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SUMMARY

Angiogenesis, the formation of new blood capillaries from pre-existing vessels, is a physiological
process tightly regulated by a number of pro- and anti-angiogenic molecules and plays an
important role in supporting tumor growth. In the latest years it has become clear that the
different cellular and proteic components of the microenvironment are pivotal regulators of tumor
development. In this contest many extracellular matrix (ECM) molecules have been recognized as

prominent negative or positive modulators of tumor angiogenesis and tumor growth.

MULTIMERIN2 (MMRN?2), also known as Endoglyx-1, is a ~160 kDa ECM glycoprotein belonging to
the EMI-Domain ENdowed (EDEN) protein family. It is specifically deposited along the blood
vessels in tight juxtaposition with endothelial cells (ECs) and is also present at the luminal side of
the vessels, suggesting an important role in the regulation of EC function. MMRN2 displays a pan-
endothelial expression pattern both in normal and tumoral vasculature. However, prior to the

study presented in this thesis, the function of this molecule has remained concealed.

Given its strategic localization we hypothesized that MMRN2 could affect EC function and
angiogenesis. By means of multiple assays, we show that MMRN2 significantly impairs EC
migration and the formation of a functional vessel network. The interaction of ECs with MMRN2
causes an impaired activation of VEGFR2, the chief VEGF-A receptor involved in the regulation of
angiogenesis. Furthermore these studies demonstrate that the interference of MMRN2 with the
VEGF/VEGFR2 axis occurs via the sequestration of VEGF-A, likely preventing the interaction with its

receptor.

Next the possibility that this effect could affect tumor growth was tested in vivo. The over-
expression of MMRN2 by a sarcoma cell line dramatically reduced their tumorigenic potential.
Accordingly, tumors from MMRN2 over-expressing cells were characterized by a significant
decrease of the vascular density. Moreover, in agreement with the evidence of a direct binding
between these two molecules, immunostainings performed on the tumor sections showed that

VEGF-A co-localizes with MMRN2.

Newly generated results further strengthen our published data. First we have demonstrated that
MMRN2 does not interact with other two members of the VEGF family regulating angiogenesis:
VEGF-B and PIGF, suggesting that MMRN2 specifically impairs angiogenesis via VEGF-A/VEGFR2

pathway. Through the construction of a series of deletion mutants, we have started to dissect the
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region involved in binding to VEGF-A and in the anti-angiogenic effects and pinpointed an N-

terminal region included between Al and A1-2 MMRN2 fragments.

Simultaneously we have also generated preliminary evidences indicating that MMRN2 may
regulate VEGF-A signaling also by impairing the availability of VEGFR2 on the ECs’ membrane, as

assessed by immunofluorescence analysis.

The anti-angiogenic effects of MMRN2 were then corroborated and tested in a sophisticated
experimental setting using spheroids embedded in a fibrin gel overlaid with fibroblasts. This 3D in
vitro model will allow us to investigate the effects of MMRN2 in combination with different

molecules to better understand its role in angiogenic process.

Taken together our results suggest that MMRN2, which is normally deposited along the blood
vessels, may represent a homeostatic molecule. Indeed this hypothesis is supported by the finding
that the tips of the newly form vessels departing from aortic rings embedded in type | collagen
matrices are devoid of MMRN2. In accordance with these findings also the developing retinas
from P3 pups display a weak MMRN2 deposition as opposed to retinas from adult mice. Based on
these evidences, MMRN2 can be conceived as a stabilizer for the blood vessels. Once deposited it

obstructs the formation of new vessels MMRN2, unless degraded.

