioning vasculaturein
many ways. A specialized ECM structure, the VBM,
is found beneath the endothelial cell (EC) layer of all
blood vessels and serves as an scaffold for the ECs
(Fig. 12.1) (Kalluri 2003; Sund et al. 2004). On the
outside the VBM also serves as the anchoring dock
for the pericytes, cells which provide the vessels with
additional structural support. The ECM surround-
ing blood vessels also sequesters growth factors and
angiogenic factors which influence the vasculature
in multiple ways (Fig. 12.1) (Kalluri 2003; Sund et al.
2004). In angiogenesis, new blood vessels are formed
by sprouting from pre-established vasculature. Dur-
ing this process the VBM is degraded, which allows
the ECs to detach and migrate into the extracellular
space. In the extracellular space the ECs become sur-
rounded by a provisional ECM, form a new lumen,
a new VBM and become enveloped by pericytes to

form a mature blood vessel (Fig. 12.2) (Kalluri 2003;
Sund et al. 2004).

What regulates the formation of new blood ves-
sels in a tumor? One key factor is the physiological
balance between pro-angiogenic factors and the
anti-angiogenic factors in the body and their subse-
quent effect on the ECs (Folkman and Kalluri 2003).
A new blood vessel will be formed when the balance
is switched towards pro-angiogenesis, caused by ei-
ther an excess of angiogenic factors or a lack of anti-
angiogenic factors. The angiogenic process can thus
potentially be manipulated by decreasing the for-
mer or increasing the level of the latter. All tissues,
including tumors, depend on oxygen delivery for
survival (Folkman and Kalluri 2003; Hanahan and
Folkman 1996; Jain 1988), and therefore a shift of the
angiogenic balance towards anti-angiogenesis offers
a new way of influencing tumor growth and an ad-
ditional method of cancer treatment.

We will in this chapter discuss both matrix-de-
rived and other endogenous inhibitors of angiogen-
esis. We will also discuss the genetic evidence avail-
able from animal studies that clearly indicates that
shifting the angiogenic balance towards increased
anti-angiogenesis prevents the formation and sur-
vival of tumors.

Matrix-Derived Endogenous Inhibitors
of Angiogenesis

12.2.1
Fragments of Type IV Collagen - Tumstatin,
Arresten and Canstatin

The structural network formed by type IV colla-
gen is essential for the stability and assembly of
all basement membranes (Kuhn et al. 1981; Timpl
et al. 1981). There are six different type IV colla-
gen o-chains in mammals. The ol- and a2-chains
are found in most basement membranes, whereas
the o3- to a6-chains are found in specialized
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Fig. 12.1. The extracellular matrix (ECM) and blood vessel.
The blood vessel wall consists of an endothelial cell lining, a
vascular basement membrane (VBM) and a supporting outer
pericyte layer. The VBM is a highly specialized form of ECM.
Outside of the pericyte layer the vessel is surrounded by the
ECM, which functions as a supportive structure but also se-
questers both pro- and anti-angiogenic molecules

C@ Pericyte

ﬁﬁ( Anti-angiogenic factor

O Pro-angiogenic factor

basement membranes, and thus display a more
restricted expression pattern (Kalluri 2003). Mice
deficient of the ol- and o.2-chains die during early
development, whereas o.3-chain-deficient mice ini-
tially survive but later succumb due to renal failure
(Cosgrove et al. 1996; Poschl et al. 2004). All type IV
collagen o.-chains share the same structure, with an
N-terminal 7S domain, a middle triple-helicalcol-
lagenous domain, and a C-terminal globular non-
collagenous (NC) domain (Kalluri 2003). Our labo-
ratory has discovered that the degradation of VBM

preparations with tumor-associated enzymes such
as MMPs, elastases and cathepsins results in the
release of bio-active type IV collagen fragments
named tumstatin,arrestenand canstatin (Table 12.1)
(Kalluri 2003).

Tumstatin is the 28-kDa NCI1 domain of the
03-chain of type IV collagen (Table 12.1). Tum-
statin was recombinantly produced and found to
specifically induce apoptosis of proliferating ECs
(Maeshima et al. 2000a), and to have potent anti-
angiogenic activity in several in vitro angiogenesis
assays and in vivo mouse tumor models (Maeshima
et al. 2000a,b, 2001a,b, 2002). Tumstatin can also be
found in the blood of mice at physiological levels of
approximately 300-350 ng/ml (Hamano et al. 2003),
most likely due to the regular basement membrane
(BM) turnover process by MMPs (Hamano et al.
2003). The EC receptor B3-integrin was shown to
be the functional receptor for tumstatin (Maeshima
etal. 2000a,b, 2001a,b, 2002), and the binding to this
integrin leads to an EC-specific inhibition of CAP-
dependent protein translation, and thus decreased
EC proliferation (Maeshima et al. 2000a,b, 2001a,b,
2002; Sudhakar etal. 2003). The importance of 33-in-
tegrin is further underlined by the finding that mu-
rine lung ECs (MLECs) isolated from mice deficient
of B3-integrin do not display decreased proliferation
when treated with recombinant tumstatin, and that
vascular endothelial growth factor (VEGF)-induced
neovascularization of Matrigel plugs in B3-integrin-
deficient mice could not be inhibited by tumstatin
treatment (Hamano et al. 2003).

Arresten is the 26-kDa NC1 domain of the ol-
chain of type IV collagen (Table 12.1) (Colorado
et al. 2000). Arresten inhibits EC proliferation,
migration, tube formation, neovascularization of
Matrigel plugs and the growth of primary tumors
and metastases in mouse xenograft tumor models
(Colorado et al. 2000; Sudhakar et al. 2005). The
receptor for arresten on ECs is ol-integrin, and
arresten competes with type IV collagen for the
binding to this receptor. Recently, we have shown
that arresten inhibits the focal adhesion kinase
(FAK)/c-Raf/MEK/ERK1/2/p38 MAPK activation
in ECs, without affecting the phosphatidylinosi-
tol 3-kinase (PI3 K)/Akt pathway (Sudhakar et al.
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2005). Furthermore, arresten was also shown to
inhibit the expression of hypoxia-inducible factor-
lo. (HIF-10) and VEGF during hypoxia by inhib-
iting ERK1/2 and p38 activation (Sudhakar et al.
2005). In line with the hypothesis of the essential
role of al-integrin for the function of arresten, no
inhibition of this pathway could be observed on
ECs derived from al-integrin-deficient mice (Sud-
hakar et al. 2005). When tumors were implanted
on ol-integrin-deficient mice, no effect on tumor
angiogenesis and growth could be obtained with
arresten treatment, providing further evidence for
the importance of ol-integrin for the anti-angio-
genic effect of arresten (Sudhakar et al. 2005).
Canstatin is the 26-kDa NC1 domain of the o.2-
chain of typeIV collagen (Table 12.1). This molecule
has been shown to have anti-angiogenic activity in
vitro by significantly inhibiting EC proliferation,
migration, tube formation, and leading to an in-
duction of apoptosis of these cells (Kamphaus et al.
2000; Petitclerc et al. 2000). In vivo canstatin treat-

ok
Lumen of blood vessel @

ment led to reduced growth of xenograft tumors in
mice (Kamphaus et al. 2000). Recently, it was shown
by using a canstatin-human serum albumin fusion
protein that the strong induction of apoptosis by
canstatin is mediated by the ovp3- and ovpB5-in-
tegrins (Magnon et al. 2005). However, this effect
was not EC specific, and could also be observed on
tumor cells. Thus canstatin, besides its anti-an-
giogenic effect, also has potent anti-tumor activity
(Magnon et al. 2005).

