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ABSTRACT

Clinical as well as pre-clinical data show that tumor growth can be restrained by inhibiting
angiogenesis. We have been investigating the mechanism of action of angiostatin, an
inhibitor of angiogenesis, in order to design novel therapies against cancer. In line with this
we have previously identified angiomotin as an angiostatin-binding protein that controls
endothelial migration and tube formation. Angiomotin mediates the effect of angiostatin 7
vitro.

In this study, we first show that angiomotin belongs to a novel protein family with
two additional members in human; angiomotin like 1 and angiomotin like 2. The protein
family is characterized by a highly conserved coiled-coil motif, a C-terminal putative PDZ
binding motif and an N-terminal glutamine rich domain. Database searches show that
family members are present in the genomes of metazoa such as mouse and zebra fish.

Previous data show that angiomotin expression promotes cell motility. Here we
report that angiomotin promotes endothelial cell invasion of matrigel and collagen 2 vitro,
and hemangioendothelioma growth and invasion in a mouse model. Cells expressing
angiomotin with a truncation of the PDZ binding motif, however, invaded less than
control cells, and tumors formed by these cells remained dormant and were non-invasive.
Cell migration, but not cell proliferation or protease activity, accounted for the invasive
property of angiomotin-expressing cells. We also present data that suggest that the effects
of angiomotin and angiostatin in mouse aortic endothelial cells are mediated by the Rho
effector Rho kinase (ROCK).

We show that angiostatin binds angiomotin on the cell surface which provides the
rationale for future attempts to design antibodies that are targeted against angiomotin.
Furthermore, p80 and p130 isoforms of angiomotin localize to cell-cell junctions 7 vivo
and 7 vitro. p130, but not p80 angiomotin, interacts with the tight junction protein MAGI-
1. Both angiomotin isoforms reduced paracellular permeability when stably expressed in
Chinese hamster ovary cells. Angiostatin reduced angiomotin-mediated migration but not
angiomotin-mediated control of permeability. This suggests dual roles for angiomotin in
angiogenesis and suggests a therapeutic window for interfering with angiomotin.

In conclusion, this work provides insight into the molecular and cellular biology of
angiomotin, which may be important for designing new compounds that interfere with
angiogenesis.
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1 INTRODUCTION

1.1 THE MOLECULAR BASIS OF CANCER

In their article in Cell in 2000, Douglas Hanahan and Robert Weinberg reviewed twenty-
five years of cancer research (Hanahan and Weinberg, 2000). The message, which is now
dogma in the cancer research world, was that cancer is not so much a riddle anymore, but
can be understood as the selection of cells with certain traits that cause the malignant
disease. The traits are the following: 1. self sufficiency in growth signals, 2. insensitivity to
anti-growth signals, 3. evasion of apoptosis, 4. limitless replication potential, 5. ability to
metastasize, and, 6. sustained angiogenesis.

Each of the six traits are putative targets for therapies against cancer because each is
necessary for the progression of the disease into malignancy. This thesis is concerned with
one of these properties, angiogenesis, and a certain protein, angiomotin, which is involved
in the control of angiogenesis. The overall aim of this work is to investigate angiomotin as
a drug target for anti-angiogenic therapy of cancer.

1.2 ANGIOGENESIS

Several investigators since the 19" century have suggested that tumors are dependant on
the formation of new blood vessels but it was Judah Folkman who, in 1971, proposed that
cancer may be treated by interfering with this process (Folkman, 1971; Kerbel, 2000;
Ribatti et al., 1999). A search for “angiogenesis” in PubMed limited to that year yields three
(3) hits (including the aforementioned paper, and another paper of which Dr. Folkman is
first author). For the year 2004 the search yields 3557 hits. This reflects the enormous
increase in interest for the field of angiogenesis.

What is the evidence that tumor growth is angiogenesis dependent? It was observed
eatly (the first report is from 1865) that tumors contained large numbers of vessels that
seemed to be growing and budding, and during the 20" century experiments in animal
models suggested that tumor implants could induce novel vessel formation.

In 1971 it was first reported that a factor that could induce angiogenesis was isolated
from a tumor (Folkman et al., 1971) and basic fibroblast growth factor was identified as a
growth factor for endothelial cells in 1984 (Shing et al., 1984). In 1989 the first growth
factor specific for endothelial cells (ECs) was identified, namely vascular endothelial
growth factor (VEGF). Since then it has been shown that tumors express VEGF, often at
high levels, and that expression levels correlates with clinical outcome (the higher the
expression, the worse the prognosis). The development of methods to quantify vessel
density in histological preparations made it possible to show that high vessel density
correlates with poor prognosis (Kerbel, 2000). In addition, a wealth of experimental
evidence shows that tumor growth can be modulated by inhibiting angiogenesis in animal
models. Finally, in 2004, came the clinical proof-of-concept: it was reported that the use of
an antibody against VEGF prolonged survival of cancer patients (Hurwitz et al., 2004).



1.2.1 Vasculogenesis, intusussception and sprouting angiogenesis

The vasculature is crucial for tissue function and cell survival as it carries out transport of
nutrients and oxygen to, and catabolites away from, the cells. This makes it necessary for
all living tissue to reside within 100 pm - which is the diffusion limit of oxygen - of a
capillary blood vessel (Carmeliet and Jain, 2000).

In the adult, neovascularization occurs by two general mechanisms: sprouting
angiogenesis and intussusception, which is the splitting of one vessel into two.
Intussusception has been observed during development as well as in tumors (Burri et al,,
2004; Patan et al, 1996). This thesis is concerned primarily with the more well-
characterized sprouting angiogenesis which will usually be referred to simply as
“angiogenesis”.

During development, blood vessels can be formed by the in situ differentiation of
progenitor cells to primitive blood vessels (vasculogenesis). Vasculogenesis is similar to
angiogenesis in many ways and conclusions about angiogenesis are sometimes drawn from
model systems where vasculogenesis is studied, such as gene ablation in mice and i vitro
embryonic stem cell assays. In this thesis, vasculogenesis will mostly be discussed in that
context.

1.2.2 Pathological angiogenesis

Formation of new blood vessels is a tightly regulated process which, in the adult, normally
takes place in a limited number of settings such as wound healing and in the female corpus
luteum. Tumor cells are, like all cells, dependent on the circulation for supply of oxygen
and nutrients. Therefore, for solid tumors to grow beyond a few millimeters in size, they
must be able to induce angiogenesis (Figure 1) (Folkman, 1995; Hanahan and Weinberg,
2000). In the absence of angiogenesis, solid tumors remain confined in a state where cell
proliferation is balanced by cell death (Holmgren et al, 1995). Such tumors may be
dormant for long periods of time until they gain the capability to switch on
neovascularization. This event - the angiogenic switch - leads to the rapid growth of the
tumor (Hanahan and Folkman, 1996). In addition, vascularization of primary tumors
contributes to the ability of tumor cells to enter the circulatory system and establish distant
metastases.

Tumor blood vessels are often leaky, tortuous, abnormal and have sluggish blood
flow. This may be caused by aberrant levels and ratios of morphogenic angiogenic factors
in the tumor such as VEGF and angiopoietins (see below).

In the absence of formation of novel blood vessels tumors may grow by residing in
close proximity to pre-existing vessels. This process, co-gption, leads to the breakdown of
the vessels and, thus, the need for the tumor to induce angiogenesis (Yancopoulos et al.,
2000). Also, it has been reported that vascular progenitor cells may be recruited to sites
where neovascularization is needed where they can participate in formation of novel blood
vessels (Asahara et al., 1997). This will not be discussed further as this thesis is primarily
concerned with sprouting angiogenesis.
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Figure 1. Establishment of blood supply to tumors. 1. Sprouting angiogenesis. 2. Co-option of a blood vessel
leads to breakdown of the vessel and the need for angiogenesis. 3. 1 asculogenesis by recruitment of endothelial
stem cells from the bone marrow. 4. Intussusception - the splitting of a vessel into two vessels - has also been
reported to play a role in the formation of tumor circulation. Illustration kindly provided by Niina 1/ eitonnmiiki.