In conclusion these findings indicate that MMRN2 plays a crucial role in the regulation of EC
function, neoangiogenesis and tumor growth. We hypothesize that secreted and deposited
MMRN2 may function as a homeostatic barrier halting the sprouting of novel vessels, suggesting
that this ECM protein could represent a promising novel tool for the development of new

antiangiogenic drugs for clinical practice.
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ABBREVIATIONS

Ad MMRN2: Adenovirus MMRN2

BM: Basement Membrane

Coll I: type | collagen

DOX: Doxycycline

EC: Endothelial Cell

ECM: Extracellular Matrix

FBS: Fetal Bovine Serum

FGF: Fibroblast Growth Factor

HUVEC: Human Umbilical Vein Endothelial Cell
MMRN2: MULTIMERIN2

PBS: Phosphate Buffered Saline

siRNA: Small Interfering RNA

TUNEL: TdT-mediated dUTP Nick End Labeling
VEGF: Vascular Endothelial Growth Factor

VEGFR2: Vascular Endothelial Growth Factor Receptor 2
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Introduction

1. ANGIOGENESIS

Blood vessels are a complex network of tubes that transport oxygenated blood and nutrients

throughout the body.

The most essential component of blood vessels is the endothelial cell (EC). Every vessel, from the
aorta down to the smallest capillaries, consists of a monolayerof EC, called the endothelium,
arranged in a mosaic pattern around a central lumen through which blood can flow. Outside the
endothelium there is an extracellular lining called the basement membrane (BM), separating the
EC from the surrounding connective tissue. This is composed of protein fibres, mainly laminin and
collagen, and may also contain peri-endothelial supporting cells. BM proteins possess multiple
binding sites for cell adhesion molecules and many motifs serve as ligands for cell surface
receptors. Binding of cell surface receptors to BM proteins initiates intracellular signaling
pathways that influence cellular behavior. BM components guide cellular differentiation and
inhibit or promote cell proliferation and migration (LeBleu V.L. et al., 2007). Cell—cell contacts and
cell-BM contacts, mediated respectively by cadherins and integrins, are extremely important and
loss of either or both can lead to local destabilization of the endothelium and EC apoptosis (Lobov
I.B. et al., 2002). The peri-endothelial cells include pericytes in the microvasculature (capillaries)
and smooth muscle cells in larger vessels. These cells play a particularly important role in
maintaining blood vessels in the stable-state and are involved in the regulation of blood flow
(HirschiK.K. et al., 1996; Rucker H.K. et al., 2000). Larger vessels have a thick wall of smooth
muscle cells outside the BM, whereas capillaries consist only of the endothelium, BM and
pericytes. A layer of connective tissue, known as the stroma, separates the vessel from the
functional tissue of an organ, the parenchyma. The stroma is principally composed of fibroblasts,
which secrete a matrix of extracellular protein fibres, such as collagen and fibronectin (Raza A. et

al., 2010).

The formation of the blood vessels is one of the earliest and tightly regulated events in
organogenesis and it occurs through two processes: vasculogenesis and angiogenesis.
Vasculogenesis is the de novo formation of blood vessels from angioblasts. It occurs in the extra-
embryonic and intra-embryonic tissues of the embryos. Vasculogenesis is a dynamic process that
involves cell-cell and cell-ECM interactions directed spatially and temporally by growth factors

and morphogens. This process includes the differentiation of mesodermal stem cells into

5
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angioblasts which migrate under a growth factor stimulus to form blood islands and give rise to

ECs (Ema M.et al., 2003).

In contrast to vasculogenesis, angiogenesis is the formation of new capillaries from pre-existing
vessels. This is a complex process that requires the interaction between different cell types, the
ECM and several cytokines and growth factors. During angiogenesis, the capillary plexus is
remodelled by sprouting, microvascular growth and finally by fusion into a mature and functional
vascular bed. Angiogenesis also includes vessel penetration into avascular regions of the tissue
and is crucially dependent on the correct interactions between ECs, pericytes, interacting
externally with the endothelium, and stromal cells, such as fibroblasts, and their association with

the ECM and the vascular BM (Yancopoulos G.D. et al., 2000).

In the adult the angiogenetic process takes place only in particular occasions including wound
healing, inflammation, endometrial re-growth during the menstrual cycle, and following tissue
grafting or ischemia to allow the maintenance of physiological homeostasis and tissue integrity

(Carmeliet P., 2003).
Multiple, sequential steps are required for effective angiogenesis (Fig.1):

1) Expression of potent pro-angiogenic factors and mitogens for ECs, such as VEGF-A, that guides

ECs into avascular areas (Ferrara N. et al., 2003).