Interestingly, the NC1 domain of the a.6-chain of
type IV collagen has also been described to possess
anti-angiogenic activity (Petitclerc et al. 2000).

12.2.2
The Endostatin Fragment of Type XVIil and
XV Collagen

Most vascular and other basement membranes
contain type XVIII and XV collagen (Hagg et al.

Lumen of blood vessel ® .'{?

> o
Ca | aee ( o ) o | o | G [ G ) (o o (o ) o | e ] e | e )

Fig. 12.2a,b. The angiogenic process. a In the initiation of the angiogenic process pericytes detach from the vessel wall and the
VBM is degraded by tumor microenvironment-associated enzymes. This is influenced by a general increase of pro-angiogenic
molecules from the tumor, the circulation and the ECM. Endothelial cells (ECs) are released, proliferate and migrate under the
influence of angiogenic and anti-angiogenic stimulators. During this process the ECs are surrounded by a provisional ECM.
b After the new blood vessel is formed, proliferation and migration is downregulated and a new VBM assembled. Blood ves-
sels reach maturity when the newly synthesized vessel obtains appropriate pericyte coverage. However, note that the pericyte
coverage is reduced compared to normal vessels. Also the VBM displays irregularities and the EC lining contains gaps
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1997; Pihlajaniemi and Rehn 1995; Saarela et al.
1998). The former is a heparan sulfate proteoglycan
(HSPG) (Rehn and Pihlajaniemi 1994) and the latter
a chondroitin sulfate proteoglycan (CSPG) (Li et al.
2000), both of which are important for the struc-
tural integrity of the BM, as a deficiency of these
molecules leads to various BM defects (Eklund et
al. 2001; Fukai et al. 2002). These collagens share
a similar structure with large non-collagenous do-
mains at the N- and C-termini of the molecules,
and a middle collagenous domain with multiple
interruptions (Pihlajaniemi and Rehn 1995). The
highest homology between type XVIII and XV col-
lagen is found in the C-terminus of the molecules
(Sasaki et al. 2000).

Endostatin is a 20- to 22-kDa C-terminal frag-
ment of type XVIII collagen (O'Reilly et al. 1997)
with very potent anti-angiogenic activity (Ta-
ble 12.1). This fragment can be cleaved from the

parent molecule by at least cathepsin-L, elastin
and matrilysin (Felbor et al. 2000; Lin et al. 2001;
Wen et al. 1999). Type XV collagen also has an end-
ostatin-like domain with anti-angiogenic activity
(Table 12.1) (Ramchandran et al. 1999; Sasaki et al.
2000), although this fragment has been much less
studied than the endostatin of type XVIII collagen.
Endostatin derived from type XVIII collagen can be
found circulating in the blood at physiological lev-
els of 20-35 ng/ml (Rehn and Pihlajaniemi 1994).
Endostatin has multiple ways of negatively af-
fecting tumor growth. This molecule inhibits EC
proliferation and migration, induces apoptosis and
causes a GI1 arrest of ECs (Dhanabal et al. 1999a,b;
Yamaguchi et al. 1999). Several EC receptors have
in vitro been described to bind endostatin, in-
cluding a5B1-, avPB3- and avf5-integrins as well
as glypicans (Karumanchi et al. 2001; Rehn et al.
2001; Sudhakar et al. 2003). We observed that the

Table 12.1. Matrix derived endogenous inhibitors of angiogenesis

Inhibitor Parent EC
molecule receptor
Tumstatin a3(IV) ovp3
collagen integrin
Arresten al(IV) olfpl1
collagen integrin
Canstatin o2(IV) ovfB3 and owvf5
collagen integrin
a6(IV) NC1 a6(IV) collagen NA
Endostatin 01(XVIII) collagen  a5B1-integrin,
tropomyosin
Endostatin (COL  o1(XV) NA
XV) collagen
Endorepellin Perlecan 02P1-integrin
Anastellin Fibronectin NA
TSP-1 - CD36
TSP-2 = NA
Fibulin-5 - NA

EC EC EC
proliferation  migration  apoptosis
\ 4 - T
4 4 d T
4 4 d T
NA ! NA NA
L - d T
2 ! { NA
NA NA 4 NA
NA NA NA
4 4 T
T
NA d NA NA

“Mouse endostatin has also been shown to inhibit EC proliferation. Abbreviations: EC, endothelial cell; NC, non-collagenous

domain; NA, not
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interaction of endostatin with o5-integrin leads to
the inhibition of the FAK/c-Raf/MEK1/2/p38/ERK1
mitogen-activated pathway in vitro, without an ef-
fect on PI3 K/Akt/mTOR/4E-BP1 and CAP-depen-
dent translation (Sudhakar et al. 2003). The binding
of endostatin to a5-integrin has also been shown
to cause a disruption of focal adhesions and actin
stress fibers by downregulating RhoA (Wickstrom
et al. 2002, 2004).

The indirect effects on angiogenesis by end-
ostatin include inhibition of MMP-2 activity, block-
ing the binding of VEGF isoforms VEGF,s; and
VEGF,,, to VEGFR2, and the stabilization of cell-
cell and cell-matrix adhesions, which prevents the
loosening of these junctions required during vas-
cular sprout formation (Dixelius et al. 2002; Kim
et al. 2000, 2002). Endostatin has been extensively
studied and is currently in phase II clinical trials
(Folkman 2004).