Several diseases besides cancer are associated with excessive angiogenesis. For example,
age-related macular degeneration is a major cause of blindness, for which there has been
no therapy. Recently, however, an anti-angiogenic RNA molecule, Macugen (Pegaptanib),
that binds directly to the VEGF peptide, was approved for the treatment of this disease
(van Wijngaarden et al, 2005). Other diseases that are associated with excessive
angiogenesis are arthritis and psoriasis (Folkman, 1995). An understanding of angiogenesis
may also lead to better therapies for diseases associated with a /ack of angiogenesis, such as

coronary artery disease.



1.2.3 The current model of sprouting angiogenesis

Angiogenesis is controlled by factors that may promote (i.e. angiogenic factors) or inhibit
(i.e. angiogenesis inhibitors) angiogenesis. A shift in the balance towards more pro-
angiogenic factors induces blood vessel formation (Hanahan and Folkman, 1996).

During sprouting angiogenesis endothelial cells (ECs), which are usually quiescent and do
not divide, begin to proliferate. VEGF is a mitogen for ECs but also increases the
permeability of the vessels. This allows the leakage of plasma which lays down a scaffold
of fibrin for migrating endothelial cells. For the ECs to be able to colonize the
surroundings they also have to break down or remodel the basement membrane, which
largely is composed of collagen, laminin and proteoglycans. For this purpose, they secrete
various proteases, of which matrix metalloproteinases (MMPs) and urokinase plasminogen
activator (uPA) play important roles (Carmeliet, 2000; Stupack and Cheresh, 2004) (Figure
2).

The ECs form a sprout of migrating cells led by a specialized cell, the so called tip
cell. VEGF isoforms bound to the matrix guides the tip cell (Ruhrberg et al., 2002) which
extends filipodia that appear to help the cell to feel its way forward. The tip cell does not
divide; proliferation takes place mainly in the stalk of the sprout (Gerhardt et al., 2003).
Proliferating ECs specifically express the ovP3 integrin which is important for EC
migration and survival (see section 1.4.3, below).

Often, ECs first assemble into a cord that only subsequently forms a lumen
(Carmeliet, 2000). This can take place by the coalescence of vesicles within one cell and
then between cells (Lubarsky and Krasnow, 2003).

Cell-cell contacts play an important role during angiogenesis. First, cell-cell contacts
need to be loosened in order for cells to migrate and participate in angiogenesis (Carmeliet,
2000). But on the other hand, cell-cell contacts are needed to achieve a functional vessel
(see section 1.5, below). During maturation of the vessel pericytes are recruited that
stabilize the vessel and new basement membrane is synthesized. Finally, the vessels are
pruned, i.e superfluous vessels that are not needed regress.



Figure 2. Sprouting angiogenesis. 1. Binding of angiogenic factors to receptors on endothelial
cells. 2. Proteases remodel and break down the basement membrane 3. Cells migrate in response
to angiogenic factors. 4. Endothelial cell proliferation. 5. Tube morphogenesis. 6. Recruitment of
pericytes. 7. Construction of a new basement membrane. lllustration kindly provided by Niina
Veitonmidiki.

1.2.4 Angiogenic factors

1.2.4.1  Vascular endothelial growth factor

The prototypic angiogenic factor is vascular endothelial growth factor A (VEGF), a
peptide that plays crucial roles in vasculogenesis and angiogenesis. VEGF was initially
discovered by Dvorak and coworkers as a factor that could increase vascular permeability
(Senger et al, 1983). By binding to specific receptors, VEGF controls EC survival,
proliferation, and migration. VEGF gene ablation in the mouse leads to an embryonic
lethal phenotype with impaired vessel formation. In fact, already the heterozygote knock-
out is lethal (Carmeliet et al., 1996; Ferrara et al., 1996). VEGF receptors are receptor
tyrosine kinases that activate several signaling pathways among which are ones important
for proliferation and migration, such as PI3 kinase, PLC gamma and focal adhesion kinase
FAK) (Matsumoto and Claesson-Welsh, 2001). Mice that lack the primary VEGF
receptor, VEGF receptor 2, fail to produce ECs and die at embryonic day 8.5 (Shalaby et
al., 1995).

VEGTF is frequently expressed by tumors and VEGF-dependant angiogenesis is an
important tumor driving factor. For that reason, great efforts have been directed at
interfering with VEGF signaling. The most successful concept so far has been the VEGF



antibody bevacizumab which has shown efficacy against tumors in animal models and,
most importantly, promising results in cancer patients. Among colon cancer patients with
metastatic disease, the addition of bevacizumab to a chemotherapy regiment improved
median survival from 15 to 20 months (Hurwitz et al., 2004). As a single agent
bevacizumab improved time to progression in metastatic renal cancer patients (Yang et al.,
2003), with limited side effects. Also, at the 2005 ASCO meeting efficacy against breast
and lung cancer was reported. This confirms one of the anticipated and hoped-for effects
of anti-angiogenic therapy: that it should not be cancer-type specific but block the growth
of all kinds of solid tumors.

The VEGF receptors have been considered to be exclusively expressed by ECs.
However, recently, VEGF receptor expression was detected in neurons (Storkebaum et al.,
2004), which raises questions regarding the long-term safety of anti-VEGF therapy.

1.24.2  The angiopoietins and platelet derived growth factor

The role of angiopoietins in controlling angiogenesis is somewhat complex. Angiopoietin-
1 (Angl) and angiopoietin-2 (Ang2) both binds to the receptor tyrosine kinase Tie-2,
which is exclusively expressed by ECs.

First of all, Angl is an angiogenic factor; mice deficient in Angl are unable to form a
complex vascular network and die early during embryogenesis (Suri et al., 1996). Angl
stimulates EC survival and migration, induces EC maturation, and causes the recruitment
of pericytes (Metheny-Barlow and Li, 2003). Furthermore, Angl reduces vessel
permeability by controlling the formation of tight junctions (TJs) in the blood-brain barrier
(BBB) (Gamble et al., 2000; Lee et al., 2003).

Ang2 is an antagonist of Angl as determined by iz wvitro assays. Also, mice
overexpressing Ang2 have a phenotype similar to that of Angl knock-out mice
(Maisonpierre et al., 1997; Metheny-Barlow and Li, 2003). This suggests that Ang2 is an
inhibitor of angiogenesis. However, that is not the case. On the contrary, Ang2 is
necessary for the early stages of angiogenesis where it works in concert with VEGF to
loosen cell-cell contacts and increase permeability. In addition, Ang2 is more frequently
overexpressed in human tumors than Angl, whereas expression of Angl may actually be
downregulated in malignancies. The fact that tumor vessels are often leaky, and sometimes
lack pericyte coverage and are constantly renewed could be explained by overexpression of
Ang2. Knock-out experiments show that Ang2 is dispensable for embryonic vascular
development, but necessary for certain post-embryonic angiogenesis, which indicates that
Ang2 is necessary in order to permit VEGF-induced angiogenesis from pre-existing
vessels (Metheny-Barlow and Li, 2003).

Platelet derived growth factor B (PDGF B) plays an important role for the
recruitment of pericytes to newly formed blood vessels. PDGF B is secreted by ECs,
which attracts pericytes. In PDGF B knock-out mice, vessels dilate and form aneurysms
because the lack of pericytes makes the vessels unstable. A model has been proposed
where Angl binding to ECs induces expression of PDGF B, which leads to the
recruitment of pericytes (Lindahl et al, 1998). It has been confirmed that PDGF B
secreted by ECs promotes tumor angiogenesis and tumor growth (Abramsson et al., 2003;
Furuhashi et al., 2004). Pharmacological inhibition of PDGF receptor signaling inhibits
tumor growth in the RipTag mouse model of cancer (Bergers et al., 2003).



1.2.5 Inhibitors of angiogenesis

Angiogenesis is controlled by a balance between the aforementioned growth factors and
endogenous inhibitors of angiogenesis (Hanahan and Folkman, 1996). In general,
discovery of endogenous inhibitors of angiogenesis began later than pro-angiogenic factors
and they are still less understood at the molecular level. A number of angiogenesis
inhibitors have been identified (Folkman, 2004).