2) Activation of the membrane type 1 matrix metalloproteinase (MT1-MMP) that plays a major
role in the ECM remodelling, directly by degrading several ECM components (collagens,
fibronectin, laminin and proteoglycan) and indirectly by activating pro-MMP2 (Sato H. et al.,
1994). As a result, ECs lose their contact with BM laminin and are exposed to interstitial
collagen. This change helps to trigger signaling cascades in the ECs that lead to cytoskeleton
reorganization and sprouting morphogenesis (Rhodes M.J.C. et al., 2007). Subsequently, these

cells become motile and align into chords.

3) Recruitment of pericytes and vascular smooth muscle cells to nascent vessels once EC
proliferation is arrested; this provides stabilization, remodelling and maturation signals

(Folkman J., 2006).

6
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4) Expression of tissue inhibitor of metalloproteinases 2 (TIMP2) in ECs and TIMP3 in pericytes
following the contact between ECs and pericytes which switches off the proteolytic phenotype

in ECs (Saunders W.B. et al., 2006).

5) Tight sealing of the vessel lumen by adjacent ECs held together by tight junctions and
adherens junctions (Bazzoni G. et al., 2004). A BM is then produced by ECs in cooperation with
surrounding cells to provide structural support and maintain the EC quiescence (LeBleu V.L. et

al., 2007).

6) Pruning of excess or unneeded vessels for optimal perfusion occurring during the maturation
of new capillaries; this process is thought to be an adjustment to the oxygen surplus, while the
surrounding ECM exerts mechanical strain that provides traction and orientation for

angiogenic microvessels (Krishnan L. et al., 2008).

7) Raising of the local oxygen level due to the blood flow to the newly vascularized area once
tube formation is complete, resulting in a decrease in VEGF levels and the end of angiogenic

process (Ferrara N. et al., 2003).

. .
Endothelial Basement ” i
cell membrane
B o
.
stimulus Protease Capillary

secretion sprout

Fig. 1 Angiogenesis is a complex dynamic process. At least seven critical steps have so far been identified

to occur during this tightly regulated process (Grizzi F. et al., 2005).
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It is well recognized that among the multiple angiogenic factors, vascular endothelial growth
factors (VEGFs) are essential for the initiation and overall, for the regulation of vascular growth
and patterning (Ferrara N.et al., 2003). VEGFs encompass a family of structurally related proteins
that include placental-derived growth factor (PDGF), VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-
E. Human VEGF-A monomers exist as five different isoforms, of which VEGFs; is the most
abundant and active form and is generally referred to as VEGF. VEGF plays major roles in
regulating the functions of ECs. It is a potent angiogenic agent that regulates all the key steps of
the angiogenic process, including EC proliferation and migration (Zachary A. et al., 2005).
Following activation by hypoxia, reactive oxygen species (ROS), and angiotensin Il, VEGF is
produced by several types of cells like ECs, vascular smooth muscle cells and also cancer cells, and
it modulates EC functions via auto and paracrine pathways (Chua C.C.et al., 1998). Notably, the
responses of ECs to VEGF are regulated by the nature, frequency, and distribution of other
receptors and interacting molecules. VEGF exerts its effects after binding to homologous
membrane tyrosine kinase receptors, VEGFR-1 (Flt-1), VEGFR-2 (FIk1/KDR), and VEGFR-3 (Flt4),
that are expressed mainly by blood vessel ECs and lymphatic ECs (Olsson A.K. et al., 2006).
Although they have different biological activities, VEGFRs all play essential roles in VEGF induced
angiogenesis because knockout mice for VEGFR-1, VEGFR-2, and VEGFR-3 are all embryonic lethal
as a result of vascular defects (Goishi K. et al., 2004). Intriguingly, the affinity of VEGFR-1 for VEGF
is much higher than that of VEGFR-2, but the signaling induced by the latter is the major way by
which VEGF regulates EC migration (Waltenberger J. et al., 1994). Like other tyrosine kinase
receptors, VEGFR-2 undergoes ligand induced dimerization and oligomerization, which activates
its intrinsic tyrosine kinase activity resulting into phosphorylation on specific tyrosine residues in

the cytoplasmic domain (Fig.2).
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Fig. 2 VEGFR2 phosphorylation sites and signal transduction. Schematic representation of the intracellular