12.2.3
Endorepellin - a Fragment of Perlecan

Perlecan is a large HSPG of the BM, which is im-
portant for BM structural stability (Costell et al.
1999). Endorepellin is an 81-kDa C-terminal frag-
ment of perlecan with anti-angiogenic activity
(Table 12.1). This molecule inhibits EC migration,
tube formation and vessel growth in angiogen-
esis assays both in vitro and in vivo (Mongiat et
al. 2003). EC 0.2B1-integrin has been shown to be
the functional receptor for endorepellin (Bix et
al. 2004). The binding to this receptor leads to an
increase in intracellular cAMP and the activation
protein kinase A/FAK/p38MAPK and HSP27, fol-
lowed byadownregulation of p38MAPK and HSP27
(Bix et al. 2004). This results in the disassembly of
actin stress fibers and focal adhesions, with subse-
quent inhibition of EC migration and angiogenesis
(Bix et al. 2004). A terminal laminin-like globular
(LG3) domain of endorepellin has been shown to
contain the active site of endorepellin (Gonzalez et
al. 2005). The proteolytic processing of endorepel-
lin by the BMP-1/Tolloid family of metalloprote-
ases most likely occurs physiologically, as the LG3

fragment has been found in the urine of patients
with end-stage renal disease and in the amniotic
fluid of women with premature rupture of fetal
membranes during pregnancy (Gonzalez et al.
2005). However, whether endorepellin is found in
the circulation is currently unknown.

12.2.4
Thrombospondin-1 and -2

Thesecreted glycoproteinsthrombospondin (TSP)-
1 and -2 can be found in the ECM and pericellu-
lar matrix (Table 12.1) (Armstrong and Bornstein
2003; Lawler 2002). TSP-1 is a multi-functional
protein that directly interacts with many ECM
proteins and influences levels of extracellular pro-
teases, as well as affecting the ECM by activating
transforming growth factor B (TGF-B) (Lawler
2002). TSP-1 is a highly potent anti-angiogenic
molecule and the active site responsible for this
effect has been shown to be located in the N-termi-
nal heparin-binding domain of the protein (Fer-
rari do Outeiro-Bernstein et al. 2002). Although
many cell surface receptors bind TSP-1 (Lawler
2002), it is currently believed that CD36 on the ECs
is the major receptor for the anti-angiogenic effect
(Armstrong and Bornstein 2003; Lawler 2002). The
whole TSP-1 protein is too large to be used as a
therapeutic agent, which has led to the develop-
ment of several mimetics to the anti-angiogenic
region. These are currently being tested for anti-
tumor activity in phase II clinical trials.

Thrombospondin-2 (TSP-2) also possesses
anti-angiogenic activity. TSP-2 inhibits EC migra-
tion and tube formation, as well as increasing EC
specific apoptosis through an 80-kDa fragment in
the N-terminal region of the molecule (Noh et al.
2003).

12.2.5
Anastellin - a Fragment of Fibronectin

Fibronectin is a highly abundant ECM pro-
tein produced by most cell types that forms an
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adhesive fibrillar meshwork. Fibronectin is a
multi-domain protein, and it has been shown
that the first type III repeat is important for fi-
bronectin self-assembly (Yi and Ruoslahti 2001).
Anastellin is an anti-angiogenic, 76-amino-acid
fibronectin fragment, the III1-C peptide from the
first type III repeat (Table 12.1) (Yi and Ruoslahti
2001). Anastellin has been found to form an active
complex with soluble fibronectin and fibrinogen
with potent anti-angiogenic effect (Yi et al. 2003).
One hypothesis is that this active complex inter-
acts with EC integrins, leading to the observed
anti-angiogenic effect (Yi et al. 2003). The anti-
angiogenic activity of anastellin is dependent on
soluble fibronectin, as it is lost when injecting
anastellin into mice deficient of soluble fibronec-
tin (Yi et al. 2003). Interestingly, endostatin and
antithrombin were also found to be dependent on
soluble fibronectin, which adds active complex
formation with fibronectin to the growing list of
indirect angiogenesis effects caused by these mol-
ecules (Akerman et al. 2005; Yi et al. 2003). It has
also been shown recently that anastellin inhibits
EC signaling pathways and prevents cell prolifera-
tion by modulating ERK signaling pathways and
downregulating expression of cell cycle-regula-
tory genes (Ambesi et al. 2005).

12.2.6
Fibulin-5

Fibulin-5 is a member of the fibulin family of se-
creted ECM glycoproteins. This molecule is strongly
expressed in large arteries. It has been shown that
fibulin-5 mediates EC binding to the ECM and scaf-
folds cells to elastic fibers. Fibulin-5 binds to av[33-,
ovP5- and a9P1-integrins on the cell surface (Timpl
et al. 2003). In vitro studies with overexpression of
fibulin-5 in ECs have indicated anti-angiogenic ac-
tivity with inhibition of EC proliferation, disturbed
angiogenic sprouting and reduced invasion through
Matrigel matrices (Table 12.1) (Albigand Schiemann
2004). Furthermore, fibulin-5 enhances TSP-1 ex-
pression from ECs, leading to an even stronger anti-
angiogenic effect (Albig and Schiemann 2004).

Other Endogenous Inhibitors of
Angiogenesis

12.3.1
Fragments of Blood Coagulation Factors

12.3.1.1
Angiostatin

Angiostatin is a fragment of plasminogen with po-
tent anti-angiogenic activity (Table 12.2). Several
MMPs have been shown to cleave plasminogen and
to release anti-angiogenic peptides containing vari-
ous members of the five plasminogen kringle do-
mains, depending on the site of proteolysis (the 45-
kDa kringle-1 to -4 or 38-kDa kringle-1 to -3). These
anti-angiogenic peptides are collectively called an-
giostatin (Cornelius et al. 1998; Geiger and Cnudde
2004). The plasminogen kringle-5 domain by itselfis
also a potent inhibitor of angiogenesis (Zhang et al.
2004). Angiostatin inhibits EC proliferation, migra-
tion and tube formation and induces EC apoptosis
(Claesson-Welsh et al. 1998; O'Reilly et al. 1994).