1.2.5.1  Angiostatin

Occasionally, the removal of a primary tumor may cause rapid growth of metastases. In an
effort to understand the mechanism behind this OReilly et al. purified an anti-angiogenic
factor that was produced by a primary tumor, the Lewis lung carcinoma. The factor, which
was named angiostatin, was found to be a 38 kDa internal cleavage fragment of
plasminogen (from residue 98 to residue 465) (Figure 3). Plasminogen is the precursor of
plasmin which normally is involved in controlling blood clotting. When angiostatin
produced by degradation of plasminogen was administered to mice it could inhibit
angiogenesis and inhibit growth of metastases (O'Reilly et al, 1994). Systemic
administration of angiostatin could inhibit the growth of several types of experimental
tumors by sustaining dormancy (Holmgren et al., 1995; O'Reilly et al., 1990), a state where,
in the lack of a functional vasculature, tumor cell proliferation is balanced by tumor cell
apoptosis (Holmgren et al, 1995). Angiostatin could also prevent bFGF-induced
neovasculatization in the mouse cornea assay when administered systemically (O'Reilly et
al., 1996). It is not known if the dormancy of micometastases in patients is caused by
angiostatin.

Intense effort has been guided towards understanding the mechanism of action of
angiostatin. It was initially discovered as being able to inhibit cell number increase of
bovine capillary endothelial cells (O'Reilly et al., 1994). This suggested that angiostatin
could inhibit cell division or induce apoptosis. Further analysis indicated that angiostatin
could, indeed, induce apoptosis in ECs, and signaling trough FAK has been implicated
(Claesson-Welsh et al., 1998; Lucas et al., 1998). However, other studies indicate that
angiostatin inhibits EC motility, a crucial step of angiogenesis (Ji et al., 1998; Levchenko et
al., 2003; Troyanovsky et al., 2001). A study has shown no effect on proliferation but only
on migration, although without seeing any change in activation of the motility proteins Rac
or Pak (Eriksson et al.,, 2003). However, Gupta et al. has showed that angiostatin can
mediate activation of Rho as measured by membrane-association of this GTPase (Gupta et
al., 2001).

How is angiostatin produced? Angiostatin can be generated by proteolytic cleavage of
plasmin or plasminogen by different enzymes, but is not completely clear how the primary
tumor causes its production. It has been suggested that tumor cells do not produce
angiostatin themselves but instead create a microenvironment that increases proteolysis of
plasminogen to angiostatin, maybe by secreting a protease. Tumors may secrete urokinase-
type plasminogen activator (uPA), which cleaves plasminogen to plasmin which may then
be further processed to angiostatin. MMPs may generate angiostatin (Dong et al., 1997;



Lijnen et al,, 1998; O'Reilly et al., 1999; Patterson and Sang, 1997) and angiostatin in the
original Lewis Lung Carcinoma model was generated by MMP-2 (O'Reilly et al., 1999).
Also, plasmin, which is a serine protease itself, may undergo self-cleavage to angiostatin if
the disulfide bonds in the kringle domains are reduced. The reducing enzyme may be
phosphoglycerate kinase which can be secreted by tumor cells (Lay et al., 2000).

There are a number of different forms of angiostatin. Initially kringle domains 1-4 of
plasminogen was named angiostatin but some groups have reported activity of kringle 1-
4.5 (Wang et al., 2004), kringle 1-5 (Cao et al., 1999) or kringle 5 alone (Cao et al., 1997).
The various activities of angiostatin seem to be harbored in different kringle domains
(which are not identical). Kringle 4, for example, efficiently blocks EC migration but not
proliferation, whereas the opposite is true of kringle 1-3 (Ji et al., 1998).

Clinical studies suggest that angiostatin is often present in the plasma or urine of
patients with different types of cancer (Sten-Linder et al, 1999; Volm et al., 2000;
Yabushita et al, 2002) and that the presence of angiostatin is associated with longer
survival (Volm et al., 2000).

Angiostatin is one of a number of endogenous angiogenesis inhibitors that are
cleavage fragments of larger proteins. Other examples are endostatin (O'Reilly et al., 1997)
and tumstatin which are fragments of collagens XVIII and IV, respectively. Both these
fragments seem to exert their anti-angiogenic properties by binding to integrins (Bix and
lozzo, 2005). It has been shown that tumstatin induces apoptosis in ECs by inhibiting cap-
dependant protein synthesis after binding to the avB3 integrin (Maeshima et al., 2002).
This probably makes tumstatin the most well-understood endogenous angiogenesis
inhibitor.

Angiostatin
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Figure 3. Primary structure of angiostatin. Angiostatin consists of the first four kringle domains
(K) 14 of plasminogen. In addition plasminogen consists of a plasmin protease domain, a PAN

domain and kringle 5. Approximate cleavage sites for the formation of angiostatin are indicted by
arrows. Disulfide bonds are indicated by lines between circles.



1.3 ANGIOMOTIN - AN ANGIOSTATIN BINDING PROTEIN

Since angiostatin was identified in 1994 intense efforts have been guided towards
understanding the mechanisms of its anti-angiogenic properties. Specifically, the
identification of a receptor that is exclusively expressed on ECs would be an important
step.

The yeast two-hybrid screen can be used not only for finding intracellular interactions
but also receptor-ligand interactions (Ma et al., 2001; Nguyen et al, 2004). In 2001,
Troyanovsky et al. carried out a yeast two-hybrid screen to identify a putative receptor for
angiostatin. Three positive clones were identified and they all contained the same insert, a
cDNA sequence that coded for a 134 amino acid sequence that bound to angiostatin 7
vitro. 'The entire gene, initially referred to as angjostatin binding protein 1 (ABP-1), was
cloned and named angiomotin, for its ability to induce motility when transfected into ECs
(Troyanovsky et al., 2001). This protein is now referred to as p80 angiomotin to distinguish
it from the longer isoform p130 angiomotin that was recently discovered.

Hela cells expressing p80 angiomotin bound and internalized FITC-labeled
angiostatin whereas control cells did not. RT-PCR analysis and immunostaining show
expression of angiomotin in blood vessels of the human placenta and in Kaposis sarcoma,
which is a tumor of endothelial origin. In addition, angiomotin was expressed in human
dermal microvascular endothelial cells (HMVEC) and human umbilical vein endothelial
cells (HUVEC) but not in cells lines of non-endothelial origin. In addition,
immunostaining showed expression in cytotrophoblasts. These cells, which invade the
uterine interstitum during the formation of the human placenta, express endothelial
markers such as VE-cadherin, PECAM and the avP3 integrin (Bazzoni and Dejana, 2004).
Immunofluorescence studies show that angiomotin localizes to the lamellipodia of
migrating cells (Troyanovsky et al., 2001). Together, these data indicated that angiomotin
was an endothelial-specific receptor for angiostatin. Interestingly, expression in angiostatin-
sensitive neutrophils has also been detected (Benelli et al., 2002).

Mouse aortic endothelial (MAE) cells are ECs that do not express endogenous
angiomotin. MAE cells retrovirally transfected with p80 angiomotin become more motile
in the Boyden chamber assay for cell migration. However, this effect can be blocked by
angiostatin (Ernkvist et al, 2005; Levchenko et al, 2003; Levchenko et al, 2004
Troyanovsky et al., 2001). Thus, angiostatin inhibits migration of angiomotin-transfected
cells in the Boyden chamber assay and blocks tube formation of angiomotin-transfected
cells in the matrigel tube formation assay.

The mechanism by which angiomotin promotes cell motility has not been defined but
in vivo and 7n vitro evidence shows that the C-terminal domain, which is predicted to bind to
a protein with a PDZ domain, plays an important role. Cells that express angiomotin with
a three amino acid truncation of the PDZ-binding motif (A4 angiomotin) are defective in
migration and tube formation. Transgenic mice that express this mutant form of
angiomotin under the endothelial-specific TIE-promoter die at embryonic day 9.5. The
embryos displayed impaired blood vessel formation in the brain and in the intersomatic
blood vessels, leading to bleedings and aneurysms. Histological analysis suggested that the
phenotype was caused by impaired migration of endothelial cells (Levchenko et al., 2003).
These data indicate that angiomotin may act as a promoter of angiogenesis by enhancing
cell motility and migration and that angiostatin is an antagonist of angiomotin.



