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Abstract

The concept of anti-angiogenesis therapy was introduced by Judah Folkman in 1972 and since
then, a plethora of pro- and anti-angiogenic factors have been identified. In the recent years it has
become clear that angiogenesis, the formation of new capillaries from a pre-existing capillary
network, is highly regulated by the action of pro- and anti-angiogenic factors. In the healthy adult
organisms the “angiogenic-switch’ is likely turned “Off”, i. e. anti-angiogenic factors are likely
counteracting the pro-angiogenic factors resulting in a non-angiogenic state. Angiogenesis is
encountered during wound healing processes, the female menstrual cycle and endometrial
remodeling, as well as during embryonic development and organ growth. In the pathological
setting, angiogenesis plays an important role in different diseases like rheumatoid arthritis,
psoriasis, macular degeneration, diabetic retinopathy, and tumor growth. In this regard, recent
studies have described several endogenous inhibitors of angiogenesis, with a subset derived from
extra cellular matrix (ECM) proteins. This review will particularly focus on the type IV collagen-
derived angiogenesis inhibitors Arresten, Canstatin and Tumstatin.
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The diffusion capacity for oxygen and nutrients in tissues is limited to about 150-200 pm,
therefore most cells of an organism are located within a radius of 150-200 um around a
capillary (Carmeliet and Jain, 2000). Hence, tumor growth beyond 1 mms3 of volume is not
optimally possible without neo-vascularization (Carmeliet and Jain, 2000; Folkman, 1972;
Folkman, 1995; Folkman and Kalluri, 2003; Hanahan and Folkman, 1996). Moreover

© 2007 Elsevier Inc. All rights reserved.

Address for Correspondence: Dr. Raghu Kalluri Associate Professor of Medicine Harvard Medical School Division of Matrix
Biology, DANA 514 Beth Israel Deaconess Medical Center 330 Brookline Avenue Boston MA 02215 Tel: 617.667.0445 Fax:
617.975.5663 rkalluri@bidmc.harvard.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mundel and Kalluri

Page 2

tumors metastasize into other organs via the newly formed blood vessels (Carmeliet and
Jain, 2000; Sauer and Deissler, 2003). In general, two types of neo-vascularization are
recognized in the body. Blood vessel formation that occurs during embryonic development
via the contribution of blood vessel precursor cells called angioblasts is called
vasculogenesis. Angiogenesis, the formation of new blood vessels from a pre-existing
capillary network, can occur in a sprouting dependent or non-sprouting dependent manner.
During sprouting angiogenesis, endothelial cells degrade the vascular basement membrane
(VBM), invade into the surrounding tissue and proliferate in response to angiogenic factors.
Non-sprouting angiogenesis, also known as intussusception, occurs as a longitudinal
division of an existing vessel. The long-term thinking that vessel formation via
vasculogenesis only occurs during embryogenesis, and that angiogenesis only occurs in the
adult organism has been challenged recently (Asahara and Isner, 2002; Carmeliet, 2003;
Luttun et al., 2002; Rafii et al., 2002). Angiogenesis is generally suppressed in healthy adult
organisms and is turned on temporarily in settings such as the female reproduction cycle or
during tissue repair processes (Folkman and Shing, 1992). The “angiogenic switch”
(Augustin, 2003; Carmeliet, 2003; Carmeliet and Jain, 2000; Folkman and Kalluri, 2003) is
determined by the opposing faces of pro-angiogenic and anti-angiogenic factors (Figure 1).
Depending on the activity on each end of the balance, the “angiogenic switch” is turned
“Off”, “On”, or is in a balance. The “angiogenic switch” is likely turned “On” in several
diseases such as psoriasis, rheumatoid arthritis, diabetic retinopathy, and cancer (Augustin,
2003; Carmeliet, 2003; Carmeliet and Jain, 2000; Folkman and Kalluri, 2003). Switching to
an angiogenic phenotype likely requires both up-regulation of angiogenesis activators and
down-regulation of angiogenesis inhibitors (Folkman, 1995; Folkman and Shing, 1992;
Nyberg et al., 2005). The exact molecular mechanisms controlling the “angiogenic switch”
are not completely understood, and so far, more than 20 stimulators as well as inhibitors of
angiogenesis have been identified (Figure 1). Vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (b0FGF) are the most extensively studied angiogenesis
inducers (Carmeliet, 2003; Carmeliet and Jain, 2000; Mesri et al., 2001). Among the various
endogenous inhibitors of angiogenesis (Nyberg et al., 2005; O'Reilly et al., 1997; O'Reilly et
al., 1994) certain factors like Arresten (Colorado et al., 2000), Canstatin (Kamphaus et al.,
2000) and Tumstatin (Hamano and Kalluri, 2005; Maeshima et al., 2001; Maeshima et al.,
2002) are derived from the extracellular matrix (ECM). The ECM is a complex structure
composed of many different glycoproteins, proteoglycans and hyaluronic acid. All basement
membranes — a specialized form of extracellular matrix - are composed of type IV collagen,
laminins, entactins, elastin, fibrillin, fibrin, and fibronectins (Hudson et al., 2003; Kalluri et
al., 1997; Timpl, 1996). Six different type IV collagen a chains (a.1-6) have been identified
(Hostikka et al., 1990; Hostikka and Tryggvason, 1988; Kalluri, 2003; Leinonen et al., 1994;
Maeshima et al., 2001; Mariyama et al., 1994; Myers et al., 1990; Prockop and Kivirikko,
1995; Soininen et al., 1987; Zhou et al., 1994) which share a basic domain configuration of a
N-terminal 7S domain, a middle triple helical domain with its characteristic Gly-X-Y motif,
and at the C-terminus a globular non-collagenous (NC1) domain, respectively (Kalluri,
2003; Timpl et al., 1981). Via the NC1 domains, the a-chains possess the ability for self-
assembly into triple helices to form a network of three-dimensional type IV collagen
suprastructure (Herbst et al., 1988; Khoshnoodi et al., 2006; Koliakos et al., 1989; Paulsson,
1992; Tsilibary et al., 1988; Tsilibary et al., 1990). This type IV collagen suprastructure
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serves many functions, such as providing structural support and an anchorage for cells, and
also serving as ligands for cell surface receptors (Colorado et al., 2000; Kalluri, 2002;
Kamphaus et al., 2000; Maeshima et al., 2000a; Maeshima et al., 2000b). Moreover, type 1V
collagen has been shown to have a crucial role in endothelial cell proliferation and cell
behavior (Madri, 1997). Inhibition of collagen metabolism has been demonstrated anti-
angiogenic features (Maragoudakis et al., 1993). These experiments further substantiated the
speculation that blood vessel formation and survival are indispensably connected with
proper collagen synthesis and deposition in basement membranes (Maragoudakis et al.,
1993). Furthermore, the NC1 domains of several type IV collagen a chains have been
shown as novel integrin ligands and inhibitors of angiogenesis and tumor growth (Colorado
et al., 2000; Kamphaus et al., 2000; Kawaguchi et al., 2006; Maeshima et al., 2000g;
Maeshima et al., 2000b; Maeshima et al., 2001; Maeshima et al., 2002; Magnon et al., 2005;
Panka and Mier, 2003; Petitclerc et al., 2000; Sudhakar et al., 2005).