Angiostatin has been extensively studied and it
has been shown to affect angiogenesis by several
means (Geiger and Cnudde 2004). EC apoptosis is
triggered by binding to the ATP synthase (Moser et
al. 1999). Both angiostatin and plasmin specifically
bind to the owvf33-integrin, and angiostatin counter-
acts and interferes with the plasmin-induced cell
migration of ECs (Tarui et al. 2001). It has also been
shown that treatment with angiostatin leads to an
induction of FAK activity. FAK activity can also be
induced by the internalization of angiostatin after
binding to the receptor angiomotin (Troyanovsky et
al. 2001). Treatment of ECs with angiostatin in the
absence of growth factors results in increased apop-
tosis, whereas proliferation does not change (Claes-
son-Welsh et al. 1998). Recombinant human angio-
statin is currently being tested in phase II clinical
trials.
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Table 12.2. Other endogenous inhibitors of angiogenesis

Inhibitor Parent EC Tumor EC EC EC Indirect mechanisms of
molecule receptor growth  proliferation migration apoptosis action
Angiostatin Plasminogen ATP-synthase, A A} 4 T -
annexin II,
owvP3-integrin,
angiomotin
aaATIII Antithrombin NA 4 l NA NA -
111
PF-4 - Interacts with | l NA NA Prevents bFGF dimeriza-
heparin-linke tion, inhibits bEGE, VEGF
GAGs on EC and EGF action
INF-o = NA 4 NA NA T Reduces IL-8, modifies
and - protease activity, reduces
bFGF expression
I B4 = NA 4 4 NA NA Multiple anti-angiogenic
-12 and -18 actions
2-ME Estradiol NA A d A T Reduces VEGF levels
through HIF-1a
Tetrahydro- Cortisone NA 4 NA NA NA Affects BM turnover
cortisol
16 KPRL  Prolactin NA 4 4 NA T Inhibits VEGF action,
modifies protease activity
PEDF - NA 4 NA NA T -
TIMP-2 - 03Bl integrin  NA 4 4 NA Affects BM turnover
HRGP HRGP NA 4 ] 4 T -
fragment

Abbreviations: EC, endothelial cell; NA, not assessed; BM, basement membrane; VEGEF, vascular endothelial growth factor; bFGE,
basic fibroblast growth factor; EGFE, epidermal growth factor, GAG, glycosaminoglycan

12.3.1.2
Antithrombin Il

A certain cleaved form of antithrombin III and the
prothrombin kringle-2 domain have been shown
to possess anti-angiogenic properties (Table 12.2)
(Larsson et al. 2000; Lee et al. 1998; O'Reilly et al.
1999). This form has been named anti-angiogenic
antithrombin III (aaATIII) and affects EC prolif-
eration (O'Reilly et al. 1999). In addition, the latent
form of intact antithrombin, which is similar in
conformation to the cleaved molecule, also inhib-
its angiogenesis and tumor growth (O'Reilly et al.

1999). aaATIII has potent anti-angiogenic and anti-
tumor activity in several mouse models (Larsson
et al. 2000; Lee et al. 1998; O'Reilly et al. 1999).

12.3.1.3
Platelet Factor-4

Platelet factor-4 (PF-4) is a protein that can be re-
leased from blood platelet a-granules during blood
aggregation and which has been shown to have
anti-angiogenic properties both in vitro and in
vivo through its C-terminal heparin-binding do-
main (Table 12.2) (Bikfalvi 2004; Maione et al. 1990).
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PF-4 has been shown to inhibit the dimerization of
the angiogenesis stimulator fibroblast growth factor
(FGF)-2 and to block its binding to ECs. PF-4 also
binds proteoglycans and potentially through this
mechanism growth factor activities. There are also
reports that PF-4 activates cell surface receptors on
ECs and induces inhibitory signals (Bikfalvi 2004).
Modified PF-4 peptides have been generated and
represent a new class of anti-angiogenic agents with
a strong in vivo activity (Hagedorn et al. 2002).

12.3.2
Molecules of the Immune System with
Anti-angiogenic Activity

12.3.2.1
Interferons

The first described endogenous inhibitors of an-
giogenesis were the interferons (IFNs), cytokines
that are involved in the regulation of anti-viral,
anti-tumor, apoptotic and cellular immune re-
sponses. The effect on angiogenesis is the related
to the presence or absence of the ELR domain, a
structural/functional motif on the interferon mol-
ecule. Both IFN-a and IFN-3 have been shown to
inhibit angiogenesis in mouse models in vivo by
modulating the pro-angiogenic signals generated
by tumor cells (Table 12.2) (Mitsuyasu 1991). In
vitro the treatment of tumor cells with IFN-a leads
to a drop in their secretion of interleukin-8 (IL-8),
the major angiogenic factor produced by tumors
(Lingen et al. 1998). This interferon also modifies
the activity and expression of several proteases,
including MMP-9 (Ma et al. 2001), as well as the
activity of urokinase-type plasminogen activator
and plasminogen activator inhibitor-1 (Pepper et
al. 1994). A further effect on angiogenesis is the
downregulation of bFGF expression (Dinney et al.
1998). Thus IFN-o. is currently an established treat-
ment for pulmonary, brain and other hemangio-
mas, angioblastomas and giant cell tumors - all
of which produce high levels of bFGF (Folkman
2004).

12.3.2.2
Interleukins

Interleukins (ILs) are proteins produced by leu-
kocytes that are involved in many cellular events,
including angiogenesis. Many of the ILs have pro-
angiogenic activity, such as IL-8, whereas others,
e.g. IL-1PB, IL-4, IL-12 and IL-18, have anti-angio-
genic activity (Table 12.2) (Nyberg et al. 2005).
IL-1P inhibits FGF-stimulated angiogenesis by an
autocrine pathway (Cozzolino et al. 1990). IL-4
inhibits bFGF-induced angiogenesis (Volpert et
al. 1998). IL-12 and IL-18 are IFN-y-inducing cy-
tokines with anti-angiogenic activity. Both treat-
ment with IL-12 of mice with tumors and the
increased IL-12 delivery through gene transfer
resulted in decreased tumor growth (Morini et al.
2004; Yao et al. 2000). The anti-angiogenic activ-
ity of IL-12 is believed to be mediated through
downstream chemokines (Yao et al. 2000). IL-18
can prevent FGF-stimulated EC proliferation in
vitro and in the corneal neovascularization assay
in mice (Cao et al. 1999).

12.3.3
Hormones, Their Fragments and Metabolites

12.3.3.1
2-Methoxyestradiol

2-Methoxyestradiol (2-ME) is an estradiol me-
tabolite which inhibits the growth of many tumor
cell lines and also has anti-angiogenic activity
in vitro. In vivo, 2-ME has been shown to be a
very effective inhibitor of tumor growth and an-
giogenesis in numerous models (LaVallee et al.
2002). 2-ME can bind to the colchicine-binding
site of tubulin and inhibit superoxide dismutase
enzymatic activity (Cushman et al. 1995; D'Amato
et al. 1994). 2-ME has also been shown to destabi-
lize microtubules, resulting in a block in nuclear
accumulation and the activity of HIF-lo, thus
reducing VEGF levels (Table 12.2) (Mabjeesh
et al. 2003).
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12.3.3.2
Tetrahydrocortisol

Tetrahydrocortisol is the most potent of the natu-
rallyoccurringanti-angiogenic steroids (Table 12.2)
(Folkman and Ingber 1987). Tetrahydrocortisol is a
metabolite of cortisone and can be found in the
circulation and urine. The anti-angiogenic mecha-
nism of action of tetrahydrocortisol is believed to
be due to its ability to alter the BM turnover of the
proliferating blood vessels (Folkman and Ingber
1987).