Recently, a splice form named p130 angiomotin was identified. p130 angiomotin
contains identical domains as p80 angiomotin, and in addition an N-terminal extension of
409 amino acid residues that mediates the localization of angiomotin to actin stress fibers.
Expression of p130 angiomotin in MAE cells leads to increased stress fiber formation and
changes in cell morphology (Ernkvist et al., 2005).

Mice deficient for both p80 and p130 angiomotin isoforms have been generated.
These were born at a lower than expected ratio as approximately 70% of angiomotin-
deficient embryos died, suggesting an incomplete penetrance of the phenotype. At day 5 in
embryogenesis, cells of the anterior visceral endoderm (AVE) migrate from a position on
the distal tip of the embryo to a more proximal position where they subsequently
participate in gastrulation and give rise to the internal organs. Migration of the AVE takes
place in the form of active cell migration across the surface of the epiblast with formation
of filipodia in the direction of migration (Srinivas et al., 2004). Angiomotin knock-out
embryos displayed defective migration of these cells, which led to morphological
abnormalities and early embryonic death (Shimono and Behringer, 2003). The endothelial
phenotype of surviving animals is yet to be reported.

1.3.1 Other angiostatin binding proteins

Besides angiomotin, other receptors for angiostatin have been identified. ATP synthase,
which is usually thought of as exclusively located in the membrane of mitochondria where
it catalyzes the formation of ATP, was identified as an angiostatin binding protein by
Moser et al. It was suggested that ATP synthase in the outer cell membrane produced
extracellular ATP that could later diffuse back into the ECs and provide energy. This was
blocked by angiostatin (Moser et al., 1999). Later it was proposed that angiostatin blocked
formation of extracellular ATP that hypothetically serves as a pro-angiogenic factor (Moser
et al., 2001). Binding of angiostatin to ATP synthase on the cell surface induces apoptosis
in a caspase dependent manner (Veitonmaki et al., 2004).

The a3 integrin is important for angiogenesis (see section 1.4.3, below) and it has
been shown that angiostatin can bind to this integrin in a manner similar to tumstatin. It
was suggested that this interferes with cell-matrix interactions and blocks integrin survival
signalling (Tarui et al., 2001). Other angiostatin binding proteins include the hepatocyte
growth factor receptor c-met (Wajih and Sane, 2003) and annexin II (Tuszynski et al.,
2002).

How, and if, the different proposed mechanisms interplay is not known.

1.4 CELL MOTILITY

Cell motility plays an important role during development, for the immune system and in
pathological settings. During angiogenesis, cell motility is important as cells migrate when
forming new vessels. In the field of cancer, cell motility is also crucial for understanding
tumor invasion and metastasis.

It can be useful to think of cell migration as divided into different subprocesses:
protrusion, polarization, attachment, contractility and deattachment (Lauffenburger and
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Horwitz, 1996; Ridley et al., 2003). Cell migration involves the coordinated action of these
processes (Figure 4).

Protrusion: The cell extends protrusions in the form of lamellipodia (i.e. sheet-like structures
observed 7n vitro that are parallel to the surface to which the cell is attached) and filipodia (i.
e. thin finger-like extensions that the cell probably uses to probe its surroundings with).
Polymerization of actin drives these processes.

Polarization: For cells to migrate in a particular direction they need to have a front and a
back. Cells extend lamellipodia and filipodia in the direction of movement with the Golgi
apparatus usually positioned in front of the nucleus. Proteins that are important for
motility can be shuttled towards the front of the cell.

Attachments: Integrins are the major class of proteins that mediate attachments of the cell to
the matrix (see section 1.4.3, below). These are often clustered into focal adhesions where
their cytoplasmic tails are attached to stress fibers and signaling proteins such as FAK and
paxillin. Newly formed protrusions form smaller attachment sites, i. e. focal complexes,
that can mature into focal adhesions as the cell moves forward.

Contractility: When the cell has extended protrusions and formed attachments it can pull
itself forward by applying tension trough contraction of actin-myosin stress fibers.

De-attachment: The rear part of the cell must release its attachments from the substratum as
the cell pulls itself forward.

Cell rear Cell front

De-attachment Contraction

of fOCE.l[ of stress fibers

adhesions Focal adhesions and

focal complexes
provide attachment

/ / Direction of migration

Extension of lamellipodia and filipodia

Figure 4. Cell motility. Adopted from (Ballestrem et al., 2001).
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1.4.1 The Rho GTPases control cell motility

Several, if not all, of the above-mentioned processes, are controlled by the Rho family of
GTPases, a family of proteins that are similar to oncogenic Ras and can, just like Ras, cycle
between an active GTP-bound state and an inactive GDP-bound state. The importance of
Rho GTPases was revealed in the beginning of the 1990s by Alan Hall and coworkers. At
the time it was already known which amino acids that were crucial for the activity of
onogenic Ras. By mutating the same residues in expression plasmids with Rho GTPase
family members Rho, Rac and Cdc 42 and microinjecting the DNA into fibroblasts, the
investigators found that active Rho resulted in the formation of stress fibers and focal
adhesions (Ridley and Hall, 1992), active Rac resulted in lamellipodia (Ridley et al., 1992),
whereas active Cdc42 caused extensive formation of filipodia (Nobes and Hall, 1995). The
Rho family of GTPases has since then been found to control every aspect of cell
morphology and motility. Examples include phagocytosis, establishment of polarity of
epithelial cells, axon and dendrite growth in neurons and migration of leukocytes (Etienne-
Manneville and Hall, 2002). In the case of ECs the Rho family of GTPases controls
endothelial cell permeability (Etienne-Manneville and Hall, 2002; Wojciak-Stothard et al.,
2001), EC migration 7z vitro (Aepfelbacher et al., 1997; Hoang et al., 2004; Soga et al., 2001)
and angiogenesis 7z vzvo (Hoang et al., 2004).

1.4.2 Upstream and downstream of the Rho GTPases

The activation of Rho, Rac and Cdc42 must be closely controlled in space and time and
the understanding of how this occurs has increased enormously during the last ten years.
The activation state is controlled by GEFs (guanine nucleotide exchange factors), which
activate the GTPase and GAPs (GTPase activating proteins) that induce GTP hydrolysis
and deactivation of the GTPase. By way of example, stimulation of cells with chemotactic
agents or by growth factors that bind to cell surface receptors leads to activation of PI3
kinase, which enhances localized phosphorylation of the lipid PIP, to PIP;. PIP; in turn
may activate GEFs for Rac, which can induce lamellipodia (Ridley et al., 2003). Recently a
novel mechanism for controlling Rho activity has been identified: localized degradation of
Rho by targeting this protein for proteolysis, which causes membrane protrusion (Wang et
al., 2003).

When Rho GTPases are bound to GTP they are active and interact with downstream
effectors, which may be kinases or lipid-modifying enzymes that relay the signals to the
cytoskeleton. For example, downstream of Rac, WAVE proteins are stimulated to activate
the Arp2-3 complex, which leads to branched actin polymerization and formation of
lamellipodia (Ridley et al., 2003).

p160 ROCK or Rho kinase (ROCK) is a kinase that is activated by Rho. It is believed
that binding of Rho to ROCK liberates the kinase domain of ROCK from a state where it
is bound to the C-terminal inhibitory domain of ROCK itself (Riento and Ridley, 2003).
ROCK is thought to control the cytoskeleton mainly by two different pathways (Figure 5).
Firstly, ROCK can directly phosphorylate myosin light chain (MLLC) (Amano et al., 1996).
ROCK also achieves increased phosphorylation of MLC by inhibiting ML.C phosphatase.
The phosphorylation of MLC, in turn, leads to the activation of myosin and increased
contractility of actin-myosin fibres (Kimura et al., 1996). Contraction of stress fibers
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creates tension in the cell and enables the cell to move forward, but also correlates
negatively with membrane protrusion (Worthylake and Burridge, 2003). Secondly, active
ROCK can phosphorylate LIM kinase which in turn can activate cofilin by
phosphorylation. Cofilin can directly influence actin polymerization by severing actin
filaments (Mackawa et al., 1999). Severing actin (maybe counter intuitively) leads to
increased F-actin by creating more polymer ends which serve as starting points for actin
polymerization.