I Cell migration

domains of dimerized and activated VEGFR2; the different tyrosine-phosphorylation sites that are indicated
by the amino acid residue’s numbers. The position of the tyrosine residues within the receptor are
indicated by dark blue squares. The signaling molecules (dark blue ovals) binding to specific
phosphorylation sites (boxed numbers) initiate signaling cascades (light blue ovals), which leads to the
establishment of specific biological responses (pale blue boxes). Dashed arrows indicate that the signal
initiation is not certain. The biological responses are highlighted by pink boxes. DAG, diacylglycerol; EC,
endothelial cell; eNOS, endothelial nitric oxide synthase; FAK, focaladhesion kinase; HPC, haematopoietic
progenitor cell; HSP27, heat-shock protein-27; MAPK, mitogen-activated proteinkinase; MEK, MAPK and
ERK kinase; PI3K, phosphatidylinositol 3’ kinase; PKC, protein kinase C; PLCy, phospholipase C-y; Shb, SH2
and B-cells; TSAd, T-cell-specific adaptor (Olsson A.K. et al., 2006).

Once phosphorylated the tyrosine residues function as docking sites recruiting molecules carrying
SH2 or PTB domains, conveying migratory signals to downstream pathways (Olsson A.K. et al.,,
2006). Y1175 and Y1214 are the two major phosphorylation sites on VEGFR-2 (Takahashi T. et al.,
2001; Lamalice L. et al., 2004). Other putatively important phosphorylated sites include Y951 in
the kinase insert domain and Y1054 and Y1059 in the tyrosine kinase catalytic domain (Olsson A.K.

et al., 2006).
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1.1 TUMOR ANGIOGENESIS

Angiogenesis is a highly ordered process which not only occurs in physiological conditions but also
in a broad range of human diseases. Aberrant angiogenesis is associated with an excess of growth-
promoting signals and a lack of sufficient cues to spatially and temporally coordinate vessel
growth, remodelling, maturation and stabilization. During pathological conditions such as the
growth of a tumor, the angiogenic cascade is persistent and unresolved, fuelled in part by tumor-

secreted factors and tumor hypoxia (Chung A.S. et al., 2010).

Tumors begin as an avascular mass of host-derived cells that proliferate, lacking the ability to
control their growth (Papetti M. et al., 2002). An avascular tumor is reliant on passive diffusion for
the supply of the required oxygen and nutrients and the removal of its waste products. This
imposes a limiting size of approximately 2mm to which it can grow (Folkman J., 1971); once it has
reached this size, the tumor is described as dormant. Hypoxic tumor cells are known to produce
growth factors, including VEGF (Shweiki D. et al., 1992); they also produce some endogenous
inhibitors of angiogenesis, such as transforming growth factor-beta (TGF-B) (Bikfalvi A., 1995).
Moreover, macrophages, which congregate in the region of the abnormal growth, respond to the
presence of the tumor and its secretions by producing both pro and anti-angiogenic substances
(Bingle L. et al., 2002). These molecules diffuse through the tissue and are detected by the ECs of
proximal capillaries. Initially, the inhibitors outweigh the growth factors and the ECs remain
quiescent. However, if the tumor is able to produce enough growth factors and/or suppress the
expression of inhibitors, it may succeed in flipping the ‘angiogenic switch’ and promote the growth
of new vessels (Hanahan D. et al., 1996). ECs from capillaries adjacent to the tumor become
activated: they loosen the tight contacts with neighbouring cells (Papetti M.et al., 2002) and
secrete proteolytic enzymes or proteases. The first target of the ECs-secreted proteases is the BM
to allow their movement through the induced gaps into the ECM. Neighbouring ECs move in to fill
the gap and subsequently follow the leading cells into the ECM (Pepper M. S., 2001). Following
extravasation, the ECs continue to secrete proteolytic enzymes, which also degrade the ECM. This
is necessary to create a pathway along which the cells can move and also allows the release of
growth factors, such as VEGF, that are normally sequestered by the matrix, thus augmenting the
angiogenic signals (Hirschi K. K. et al., 1996). ECs continue to move away from the parent vessel
and towards the tumor, thus forming small sprouts which elongate through the recruitment of