12.3.3.3
Prolactin Fragment

The hormone prolactin (PRL) is cleaved in many
tissues to generate a 16-kDa (16 K) and a 8-kDa
fragment (Ferrara et al. 1991). The generation of
the 16 K PRL fragment has anti-angiogenic activ-
ity, although the full-length PRL is pro-angiogenic
(Table 12.2) (Corbacho et al. 2002; Struman et al.
1999). The 16 K PRL inhibits VEGF-induced acti-
vation of Ras in ECs as well as interacting with
the MAPK signaling pathway (D'Angelo et al. 1995,
1999). The inhibition of the p38 MAPK/Statl/IRF-1
pathway by 16 K PRL attenuates the iNOS/NO pro-
duction in ECs (Lee et al. 2005).

12.3.4
Growth Factors and Other Miscellaneous
Endogenous Inhibitors

12.3.4.1
PEDF

Pigmentepithelium-derived factor (PEDF) isamem-
ber of the serpin superfamily. PEDF is responsible
for the avascularity of ocular compartments and it
is one of the most potent endogenous inhibitors of
angiogenesis (Table 12.2) (Bouck 2002; Volpert et
al. 2002). It has been shown that under physiologic
conditions PEDF counteracts the activities of VEGF,
and thus a balance between these two molecules
exist. This balance is central to the prevention of

choroidal neovascularization (Duh et al. 2004). The
anti-angiogenic activity of PEDF only targets prolif-
erating vessels and its action is reversible.

Overexpression of PEDF was found to signifi-
cantly inhibit melanoma growth and vessel forma-
tion in mice (Abe et al. 2004). PEDF also induces
FasL-dependent apoptosis on both tumor cells and
ECs. The anti-angiogenic activity of PEDF, both in
vitro and in vivo, has been shown to be dependent
on the induction of apoptosis through the induction
of Fas and FasL (Volpert et al. 2002).

12.3.4.2
TIMP-2

Tissue inhibitors of MMPs (TIMP) suppress the ac-
tivity of MMPs and thus regulate the ECM turnover.
Independent of their regulation of MMP activity,
these proteins also directly affect cell growth, apop-
tosis and differentiation (Baker et al. 2002; Jiang
et al. 2002). TIMP-2 has been shown to inhibit EC
proliferation in vitro and angiogenesis in vivo by
binding to the a3B1-integrin on ECs (Table 12.2)
(Nisato et al. 2005).

12.3.4.3
Fragment of HRGP

The histidine-rich glycoprotein (HRGP) is a protein
found in the circulation in relatively high concen-
trations (1.5 pM), but with unknown function. Re-
combinant HRGP has been shown to have potent
anti-angiogenic properties in murine tumor models
in vivo (Table 12.2) (Olsson et al. 2004). Treatment
with HRGP resulted in increased apoptosis and re-
duced proliferation of tumors implanted on mice.
HRGP causes a rearrangement of focal adhesions
and decreased attachment of ECs to vitronectin,
leading to a decrease in EC migration. A fragment
of HRPG, the 150-amino-acid His/Pro-rich domain,
which can be released by spontaneous proteolysis,
has been shown to mediate the anti-migratory ef-
fect of HRPG (Olsson et al. 2004). The actual recep-
tor of the HRPG fragment on the ECs is unknown.
However, on the surface of FGF-2-activated ECs at
least two binding sites for HPRG, tropomyosin and
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HSPGs have been identified. As the anti-angiogenic
activity of HPRG in the Matrigel plug assay has been
shown to be partially inhibited by soluble tropo-
myosin, this molecule at least partially mediates
the anti-angiogenic effects of HPRG (Olsson et al.
2004).

Genetic Evidence for the Therapeutic
Effect of Modulating the Angiogenic
Balance in Cancer

The concept of the angiogenic balance states that
there is a natural balance of pro-angiogenic and
anti-angiogenic molecules in the body. This bal-
ance dictates whether a new blood vessel will be
formed (Folkman and Kalluri 2003; Kalluri 2003).
In most circumstances the physiological balance
is believed to be tilted towards anti-angiogenesis.
However, in many pathological situations there is
a shift towards pro-angiogenesis, which leads to
the formation of pathological neovasculature. It is
known from human autopsy materials that most of
us have multiple areas with malignant cells in the
body (Folkman and Kalluri 2004). However, only
very few of these actually develop into a cancer.
This phenomenon has been named 'cancer with-
out disease' (Folkman and Kalluri 2004). Is the
development of a cancer from a group of malig-
nant cells due to a local and/or systemic shift from
anti-angiogenesis to pro-angiogenesis? Do tumors
grow quicker when the pro-angiogenic exceed the
anti-angiogenic molecules? There are now several
findings from genetically modified mouse strains
that support this hypothesis.

The most conclusive data to support this theory
are found for the endogenous angiogenesis in-
hibitor tumstatin. Mice with an inactivation of the
gene for the o3-chain of type IV collagen, and thus
also lacking tumstatin, display accelerated tumor
growth associated with enhanced pathological an-
giogenesis compared to wild-type mice (Hamanoet
al. 2003). However, when such tumstatin-deficient

mice were given recombinant tumstatin so that they
achieved normal physiological concentrations, the
rate of tumor growth slowed down to normal (Ha-
mano et al. 2003). The tumor-associated proteinase
MMP-9 most efficiently cleaves tumstatin from the
typeIV collagen 0.3-chain (Hamano et al. 2003). In-
terestingly, mice deficient of MMP-9 subsequently
display decreased circulating levels of tumstatin
and thus also accelerated tumor growth compared
to wild-type mice (Hamano et al. 2003). It has also
been shown that the lack of the tumstatin receptor
B3-integrin leads to increased pathological angio-
genesis and tumor growth (Reynolds etal. 2002). Al-
though the lack of B3-integrin naturally influences
the potential function of many other endogenous
inhibitors of angiogenesis besides tumstatin, these
results nevertheless provide evidence that a lack of
tumstatin, the enzyme that activates it (MMP-9) or
its functional receptor on ECs (B3-integrin) all lead
to a shift in the angiogenic balance towards favor-
ing increased tumor growth (Fig. 12.3) (Hamano et
al. 2003; Reynolds et al. 2002).