Rho

}

p160Rock

®—LIM kinase @rw_cz MLC phosphatase
/oo
®-Coﬁ|in

"r Assembly and

contraction of

Actin = actin-myosin
polymerisation stress fibers

Figure 5. Signalling from Rho to ROCK and further to the cytoskeleton. Adopted from (Bishop and
Hall, 2000)

1.4.3 Integrins

In order to migrate, cells need to constantly form and break contacts with the surrounding
extracellular matrix (ECM). Integrins are transmembrane proteins that are the principal
mediators of attachment to the ECM. Integrins consist of one alpha subunit and one beta
subunit. There are at least 24 different alpha and 8 different beta subunits and these can
combine into integrin pairs that have specific affinity for different matrices. Integrin
binding to the ECM provides traction to the cell during cell motility. In addition, binding
of integrins to the ECM is a pro-survival signal, in the absence of which cells undergo
apoptosis (Giancotti and Ruoslahti, 1999). Under the influence of Rho activity and stress
fiber contraction the integrins cluster into larger focal adhesions.

The cytoplasmic tail of integrins are attached to the actin cytoskeleton and signaling
proteins that mediate signals that control cell survival and cell motility. One prominent
cytoplasmic component of focal adhesions is FAK. Cells deficient in FAK show impaired
motility and enhanced formation of focal adhesions, suggesting that FAK is necessary for

13



focal adhesion turnover (Ilic et al., 1995). FAK can be recruited to focal adhesions by the
multidomain adaptor protein paxillin, which can be phosphorylated by FAK. FAK, in
turn, can bind PI3 kinase and it is likely that this plays a part in mediating survival signals
from integrins (Giancotti and Ruoslahti, 1999).

For angiogenesis, the owv[33 integrin is usually singled out as especially important. This
integrin is expressed exclusively by ECs participating in angiogenesis. It is one of the most
promiscuous integrins and binds to a wide variety of matrix components. Rac activity
induces recruitment of activated high-affinity integrins to the advancing lamellipodia of
ECs (Kiosses et al., 2001) where they can cluster into focal complexes. An antibody,
LMO609, that binds to this integrin blocks angiogenesis (Brooks et al., 1994) by inducing
EC apoptosis (Stromblad et al., 1996), and the humanized form of this antibody, Vitaxin, is
currently in clinical trials for the treatment of cancer (Stupack and Cheresh, 2004).
Somewhat surprisingly, mice lacking this integrin are viable and have no vascular defect
(Hodivala-Dilke et al., 1999). Other integrins that are important for angiogenesis include
o5 and a5B1 (Stupack and Cheresh, 2004).

1.5 CELL-CELL JUNCTIONS

Cell-cell adhesion structures were first identified and classified in epithelial cells where at
least three different types of contacts were identified by electron microscopy; tight
junctions, adherens junctions and desmosomes, where tight junctions are the most apical
and desmosomes the most basolateral. The nomenclature has carried over to ECs where it
may not be appropriate because in ECs, tight junctions and adherens junctions are
intermingled and less distinguishable from each other and possibly intermingled (Ruffer et
al., 2004; Schulze and Firth, 1993). Desmosomes, which connect intermediate filaments in
epithelia, are not present in the endothelium.

1.5.1 Tightjunctions

Tight junctions (TJs) are responsible for forming an impermeable barrier between cells
that enable the body to control the flux of solutes and macromolecules across epithelial
layers (in for example the kidney and glands) and endothelium (blood- and lymphatic
vessels). It has also been suggested that TJs play an important role in maintaining polar
distribution of membrane proteins by acting as a “fence”, but it seems that this notion is
currently being questioned (Bazzoni and Dejana, 2004).

TJs were first identified by electron microscopy as electron-dense (i.e. “dark”) areas
between cells in close proximity. In freeze-fracture analysis TJs appeared as punctuate
structures, like peatls on a string. On the molecular level, TJs consist of pairs of
transmembrane proteins, one from each cell, that homodimerize through their extracellular
domains (Figure 6). The first of these proteins to be identified was occludin. Occludin is
expressed by epithelial and endothelial cells that have low permeability, such as in the
blood-brain barrier (BBB) of the central nervous system (CNS). Occludin transfected into
fibroblasts, which normally do not form TJs, induces cell aggregation and localizes to cell-
cell contacts. Surprisingly, occludin-deficient mice are viable and seem to have normal TJs
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(Saitou et al., 2000). This has put the role of occludin in question and suggests that there
may be redundancy among T molecules.

In 1998 the claudin family of proteins was identified (Furuse et al., 1998). There are
around 20 different claudins. Claudins can, like occludin, form TJs when transfected into
fibroblasts. The claudins have no homology to occludin and have a tissue-specific
expression pattern, with claudin 5 being the EC-specific form. Mice deficient in this gene
have normal vasculogenesis and seem to have normal TJs as judged by electron
microscopy. These mice, however, die shortly after birth from brain hemorrhage. It turned
out that the BBB of these mice has become permeable to small molecules (<800Da).
However, the TJs were still impermeable to large molecules, probably due the expression
of claudin-12 in the BBB (Nitta et al., 2003).

The junction associated molecule (JAM) family of proteins is a group of
transmembrane proteins that mediate homodimerization through immunoglobulin-like
domains. JAM A localizes to TJs, mediates cell aggregation and controls permeability
(Martin-Padura et al., 1998). However, JAM A knock-out mice seem to have no TJ or
endothelial defect, again indicating gene redundancy at tight junctions (Cera et al., 2004).
Endothelial cell-selective adhesion molecule (ESAM) is a member of this family that is
specifically expressed by ECs (Hirata et al., 2001; Nasdala et al., 2002). ESAM deficient
mice have normal vasculature but exhibited slower growth of implanted tumors
accompanied by low microvascular density. Also, vascularization of matrigel implants was
lower in knock-out animals, suggesting that ESAM plays a role in angiogenesis.
Interestingly, ESAM -/- cells showed lower migration in the Boyden chamber assay,
suggesting a link between T] formation and control over cell motility (Ishida et al., 2003).
JAM has also been implicated in control of bFGF-induced cell motility during
angiogenesis (Naik et al., 2003; Naik et al., 2003).

Transmembrane tight junction proteins often decrease paracellular permeability when
transfected into cells that previously do not express the protein. This has been shown for
T] proteins claudin-1 (Inai et al., 1999) and JAM (Martin-Padura et al., 1998).

A number of proteins bind to the cytoplasmic side of TJs. Several of these mediates
interactions between transmembrane proteins and the cytoskeleton, while others are
signaling proteins or transcription factors. This suggests that T]s could be important sites
for signaling, much like focal adhesions (Tsukita et al., 2001).

The best characterized of these adaptor proteins is ZO-1. The ZO proteins are
members of the MAGUKSs (membrane associated guanylate kinases), a family of large,
membrane associated proteins that are characterized by several PDZ domains, SH3
domains and a guanylate kinase domain. ZO-1 is associated to the actin cytoskeleton
through its carboxy-terminal half, and can also interact with transcription factors and
signaling molecules (Bazzoni and Dejana, 2004). The PDZ motif of ZO-1 binds directly to
the C-terminal of claudins (Itoh et al., 1999). The C-termini of claudins gathered at TJs are
thought to protrude into the cell in a “tooth-brush”-like manner, where binding of ZO-1
and other proteins creates a huge molecular complex (Tsukita et al., 2001) (see also section
1.6.1 on PDZ domains). ZO-1 has also been reported to transiently localize to adherens
junctions (AJs) during their formation (Itoh et al., 1997).

A subset of MAGUKS is the MAGIs (membrane-associated guanylate kinase with
inverted domain structure) which differ from conventional MAGUKS by having WW
domains instead of SH3 domains. MAGI-1 can be recruited to T]s by ESAM, probably by
interaction between the C-terminal of ESAM and the PDZ-domain of MAGI-1
(Wegmann et al., 2004). MAGI-1 associates with the actin cytoskeleton by binding alfa-
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actinin 4 and synaptopodin (Patrie et al., 2002). Interestingly, MAGI-1 is indirectly
implicated in the control of angiogenesis as it has also been identified as a protein that can
bind to the cytoplasmic region of brain angiogenesis inhibitor 1 (BAI-1), which is a seven-
spanning transmembrane protein (Shiratsuchi et al., 1998). BAI-1 has extracellular domains
that are homologous to the angiogenesis inhibitor thrombospondin and was identified as a
gene that, just like thrombospondin, can be upregulated by p53. The thrombospondin-
similar domains of BAI-1 have anti-angiogenic activity zz vivo (Kaur et al., 2005; Nishimori
etal., 1997).