Arresten is the 26 kDa C-terminal globular non-collagenous (NC1) domain of the a1 chain
of type 1V collagen (a1[IV]NC1) (Colorado et al., 2000). It was initially isolated from
human placental basement membrane, and human Arresten was recombinantly produced in
E. coli and 293 human embryonic kidney cells (Colorado et al., 2000). Arresten inhibits the
proliferation of basic fibroblast growth factor (bFGF)-stimulated human endothelial cells in
a dose dependent manner and induces apoptosis. Arresten also inhibits endothelial cell
migration and tube formation, yet has no effect on many non-endothelial cells. In Matrigel
plug angiogenesis assays, neo-vascularization is significantly inhibited by Arresten. Arresten
inhibits the growth of human xenograft tumors in nude mice with a marked decrease of
CD31 positive tumor vasculature. Furthermore, Arresten inhibits the development of
metastasis. The anti-angiogenic effect of Arresten most likely is mediated via binding to
alpl integrin and via inhibition of MAPK signaling in endothelial cells (Colorado et al.,
2000; Sudhakar et al., 2005).

Canstatin is the 24 kDa NC1 domain of the a2 chain of type IV collagen (a2[IV]NC1), and
human Canstatin was recombinantly produced in E. coli and 293 human embryonic kidney
cells (Kamphaus et al., 2000). Canstatin inhibits the proliferation of fetal calf serum (FCS)-
stimulated human endothelial cells in a dose dependent manner and induces apoptosis, and it
has no effect on non-endothelial cells. Canstatin also inhibits endothelial cell migration and
tube formation (He et al., 2004; He et al., 2003; Hou et al., 2004; Kamphaus et al., 2000). It
has been shown with human umbilical vein endothelial cells (HUVEC), that Canstatin
inhibits the phosphorylation of Akt, focal adhesion kinase (FAK), mammalian target of
rapamycin (MTOR), eukaryotic initiation factor 4E-binding protein-1 (4E-BP1), and
ribosomal S6 kinase. Canstatin induces Fas ligand (FasL) expression and Fas dependent
apoptosis (Panka and Mier, 2003), and it activates procaspase-8 and -9 cleavage (Panka and
Mier, 2003). Recently the functional receptor for canstatin was proposed as the a-v3 and
avp5 integrins (Magnon et al., 2005).
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Among the endogenous angiogenesis inhibitors derived from type IV collagen, Tumstatin
has been studied most extensively. Tumstatin was identified as the 28 kDa NC1 domain of
the a3 chain of type IV collagen (a3[IV]NC1) (Maeshima et al., 2000a; Maeshima et al.,
2000b). Tumstatin was purified from MMP degraded basement membrane preparations from
the kidney, placenta and testis. Tumstatin inhibits neo-vascularization in Matrigel plug
assays and suppresses tumor growth in many different mouse cancer models (Maeshima et
al., 2000a; Maeshima et al., 2000b; Maeshima et al., 2001; Maeshima et al., 2002).
Furthermore, Tumstatin inhibits bFGF stimulated HUVEC proliferation and induces
apoptosis in a dose dependent manner (Maeshima et al., 2000a; Maeshima et al., 2000b). In
type 1V collagen a3 chain knockout (COL4A3™/~) mice which are also deficient in
Tumstatin, an increased pathological angiogenesis and accelerated tumor growth is
observed. This effect can be reversed if exogenous Tumstatin is administered to the mice at
physiologic circulating concentration (Hamano et al., 2003). Tumstatin also binds and
inhibits the proliferation of melanoma cells (Han et al., 1997). The specific amino acid
sequence SNS (189-191) is required for adhesion and inhibition of proliferation of
melanoma cells (Han et al., 1997), but this region is not responsible for the anti-angiogenic
activity of Tumstatin (Maeshima et al., 2000b). Tumstatin binds to endothelial cells via