Further evidence for the notion that cancer is
not growing at ceiling rate but is influenced by en-
dogenous angiogenesis inhibitors is provided by
the results from mice deficient of type XVIII col-
lagen and thus also of endostatin (Sund et al. 2005).
When tumors were implanted on these mice, in-
creased growth and higher tumor vascularity was
observed than for tumors implanted on wild-type
litter mates (Sund et al. 2005). Interestingly, when
tumors were implanted on mice that were geneti-
cally altered to overexpress endostatin, reduced
tumor growth and decreased vascularity of tumors
were observed (Sund et al. 2005). These results show
that the circulating levels of endostatin directly in-
fluences the growth rate of the same tumor.

Similar findings have also been shown for the
thrombospondins. Tumors implanted on mice
genetically deficient of TSP-1 grew faster and dis-
played a higher vascular density than tumors on
wild-type mice (Lawler et al. 2001). Increasing the
levels of TSP-1 resulted in the opposite finding of
reduced tumor angiogenesis (Streit et al. 1999).
Mice deficient of the tumor suppressor gene p53
are susceptible to spontaneous cancer develop-
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Binding of tumstatin to

B3 integrin leads to reduced
cell proliferation and
induction of apoptosis

-

Fig. 12.3a,b. Genetic evidence for the importance of endogenous inhibitors of an-
giogenesis. a Tumstatin is the NC1 domain of the o3-chain of type IV collagen. This
molecule can be cleaved from the type IV collagen trimer by the protease MMP-9
and it exerts its anti-angiogenic effect via binding to 3-integrin on the EC surface.
This binding leads to decreased EC proliferation and induction of apoptosis. b This
anti-angiogenic effect was lost in mice genetically deficient of tumstatin, MMP-9 or
B3-integrin. This indicates that there is an angiogenic balance that the endogenous

inhibitors of angiogenesis maintain (Hamano et al. 2003)

ment. Most interestingly, when the TSP1-deficient
mice were crossed to the p53-deficient mice, de-
creased survival due to an even greater increase in
tumor growth was observed. This is probably due
to a shift in the angiogenic balance towards pro-
angiogenesis (Lawler et al. 2001). Mice deficient of
TSP-2 also display significantly increased tumor
vascularization (Hawighorst et al. 2001). However,
increasing the circulating level of TSP-2 by inject-
ing fibroblasts which overexpress this molecule re-
sulted in an inhibition of tumor growth and angio-
genesis in mice (Streit et al. 2002).

Our laboratory has also shown that the angio-
genic balance can be manipulated further by si-
multaneously altering the levels of many different
inhibitors (Sund et al. 2005) (Fig. 12.4). Thus tu-
mors on endostatin-, tumstatin- or TSP-1-deficient
mice grow 2-3 times faster than on wild-type mice.
However, if the host is deficient of both tumstatin
and TSP-1, the tumors grow 4-6 times faster than
those implanted on wild-type mice (Sund et al.
2005). Thus there is evidence from genetic stud-
ies that combining multiple anti-angiogenic ap-
proaches will have a cumulative effect on tumor
growth.

A shiftin the angiogenic
balance in various genetically
altered mouse strains

m Type IV collagen trimer

D MMP-9
- Tumstatin

Integrin cell surface receptor

Concluding Remarks

Endogenous stimulators and matrix-derived in-
hibitors of angiogenesis are molecules that are
naturally produced and circulate in the body. These
molecules are important in maintaining the an-
giogenic balance that influences the rate of new
blood vessel formation in both the physiological
and the pathological context. The development of
a few malignant cells into invasive carcinomas is
likely to be partly driven by a shift towards in-
creased angiogenetic potential. This shift can be
due to both an increase in angiogenic factors, such
as VEGF, or decrease in the levels of endogenous
inhibitors of angiogenesis, such as tumstatin and
endostatin. Most likely this is a process influenced
by oncogenes and tumor suppressor genes. Many
of the matrix-derived endogenous angiogenesis
inhibitors are products from the ECM degradome
released by tumor-associated proteolytic enzymes
or are molecules sequestered pericellularly in the
ECM. The availability of these inhibitors is dic-
tated by the activity of the releasing enzymes and
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Fig. 12.4. Manipulation of the angio-
genic balance alters the growth rate

of tumors. B16F10 mouse melanoma
cells were implanted on normal wild-
type mice (black), mice overexpressing
endostatin (green), mice missing either
endostatin, tumstatin or TSP-1 (red) as
well as mice deficient of both tumsta-
tin and TSP-1 (orange). In mice with
overexpression of endostatin reduced
tumor growth rates could be observed,
indicating that the angiogenic balance
had shifted towards anti-angiogenesis
compared to the wild-type mice. In the
mice deficient of the various anti-an-

Tumor growth rate

Shift towards
anti-angiogenesis

Shift towards
pro-angiogenesis ]
1

giogenic molecules the opposite could

Time

we observed, tumors grew faster when
compared to wild-type mice due to a
shift towards pro-angiogenesis (Sund
et al. 2005)

Normal mice

Mice overexpressing endostatin

Mice deficient of tumstatin, endostatin or TSP-1
Mice deficient of tumstatin and TSP-1

thus this activity also indirectly is of importance
in maintaining the angiogenic balance. This also
is the case for many of the non-matrix-derived en-
dogenous inhibitors of angiogenesis that need to be
modified or released by proteolysis before activity.
There is now considerable genetic evidence for the
importance of the angiogenic balance in the con-
text of tumor growth and vascularization. Many
of the endogenous inhibitors are currently in the
process of clinical trials for consideration as future
cancer therapeutics.
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Abstract

Thrombospondins (TSPs) include a mul-
timeric family of secreted glycoproteins
broadly expressed by several cells and tis-
sues. They have been shown to support cell
attachment through interactions with mul-
tiple cell-adhesion receptors, bind to other
extracellular matrix proteins, and regulate
cell shape, adhesion and migration. At the
tissue level, TSPs have been implicated in
the regulation of several complex processes,
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including angiogenesis and wound heal-
ing. More recently, some TSPs have been
associated with genetic predisposition for
myocardial infarction and vascular disease
through genome-wide scans and SNP stud-
ies. In this chapter, we summarize the cur-
rent information on the biology of TSPs,
focusing more directly on the angioregula-
tory roles of TSP1 and -2. We will further
discuss the most recent genetic and bio-
chemical advances and their therapeutic
exploration.