The assembly of cell-cell contacts is closely connected to the control of the
cytoskeleton and is regulated by the Rho GTPases. Recently it has been shown that Par3
and Par6 members of the Par (partitioning-defective) proteins play important roles in
controlling assembly of TJs upstream of Rho and Rac (Chen and Macara, 2005; Ozdamar
et al,, 2005).

Lumen of blood vessel
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Figure 6. Cell—cell contacts between endothelial cells.
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1.5.2 Adherens junctions

Adherence junctions (AJs) are crucial for cell recognition and aggregation and formation of
tissue architecture. AJs are assembled by homodimers by one distinct class of proteins, the
cadherins. The expression pattern of cadherins is tissue specific, with VE-
cadherin/cadherin 5 (VE-cadherin) being the endothelial specific protein (Breviatio et al.,
1995; Lampugnani et al., 1995; Lampugnani et al., 1992; Suzuki et al., 1991).

Knock-out of VE-cadherin is lethal at embryonic day 9.5 with the embryo showing
vascular defects: vessels collapse, regress and large hemorrhages occur. Surprisingly, ECs
can assemble into an immature vascular plexus. However, the subsequent remodeling and
maturation to blood vessels is disturbed, probably due to impaired survival of ECs
(Carmeliet et al., 1999).

Endothelial cells also express N-cadherin which is not localized to adherens junctions
but is diffusely distributed along the basolateral side where it probably serves as a link
between endothelial cells and pericytes (Bazzoni and Dejana, 2004).

The cytoplasmic domains of cadherins are connected to the actin cytoskeleton
through adaptor proteins and bind to signaling proteins, notably B—catenin which can,
when receiving Wnt-signaling, translocate to the nucleus where it controls gene expression.
Through this pathway, VE-cadherin may control cell growth, apoptosis and differentiation.
VE-cadherin has also been implicated in VEGF signaling.

From a general cancer point of view it is interesting to note that the epithelial specific
E-cadherin is often downregulated in metastatic tumors, indicating the important role for
cadherins in maintaining an organized tissue structure (Christofori and Semb, 1999).

PECAM/CD31 is an adhesion molecule that is expressed on endothelial cells,
platelets and certain leucocytes. It mediates adhesion between cells but its localization is
not restricted to a specific type of adhesion structure (Vestweber, 2000). It is often used as
a histological marker for endothelial cells.

1.5.3 Vascular permeability

One of the most important functions of the endothelium is the control of flux of solutes
from the lumen of the vessel to the surrounding tissue. There are two principal manners
by which solutes and plasma may cross the endothelium; either between cells (paracellular
pathway), or through cells (transcellular pathway). In the CNS, the flux of molecules from
the blood is restricted to the transcellular pathway because of the BBB which comprises
well-developed TJs. In other tissues, the endothelium is more permeable.

The permeability of the endothelium increases during angiogenesis. VEGE was
initially identified as a factor that could increase the permeability of blood vessels (Senger
et al,, 1983). It is well established that this is achieved by inducing gaps, fenestrations or
vesiculovascular organelles in the cell wall (transcellular mechanisms) (Bates et al., 2002).
Recently it has been shown that paracellular mechanisms are also involved (Fischer et al.,
2002; Wang et al, 2001). For example, the TJ] proteins occludin and ZO-1 are
phosphortylated 7z vivo and in vitro upon treatment with VEGF (Antonetti et al., 1999).
VEGTF-induced increase in permeability is preceded by the rapid phosphorylation of VE-
cadherin (Bazzoni and Dejana, 2004). The Rho family of GTPases control vascular
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permeability as histamine-induced permeability was shown to be dependant on activity of
Rho and ROCK (Wojciak-Stothard et al., 2001).

1.5.4 Cell-cell contacts during angiogenesis

How are cell-cell contacts organized between cells that participate in angiogenesis? Are
they completely dissolved or are there still junctional complexes or parts thereof? It seems
that this has not been extensively studied. During formation of the Drosophila trachea,
which is a tube of epithelial cells, AJs are extensively remodeled in an intricate manner but
never completely dissolved as the cells “slide” past each other (Ribeiro et al., 2004). It is
not known if endothelial cells behave in a similar manner. However, an interfering
antibody has been used to show that VE-cadherin is not necessary for endothelial tube
formation but rather prevents tube disassembly (Crosby et al., 2005). This argues for a
model where AJs are formed at a late “maturation” stage of angiogenesis. In line with this,
PECAM but not VE-cadherin, maintained cell-cell localization during tube formation in
vitro (Wright et al., 2002), indicating that PECAM-based cell-cell contacts are present
during angiogenesis. Interestingly, a possible role for R-cadherin, a cadherin usually
expressed by neurons, in angiogenesis has been reported (Dorrell et al., 2002).

It is tempting to speculate that the formation of stable cell-cell contacts is necessary in
order for the vessel to mature, just as it is necessary for a newly established vessel to recruit
pericytes. In line with this, there is evidence that Angl participates in the maturation of
vessels by reducing vessel permeability by controlling TJs (Gamble et al., 2000; Lee et al.,
2003) and by the fact that VE-cadherin is not necessary for endothelial tube formation but
prevents their disassembly (Crosby et al., 2005).

1.6 THE MODULAR NATURE OF PROTEINS

From crystallographic studies of proteins and sequence analysis it has become clear that
larger proteins are often composed of smaller sequence domains that can fold
independently. The domain is the functional unit of a protein, that is, it always binds to the
same partner, or has the same catalytic effect, regardless in which protein it occurs.

Domains can be combined in multiple ways to build proteins. A domain can often
fold independently from the rest of the protein and can therefore often be stable by itself
(Thornton et al., 1999). Domain borders correlate strongly with exon borders (Liu and
Grigoriev, 2004). This has led to the concept of the modular nature of proteins, where
domains/exons have been duplicated and shuffled across the genome to build the large
multi-domain proteins of eukaryotes. For this reason, protein domains can be thought of
as “units of protein evolution”.
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1.6.1 PDZ domains and PDZ-binding domains

PDZ domains were first recognized as a 90 amino acid repetitive sequence elements in
three different proteins: PSD-95(Post-synaptic density protein), the Drosophila protein
Discs-large and ZO-1. A PDZ domain binds specifically to C-termini with certain motifs.
The last three amino acids of the C-terminal are the most important for binding although
specificity can sometimes be seen all the way to the -8 position (Songyang et al., 1997).
PDZ domains are often repeated several times. One protein, MUPP1, has 13 PDZ
domains while ZO-1 has three PDZ domains in a row. PDZ-containing proteins usually
use these to cluster other proteins. PDZ binding motifs often occur in membrane
spanning proteins that leave their C-termini inside the cell. Thus one protein with several
PDZ domains can often function as a scaffold and cluster several transmembrane proteins
at the cell membrane (Sheng and Sala, 2001).

1.6.2 Coiled-coil domains

Two alpha-helices may, if they have hydrophobic side chains in a certain repetitive pattern,
coil around each other to form a helix. This helix, the coiled-coil, can be the structural
element of fibrous proteins such as the intermediate filament protein cytokeratin or the
motor protein myosin. However, coiled-coils can also be important protein-protein
interaction domains, or as in the case of transcription factors, form a protein-DNA
interaction site.

The sequence of coiled-coils are characterized by a seven-residue repeat, (a-b-c-d-e-f-
g). The first (a) and fourth (d) position form the dimerization interface between the helices
and are generally occupied by hydrophobic amino acids. The other amino acids in the
repeat are mostly polar or charged and can form inter- and intrahelical interactions that
contribute to the stability and specificity of the complex. The repeat pattern has made it
possible to build algorithms - such as Cozs - that can identify coiled-coil domains in
primary sequence (Lupas et al., 1991).
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2 THE PRESENT INVESTIGATION

2.1 AIMS OF THE PRESENT STUDY

The success of the VEGF antibody bevacizumab indicates that we are entering the era of
targeted angiogenesis therapy for the treatment of cancer. Still, the patient benefit was a
modest increase in median survival (see section 1.2.4.1). Basically it works, but not well
enough to stabilize the disease. Possibly the effect of blocking VEGF becomes obsolete as
the tumor upregulates other angiogenic factors. In any case, other types of anti-
angiogenesis drugs should be developed and tried. Obvious candidates for this are the
endogenous inhibitors of angiogenesis, such as angiostatin. However, recombinant
angiostatin has been difficult to produce in sufficient amounts and must be injected daily
by the patient as it has a short half life in circulation. If we could understand the
mechanism of angiostatin, we could proceed to design an angiostatin mimetic that is stable
and efficiently blocks angiogenesis.