avp3 integrin (Maeshima et al., 2000a; Maeshima et al., 2000b; Maeshima et al., 2001;
Maeshima et al., 2002; Petitclerc et al., 2000), and the a-vp3 integrin binding is facilitated
by an RGD-independent mechanism (Maeshima et al., 2000a). Deletion mutagenesis reveals
that avB3 integrin binding is necessary for the anti-angiogenic activity of Tumstatin, and
this activity is restricted to amino-acids 54-132 (Tum-5) within the 244 amino acids of full-
length recombinant Tumstatin (Maeshima et al., 2001). The anti-angiogenic site of
Tumstatin was further localized to a peptide of 25 amino-acids (T7-peptide) consisting of
the residues 74-98 (Maeshima et al., 2001). The binding of Tumstatin to avp3 integrin
inhibits CAP-depending protein translation via downregulation of mTOR in the proliferating
endothelial cells (Maeshima et al., 2000a; Maeshima et al., 2000b; Maeshima et al., 2001,
Maeshima et al., 2002). Binding of Tumstatin to avp3 integrin furthermore directly inhibits
tumor growth and is dependent on an intact PTEN/Akt pathway (Kawaguchi et al., 2006).
Most recently, the activity of Tumstatin has been shown to be mediated by a p53-mediated
up-regulation of a2(11) collagen prolyl-4-hydroxylase (Folkman, 2006; Teodoro et al.,
2006).

In the last three decades it has become clear that angiogenesis is a complex and highly
regulated process. Many pro- and anti-angiogenic factors have been identified during this
time period, which are referred to as the “angiogenic cocktail” (Augustin, 2003). Among
these angiogenic molecules several endogenous angiogenesis inhibitors have been
discovered. Some of them are novel degradation protein fragments of type IV collagen in the
basement membrane, namely Arresten (a1[IV]JNC1) (Colorado et al., 2000), Canstatin
(a2[IVINC1) (Kamphaus et al., 2000), and Tumstatin (a3[IV]NC1) (Maeshima et al.,
2000a; Maeshima et al., 2000b). In angiogenic diseases like diabetic retinopathy or cancer,
the “angiogenic switch” is turned “ON” due to up-regulation of pro-angiogenic factors in
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comparison with angiogenesis inhibitors. But what causes such an angiogenic switch still
remains unclear. Nevertheless, anti-angiogenesis research offers a clinical application in
cancer and other diseases (Brooks et al., 1994; Carmeliet and Jain, 2000; Folkman, 1995;
Jain and Carmeliet, 2001; Jimenez et al., 2000; Maione et al., 1990). To restore the balance
between pro- and anti-angiogenic factors or to inhibit pro-angiogenic action, (i)
angiogenesis inhibitors can be administered (Folkman, 2007), or (ii) endogenous
angiogenesis inhibitors can be induced to accumulate from their storage pools in the
extracellular matrix. Future research will shed further light on the precise function of these
inhibitors in regulating angiogenesis in health and disease.
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Activators Inhibitors
VEGF-A,-B,-C,-D VEGFR-1
PLGF Ang2
Ang1, Tie2 PAl-1,-2
PDGF-BB TIMP-1,-2,-3,-4
TGF-p1 Angiostatin
TGF-f receptors Endostatin
FGF, HGF, MCP-1 Vasostatin
Integrin ooy, avfs, osfy Tumstatin
VE-Cadherin Arresten, Canstatin
PECAM (CD31) Thrombospondin-1,-2
Ephrins MMP Inhibitors
Plasminogen Activator PF-4
MMPs Prolactin
NOS, COX-2 IFN-c,-B,=y; IP-10
G-CSF, GM-CSF IL-4, IL-12, IL-18
Figure 1.

Activators and inhibitors of angiogenesis. More than 20 angiogenesis stimulators and inhibitors are known now. Among the
large number of angiogenesis inhibitors, there is a subset of endogenous matrix-derived angiogenesis inhibitors, e.g. Arresten,
Canstatin, Endostatin, and Tumstatin.
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