Thrombospondins:
Structure, Synthesis and Degradation

The first and prototypical member of the thrombo-
spondin (TSP) family, TSP1, was discovered using
biochemical techniques and reported as a high-
molecular-weight glycoprotein present in platelets
(Lawler et al. 1978). The other four members of
the family were identified because of the quick
advancesincloningand weresubsequentlyreported
in the early to middle 1990s. The link between the
five members of the TSP family relies more specifi-
cally on their structure than on their overallamino
acid similarities. The multidomain organization
of the TSP1 and -2 -includes five basic domains
that comprise, from amino- to carboxyl-terminal:
(a) an amino-terminal heparin-binding domain,
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(b) the procollagen or von Willebrand’s factor re-
gion, (c) three typel or properdin repeats, (d) three
type II or EGF-like repeats, (e) seven type III or
Ca’*"binding domains and (f) a carboxyl-terminal
cell-binding domain. The other three TSPs (3-5)
lack many of the amino-terminal domains, specifi-
cally the heparin-binding region, the procollagen
region and the properdin repeats (Fig. 13.1). Due
to these differences, the five TSP proteins have
been further classified into two main subgroups.
Subgroup A includes the long TSPs 1 and 2 that
are organized as homotrimers, while TSPs 3-5
comprise subgroup B and are organized as pen-
tamers (Adams and Lawler 2004). Several studies
have stressed the relevance of oligomerization for
specific properties displayed by the different TSP
proteins. For example, the trimeric structure of
TSP1 and -2 is essential for cell spreading and
fascin spike organization (Anilkumar et al. 2002).
Overall, the structure of all TSPs resembles a bou-
quet of flowers in which the coiled-coil domain
located in the amino-terminal portion provides
the link between the three arms of subgroup A
and the five arms of each protein in subgroup B.
This structure most likely offers the opportunity
to create multivalent interactions of the carboxyl-
terminal domain with cell-surface receptors, while

proColl Typel Typelll

/ol

HBD  0ligo

@ @)
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other areas of the protein can interact with matrix
proteins.

Although the structural differences for each of
the TSP proteins impact their overall functional
properties, i.e., the anti-angiogenic features are
specific to TSP1 and -2, all of the TSPs share some
fundamental cellular themes. For example, all five
TSPs have been shown to support cell attachment
in a calcium-dependent manner and interact with
many other extracellular matrix glycoproteins and
proteoglycans.

The regulation of TSP synthesis has been most
studied for TSP1 and -2. One of the first features
identified in the TSP1 promoter was the presence
of a serum-responsive element; thus, most cells in
culture express high levels of TSP1. The biologi-
cal relevance of this expression, however, should
be interpreted with caution, as in vivo, expression
of TSP1 is relatively low in most uninjured tissues,
except for the ovary and bone marrow. In contrast,
during pathological/repair settings, TSP1 is rapidly
and robustly induced. This has been demonstrated
in a variety of cancers, wound healing, arthritis, and
endometrial repair following menstruation (Alvarez
et al. 2001; Arbeille et al. 1991; Bertin et al. 1997; Iru-
ela-Arispe et al. 1996). Thus, it is not surprising to
note that TSP1 is upregulated after exposure to sev-

Type lll

TSP1 subclass
TSP2 A
TSP3
TSP4
subclass
B
TSP5

Fig. 13.1. The thrombospondin family. The five members of the TSP family are subdivided into subclass A, which comprises
TSP1 and -2, and subclass B, which includes TSP3, -4, and -5. The structural domain organization of TSP1 and -2 is identi-
cal and comprises a heparin binding domain (HBD), an oligomerization region (Oligo), a procollagen domain (proColl),
three type I (properdin or TSR) domains, three type II (or EGF) domains, seven type III (or calcium-binding) repeats and a
carboxyl-terminal domain (CBD). The other TSPs lack amino-terminal domains, such as proColl and TSR repeats
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eral growth factors in vitro, including PDGF, FGEF-
2, TGF-beta, KGF and TNF-alpha, heat shock and
hypoxia (Adams and Tucker 2000).

Like many other matrix proteins, TSP1 is modi-
fied in the extracellular environment by proteoly-
sis. In fact, intact TSP1 can be detected in vivo only
when isolated from platelet alpha-granules. Purifi-
cation of TSP1 from tissue has indicated that extra-
cellular processing events are multiple and, in some
cases, tissue-specific. This information underscores
the relevance of understanding extracellular prote-
olysis to the functional properties of this protein.
Thus far, TSP1 has been shown to be cleaved by
thrombin, factor XIIIa, cathepsin, and elastase (Ad-
ams and Tucker 2000; Hogg 1994). However, there
is very little information as to the biological signifi-
cance of these fragments. While the tendency is to
assume that cleavage equals degradation, a large
body of evidence is now demonstrating that when it
comes to extracellular matrix proteins, processing
can generate a pool of polypeptides with functions
that either enhance, nullify, or modify the contri-
bution of these proteins to specific biological pro-
cesses (Lopez-Otin and Overall 2002; Overall and
Lopez-Otin 2002).

Functional Properties

TSP1 and -2 act at the cell-matrix interface to pro-
vide contextual cues important in matrix assembly
and cell function. Thus, they appear to coordinate
cell-matrix cross-talk. The regulation of matrix
structure occurs via its ability to bind directly
to fibronectin, fibrin and fibrillar collagens and
by modulating MMP and plasmin activities. As
this coordination of extracellular proteins takes
place, TSPs also convey migratory, proliferative,
apoptotic and/or adhesive signals to cells. This
sophistication of cellular regulation, as well as ma-
trix coordination has prompted the classification of
TSPs as matricellular proteins (Bornstein 2000), a
term that encompasses the ability of these proteins

to serve as molecular bridges between the extracel-
lular matrix and the cell surface. This has been
most clearly demonstrated during wound healing,
where TSPs act temporally and spatially to transmit
signals that trigger specific cellular responses in
the wound. A major function of TSP in this regard
has been its ability to regulate cell adhesion. None-
theless, TSP1 also participates in platelet aggrega-
tion, inflammatory response and regulation of an-
giogenesis during both wound healing and tumor
growth. In many cases, some of these functions
are shared with its closest relative, TSP2. This is
not surprising given the similarities between their
structures.

In addition to their well-known roles during de-
velopment, TSPs also fulfill important functions in
the homeostasis of several tissues, and loss of these
proteins results in deleterious effects to a number
of organs, including lung, skin, blood vessels and
bone. The specific functions attributed to TSP1 and
-2 are discussed below.