The overall purpose of this thesis is to verify angiomotin as a drug target for anti-
angiogenic therapy, specifically:

- To identify similar proteins and protein domains that could help us understand
angiomotin (paper I).

- To investigate the role of angiomotin in hemangioendothelioma invasion (paper
1m)

- To understand how angiomotin is connected to signaling pathways that control the
actin cytoskeleton (paper III).

- To investigate if angiostatin binds angiomotin on the cell surface (paper IV).

2.2 RESULTS AND DISCUSSION

2.2.1 A novel protein family (paper 1)

A reasonable hypothesis about the function of a protein can often be proposed by
comparing its sequence to that of well characterized proteins and by analyzing the domain
composition. For that reason, we undertook bioinformatics analysis of the sequence of
angiomotin.

It was revealed that angiomotin was not similar to any known protein and could not
be classified as belonging to any known protein family. Instead, we found that angiomotin
belongs to a protein family of its own, the angiomotin (or, sometimes motin) family of
proteins. The motin proteins are large, multi-domain proteins of up to 1000 amino acids

(Figure 7).
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In human and mouse, where we know the sequence of the entire genomes, we can
assert that the angiomotin family of proteins has three members; angiomotin, and two
genes that has been named angiomotin like 1 (Amotll) and angiomotin like 2 (Amotl2) by
the HUGO Gene Nomenclature Committee. We identified human Amotll by sequencing
and searches in GenBank with BLLAST.

Sequences similar to the angiomotin family of proteins were identified in several
species in addition to human and mouse, including the zebra fish, the Xenopus frog and C.
elegans. No similar sequence was found in yeast, E. /i or plants, suggesting that only
metazoa (i.e. animals) have these genes.

We reported that a multiple sequence alignment of the most conserved domain, the
coiled-coil, of human and mouse sequences for these three proteins (total six sequences)
show a 64% similarity over 455 residues, using the PAM 250 substitution matrix. However,
the sequence identity (as opposed to similarity as determined by a substitution matrix) for
this multiple sequence alighment is 42 % over 300 amino acids.

When discussing sequence homology, it is useful to have an idea about what should
be considered a significant homology. One criterion for being “homologous” is having
similar high resolution structures. It has been shown, that, when two sequences are
between 70-100% identical; they are likely to have identical structures. A sequence identity
of between 30% and 70% over 100 residues is intermediate; there is evolutionary
conservation but the structures of the proteins may differ. Below 30 % identity is the
“Twilight Zone” where it is difficult to know if there is a true similarity or not and where
there will be a large number of false positives. When judging alignhments, several
parameters such as the length of the sequence and the number of gaps have to be
considered, but as a rule of thumb, 30% identity is often used as a cut-off for determining
homology for pair wise alignments. For the alignments of six sequences, where identity can
be expected to be lower than in pair wise alighments, 42% identity over 300 residues must
be considered a significant homology. In addition several splice sites were conserved in the
angiomotin family, as reported. Thus, there is little doubt that the genes are evolutionarily
related.

This was the first publication that reported the sequence of human Amotll and
analyzed the high similarity between these genes. Since then other groups have also
contributed, resulting in mouse Amotll also being called junction enriched and -associated
protein (JEAP) (Nishimura et al, 2002) and Amotl2 being called MAGI-1-associated
coiled-coil protein (MASCOT) (Patrie, 2005).

The most significant similarity within the angiomotin family of proteins is within the
central coiled-coil region. It has recently been reported that Amotll and Amotl2 self-
associates. At least in the case of Amotl2 it has been shown that this dimetization is
mediated by the coiled-coil domain. However, Amotll and Amotl2 does not bind to each
other which shows that the coiled-coil domain, despite the high sequence similarity, has a
high degree of specificity (Patrie, 2005).
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Figure 7. The angiomotin family of proteins. Numbers indicate domain borders and residue
count from the N-terminal. See sections 1.3, 2.2.1 and 2.2.4 for details.

In addition, the C- and N-termini of the proteins have conserved motifs. The C-
terminal is predicated to form a PDZ binding motif and truncation of as little as three
amino acids of the C-terminal of angiomotin results in an inhibitory protein (Levchenko et
al., 2003).

We also reported that the N-termini of Amotll and Amotl2 have several glutamine
rich stretches which are conserved. When the p130 angiomotin splice isoform of
angiomotin was found we anticipated that such glutamine rich areas would be found in
p130 as well. Such a sequence was indeed found. A multiple sequence alignment of the
first 243 residues of human angiomotin with human Amotll and Amotl2 shows that 58 %
are conserved, with five stretches of 8-10 residues having 100 % similarity.

Over time it has become clear that alternative splicing occurs for all three members of
this protein family. In the case of angiomotin there is p130 angiomotin which has an N-
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terminal extension of 409 amino acids compared to p80 angiomotin (Ernkvist et al., 2005).
There exists corresponding isoforms in the case of Amotl2, one long and one short
(originally named Leman Coiled Coil Protein). In the case of Amotll, there is also alternate
splicing. One splice form lacks exon 2, resulting in a deletion of 50 amino acids. Another
splice form, where both exons 2 and 3 are deleted, was also reported. This mRNA would
code for a “p80” Amotll, if there had not been a frame shift that leads to a premature
termination of translation (Moreau et al., 2005).

Conclusions from paper I:

e Angiomotin belongs to a novel protein family with two additional members,
Angiomotin like 1 and Angiomotin like 2.

e Members of this novel protein family have highly conserved coiled-coil and PDZ
binding domains and glutamine rich domains.

2.2.2 Angiomotin promotes invasion of endothelial cells in vivo (paper

IN)

The C-terminal putative PDZ binding motif of angiomotin is important for controlling cell
motility and tube formation on matrigel (Levchenko et al., 2003). In this study we found
that angiomotin MAE cells invaded matrigel upon prolonged cultivation, and that
angiomotin promoted invasion of 3D collagen in a microcarrier bead system. Cells
expressing angiomotin with a 3 amino acid truncation of the PDZ binding motif (A4
angiomotin), however, invaded less than control cells. When injected into mice, the MAE
cells formed slow growing tumors reminiscent of hemangioendothelioma. Angiomotin-
expressing tumors grew faster and were more invasive than vector tumors. Importantly,
A4 angiomotin tumors remained dormant and did not invade. Expression of angiomotin
did not affect cell proliferation or proteolytic activity. However, A4 angiomotin tumors
had a higher apoptotic index. Finally, time lapse microscopy revealed that angiomotin cells
migrated more than vector cells which in turn migrated more than A4 angiomotin cells.

The results indicate that angiomotin controls signaling pathways that regulate
migration, invasion and cell survival. The data also confirms previous findings that
expression of A4 angiomotin inhibits cell motility (Levchenko et al., 2003). Furthermore,
we found that expression of angiomotin stabilized matrigel tubes. Tubes of cells expressing
A4 angiomotin or vector regressed after 5 days but tubes expressing angiomotin were
stable for up to 30 days.

Conclusions from paper 11I:
e Angiomotin promotes migration and invasion of endothelial cells 7 vivo.
e The C-terminal PDZ-binding motif is crucial for angiomotin-mediated invasion

and migration.
e Angiomotin promotes tube stability 7 vitro.
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2.2.3 Therole of ROCK in angiomotin-angiostatin signaling (paper Ill).

In this paper, we first show that angiomotin expression promotes cell spreading of MAE
cells by a mechanism that is independent of a specific set of integrins and that expression
of angiomotin mutated by truncation of the PDZ binding domain (A4 angiomotin) results
in impaired cell spreading. Inhibiting the Rho effector Rho kinase pl60ROCK (ROCK)
with compound Y-27632 or dominant negative ROCK increased cell spreading of A4
angiomotin expressing cells to the level of cells expressing wild-type angiomotin.