13.2.1
The Link Between Function and Expression

Although it is easy to think of TSP1 and TSP2 to-
gether due to their structural resemblance, it is criti-
caltokeepin mind that these proteins display almost
exclusive patterns of expression during development
and in the adult. TSP1 expression is frequently as-
sociated with epithelial/endothelial tissues, in con-
trast to the more stromal/mesenchymal nature of
TSP2 (Iruela-Arispe et al. 1993, 1996; Kyriakides et
al. 1998). The regulation of both promoters is also
notably different. TSP1 is rapidly induced by injury
and inflammatory mediators (Bornstein 1992, 2000,
2001; Chen et al. 2000). In contrast, expression of
TSP2 does not seem to be affected by the same cohort
of inflammatory cytokines (Bornstein et al. 2000;
Chen et al. 2000). Interestingly, both proteins have
been shown to inhibit angiogenesis in vivo and in
vitro (Armstrong and Bornstein 2003; Lawler and
Detmar 2004).
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13.2.2
The Prototypical Endogenous Angiogenesis
Inhibitor

The anti-angiogenic properties of TSP1 were first
described by Bouck and colleagues in a search for
proteins upregulated by tumor suppressor genes
(Good et al. 1990; Polverini 1996). Since then, the
angiostatic/angiotoxic effects of TSP1 have been
well documented using a large spectrum of assays
and models (Canfield and Schor 1995; Doll et al.
2001; Iruela-Arispe et al. 1991, 1999; Sheibani et al.
1997; Taraboletti et al. 1997; Tolsma et al. 1993). In
addition, the sum of genetic manipulations that
result in TSP1 overexpression using tissue-specific
promoters strongly supports the participation of
this protein in the regulation of vascular growth
and vessel diameter. Specifically, two transgenic
overexpression studies using the K14 promoter to
drive TSP1 in the skin (Hawighorst et al. 2002; Streit
et al. 2000) and the MMTYV promoter to target TSP1
expression to the mammary epithelium (Rodriguez-
Manzaneque et al. 2001) support a role for this pro-
tein in the regulation of vascular morphogenesis in
vivo. Combined, these studies argue for the contri-
bution of TSP1 in the regulation of vascular growth
in whole-animal settings during normal and patho-
logical conditions. The studies also support the con-
cept that TSP1 is a pleiotropic regulator of vascular
morphogenesis, with roles far more elaborate than
restricting the number of available endothelial cells
through regulation of apoptosis. Particularly, both
studies showed that TSP1 modulates the size of vas-
cular channels. These functions are also shared by
TSP2 (Lawler and Detmar 2004).

Loss-of-function studies also support a direct
role for TSP1 and -2 in the regulation of angiogen-
esis during tumor expansion. Tumor progression is
greatly accelerated in mice that are null for TSP1 and
also have one of the following genetic profiles: p53~/~
, APCMin/* or amplification of neu/erbB2 oncogene
(Gutierrez et al. 2003; Lawler et al. 2001; Rodriguez-
Manzaneque et al. 2001). Furthermore, the survival
of p53-null and p53-heterozygous mice is reduced in
the absence of TSP1 (Lawler et al. 2001).

In addition to their effects on genetically induced
models of cancer, TSP1 and -2 have also been shown
to accelerate tumor progression in chemically in-
duced models. For example, frequency of tumor le-
sions, degree of malignancy, and lymph node metas-
tasis was greater in TSP2-deficient mice (Hawighorst
et al. 2001).

Of direct importance to angiogenesis, TSP1 is
down-regulated by a significant and impressive
pool of oncogenes, including c-fos, c-jun, v-src, Ras
and myc (Mettouchi et al. 1994; Watnick et al. 2003).
This explains the marked reduction in TSP1 tran-
script levels noted in all carcinomas examined. The
reduction in TSP facilitates angiogenic progression
and tumor expansion. Interestingly, tumors are fre-
quently contained by the high TSP1 and -2 response
mounted by the host stroma at the interface between
the tumor and the normal tissue. This response is
not present in TSP1- and -2-deficient mice, provid-
ing an explanation of the rampant growth observed
in all the experimental tumors examined.

The mechanism developed by tumors to suppress
TSP1 expression has been more clearly documented
for Ras (Watnick et al. 2003). In these tumors, high
levels of oncogenic Ras lead to hyperactivation of
PI3 kinase/Rho that, when combined with myc mu-
tation, results in a drastic reduction of TSP1 mRNA.
The mechanisms behind myc-mediated suppression
of TSP1 are complex and appear to rely more on the
increase of mRNA turnover than in the suppres-
sion of transcription (Janz et al. 2000). In addition
to these events, epigenic suppression of TSP1 has
also been described in human neuroblastoma (Yang
et al. 2003). Here, loss of TSP1 has been associated
with methylation of CpG islands located in the
5’ region of the TSP1 gene.

A large number of preclinical studies have been
performed with TSP1 protein, protein fragments
or peptide mimetics. The efficacy of TSP1 has been
scrutinized in a large array of tumor types, either
as xenografts or as endogenous transgenic tumors.
For example, systemic exposure of tumor-bearing
mice to TSP1 protein or peptides has been shown to
inhibit tumor growth (Guo et al. 1997a). Combina-
tion therapy with TSP1 has revealed impressive out-
comes. For example, a combination of radiotherapy
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and exogenous TSP1 prevents the growth of dormant
micrometastases from grafted human melanomas
(Rofstad et al. 2003). Other groups have documented
similar findings with short peptides based on the se-
quence located in the TSR of TSP1 (Vailhe and Feige
2003). More recently, clinical trials have been initi-
ated with similar peptides, and their outcome will
shortly be revealed.

13.2.2.1
Structure-Function Studies

The anti-angiogenic domain in TSP1 and TSP2 has
been mapped to the type I (TSR or properdin) re-
peats present in both TSP1 and -2, but absent from
TSP3-5 (Guo et al. 1997b; Iruela-Arispe et al. 1999;
Jimenez et al. 2000; Shafiee et al. 2000; Tolsma et al.
1993,1997). This structural feature has explained the
functional differences, i.e., anti-angiogenic proper-
ties, between subgroups A and B in the TSP family.

Interestingly, presence of the TSR domain is not
unique to TSP1 or -2. In fact, TSR domains have been
found in a large number of proteins and this has
been used to link these proteins into another group
called the thrombospondin repeat (TSR) super-
family. Most of the proteins in this family have been
included based on sequence analysis; a few have
been also evaluated functionally to determine their
potential anti-angiogenic effects (Iruela-Arispe et al.
2004) and other actions. Interestingly, some of these
proteins have been shown to play important roles in
cell-cell and cell-matrix interactions (TRAP, pro-
perdin and BAI), neuronal guidance (F-spondin,
SCO-spondin, and semaphorins) and extracellular
proteolysis (ADAMTS family) (for a review on this
subject see Tucker 2004). A blast search shows that
thereare 187 TSRs in the human genome, distributed
in 41 different human proteins (Tan et al. 2002a,b).
Interestingly, TSRs are also found in Drosophila
(a total of 45 in 14 proteins) and in Caenorhabditis
elegans (total 90 in 27 proteins).

Structurally, the type I repeats display a rather
unique antiparallel three-stranded structure. The
first strand (the A strand) is irregular, but the other
two strands (B and C) have a beta structure. The loop
located between the B strand and the C strand has