Cells expressing A4angiomotin Were defective in tube formation on matrigel as were
cells expressing wild-type angiomotin when treated with angiostatin. However, both these
effects could be reversed by inhibiting ROCK with Y-27632. This indicates that
angiostatin treatment as well as the A4 mutation inhibits motility of MAE cells by elevating
ROCK activity, and suggests that truncation of the C-terminal putative PDZ binding motif
of angiomotin mimics the effect of angiostatin.

Attempts to analyze the activity of the Rho family of GTPases in this model were
inconclusive, and additional studies are needed to address this issue.

Conclusions from paper I11:

e Angiomotin promotes cell spreading and truncation of the C-terminal PDZ
binding domain inhibits cell spreading, indicating that angiomotin controls
arrangement of the cytoskeleton

e Angiomotin promoted cell spreading on different matrix proteins, indicating that a
certain set of integrins is not responsible for angiomotin-mediated cell spreading.

e The effect of angiostatin and the inhibitory mutant of angiomotin is dependant on
the activity of ROCK in MAE cells.

2.2.4 Angiomotin is a membrane protein that controls cell-cell

junctions (paper V).

In this study we provide the following evidence that angiomotin can act as a membrane
protein and bind angiostatin on the cell surface: 1. Angiomotin was biotinylated by cell-
surface labeling of intact transfected, as well as primary, ECs. 2. Parts of the protein is
sensitive to trypsin degradation. 3. Angiomotin occurs in the detergent-rich fraction after
Triton X-114 partitioning. 4. Angiostatin binds specifically to the surface of angiomotin-
transfected cells. 5. Angiomotin and angiostatin could be crosslinked by a crosslinker that
does not pass through the cell membrane. 6. Antibodies directed against the angiostatin
binding domain bind to angiomotin on the cell surface of transfected cells. 7. Angiomotin
and angiostatin interacts 7z vifro. We conclude that angiomotin can act as transmembrane
protein and can serve as a receptor for angiostatin.

We provide a model for the transmembrane conformation of angiomotin and we
argue that the partly hydrophobic domain of angiomotin forms transmembrane helices
and can be inserted into the membrane by unknown mechanisms. Angiomotin is the only
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family member with this type of domain, and therefore it is unlikely that Amotll or
Amotl2 are membrane proteins or bind angiostatin.

We then proceeded to show that angiomotin co-localizes with ZO-1 in endothelial
cell-cell junctions 7z vitro and 7n vive. Interestingly, angiomotin expression is regulated by
formation of cell contacts i vitro.

Furthermore, using immunoprecipitation, we show that the N-terminal of p130
angiomotin interacts with the T] protein MAGI-1. It has recently been reported that
MAGI-1 interacts with Amotll and Amotl2. This is mediated through the WW domain of
MAGI-1 (Patrie, 2005). The N-termini of human and mouse sequences of p130
angiomotin, Amotll and Amotl2 have a completely conserved PPxY motif that could
interact with the WW-motif of MAGI-1 (Figure 7).

p80 angiomotin, which does not bind MAGI-1 also localizes to cell-cell junctions.
This indicates that the interaction with MAGI-1 is not necessary for this localization. In
line with this, it has recently been reported that the localization of Amotl2 to tight
junctions is mediated by the coiled-coil and the C-terminal domains (Patrie, 2005).

To study the functionality of angiomotin in cell-cell contacts we analyzed permeability
of cell layers expressing angiomotin. We found that expression of p80 as well as p130
angiomotin reduced cell layer permeability in a manner similar to characterized
transmembrane T] proteins. Since angiostatin has been shown to affect migration of
angiomotin-expressing cells, we analyzed if angiostatin could also affect the permeability of
such cells. However, no such effect could be found. We concluded that angiostatin
controls angiomotin-mediated cell migration but not angiomotin-mediated control of cell
permeability.

Several lines of evidence suggest that angiomotin localizes to tight junctions rather
than adherens junctions: 1. Angiomotin co-localizes with ZO-1 and may recruit ZO-1 to
stress fibers zz vitro. ZO-1 is a marker for TJs, and has reported to only transiently localize
to AJs. 2. Angiomotin co-localizes and binds to MAGI-1, which is a component of TJs. 3.
Angiomotin controls permeability. 4. The family member Angiomotin like 1/ JEAP
localizes to TJs. However, gold-immuno electron microscopy (EM) is the “golden”
standard method to distinguish between tight junctions and adherens junctions, as
fluorescence microscopy can not resolve these structures. In immuno-EM, one would
expect a T protein to be associated with electron dense TJs and localize more apical than
AJ proteins such as VE-cadherin. We have carried out such studies, but so far they have
been inconclusive.

It might seem contradictory that angiomotin can stimulate EC motility and at the
same time induce the formation of cell-cell contacts. However, expression of JAM and
ESAM which are transmembrane tight junction proteins also seems to correlate with
increased cell motility (Ishida et al., 2003; Naik et al., 2003).

One finding from angiomotin-deficient mice is that the embryos display impaired
migration of the anterior visceral endoderm (AVE). This phenotype is consistent with
angiomotin promoting motility. But it is also compatible with angiomotin having a role in
cell-cell contacts as it has been suggested that direct contact between AVE cells and the
epiblast guides AVE migration (Srinivas et al., 2004).

Conclusions from paper I'V:

e Angiomotin binds angiostatin on the cell surface.
e Angiomotin localizes to cell-cell contacts.
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p130 angiomotin interacts with the tight junction protein MAGI-1

Angiomotin controls cell permeability but the effect of angiostatin is limited to
inhibiting angiomotin-mediated control of cell migration.

This work provides the rationale for designing anti-angiomotin antibodies as a
starting point for the development of novel anti-angiogenic drugs.



3 FUTURE PERSPECTIVES

Expression of angiomotin correlates with increased cell motility as measured by several
different methods. Angiomotin also controls cell morphology and cell-cell contacts.
Furthermore, angiomotin localizes to F-actin-rich structures: lamellipodia, stress fibers and
cell-cell contacts. These properties suggest that angiomotin binds to, and controls,
cytoskeletal proteins.

Therefore, one of the most important future steps in understanding angiomotin is
identifying binding partners that can explain these properties of angiomotin, and connect
this intriguing protein to a well-known signaling pathway. In particular, the identification
of the PDZ —containing protein that binds to the C-terminal of angiomotin could explain
the effect of angiomotin on cell motility. One possibility is that the PDZ-containing
protein is GEF or a GAP that controls the activation state of Rho. Our data suggest that
this may also shed light on the mechanism of angiostatin. Closely related are the questions
of how angiomotin controls cell shape and permeability.

Another interesting question is the different roles of p80 and p130 angiomotin. So far
our observations suggest that the two isoforms are often expressed together in the same
cell but that they can also be expressed alone. Do they interact and can one isoform
control the activity of the other? More knowledge about angiomotin like 1 and -2 may
show what this novel and interesting family of proteins have in common.

Of academic interest is also the issue of by what mechanism angiomotin is inserted
into the membrane. It is possible, for example, that angiomotin is localized to endocytotic
vesicles. Also, it is not clear how large a fraction of the angiomotin pool is localized on the
cell surface.

From a clinical perspective, the possibility of targeting angiomotin as an anti-
angiogenic therapy for cancer should be investigated. As angiomotin has extracellular
epitopes, an antibody could be designed to interfere with the pro-angiogenic properties of
angiomotin.

Finally, is there a common theme that explains why angiogenesis can be controlled by
proteins (angiostatin and endostatin) that are cleavage fragments of larger proteins that are
normally not considered as regulators of angiogenesis (plasminogen and collagen)? Is this a
mechanism that regulates physiological processes other than angiogenesis?

Molecular biology - in the wide sense - has provided understanding for how cancers
arise. The time has now come to convert this knowledge into patient benefit by designing
drugs that target tumors. But “rational drug design” which is based on knowledge of the
molecular basis of disease, has proven to be difficult. Lately however, molecular biology
and rational drug design have started to deliver as some “smart” drugs have been
launched. Hopefully, that is just the beginning of a long winning streak against cancer.
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