additional ECs from the parent vessel. These sprouts may initially take the form of solid strands of
10
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cells, but the ECs subsequently form a central lumen, thereby creating the necessary structure for

a new blood vessel (Pepper M.S., 2001) (Fig. 3).
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Fig. 3 The key steps underlying during tumor angiogenesis. Schematic representation of the different

processes occurring during the formation or tumor-stimulated blood vessels. Tumour cells release pro-
angiogenic factors, such VEGF, which diffuse into nearby tissues and bind to receptors on the ECs of pre-
existing blood vessels, leading to their activation. Such interactions between ECs tumour cells lead to the
secretion and activation of various proteolytic enzymes, such as matrix metalloproteinases (MMPs), which
degrade the BM and the ECM. Degradation allows activated ECs, which are stimulated to proliferate by
growth factors and to migrate towards the tumour. Integrin molecules, such as a,Bs-integrin, help to pull
the new sprouting blood vessel forward. The ECs deposit a new BM and secrete growth factors, such as
platelet-derived growth factor (PDGF), which attract supporting cells to stabilize the new vessel. PDGFR,
PDGF receptor; VEGFR, VEGF receptor (Cristofanilli M. et al., 2002).

Although tumors possess the means to recruit and develop a new and ongoing blood vessel
supply, this is not to suggest that such blood vessels are normal in either structure or function.
Indeed, in solid tumors the vasculature is characterized by a number of prominent abnormalities
(Fig. 4). These abnormalities have been hypothesized to have a significant impact on tumor
growth, progression and response to various anticancer therapies. Among the structural and
morphologic abnormalities are the presence of excessively dilated blood vessels, vessels with
areas containing absent or abnormal BM, vessels having extreme corkscrew-like tortuosities, a

relative lack of supporting perivascular cellular elements such as pericytes, or abnormalities in the
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pericyte population and excessive vascular leakiness (Carmeliet P. et al., 1996). These aberrations
can be quite variable within a solid tumor mass and such heterogeneity can also extend to the
relative density of blood vessels, which can be quite high in certain areas and low in others (Cooney

M. M. et al., 2006).

| Normal | l Abnormal |

Fig. 4 Features of tumor blood vessels. Unlike healthy blood vessels, tumor vessels consist of disorganized,

leaky and primitive vascular networks, which display abnormal functions (Cooney M. M. et al., 2006).

As a result of all of these features, blood flow and perfusion within tumors can be highly
heterogeneous and often sluggish, with some areas therefore being deprived of oxygen and
nutrients, leading to adjacent areas of elevated hypoxia. This may account for slow growth of
tumors in some regions and more rapid growth in others. In addition the marked
leakiness/hyperpermeability of the tumor vasculature can lead to enhanced extravasation of high
molecular weight plasma proteins and fluid into the extracellular microenvironment within
tumors. It has been hypothesized that this can limit or retard the diffusion of certain drugs,
especially monoclonalAbs or vectors used for gene therapy, as well as immune effector cells from
the blood through the interstitium of the tumors. Thus tumor blood vessels, while necessary for
progressive tumor growth and metastasis, may also limit the efficacy of anticancer drugs and

treatments, including chemotherapy and radiation therapy (De Vita V. et al., 2007).
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1.1.1 VEGF/VEGFR2 SIGNALING IN TUMOR ANGIOGENESIS

Like the normal angiogenic process, tumor angiogenesis is reliant on VEGF and other angiogenic
proteins. Increased levels of VEGF and its receptor VEGFR-2 have been observed in many cancers,
including metastatic human colon carcinomas, where increased levels were shown to directly
increase tumor vascularization (Takahashi Y. et al., 1995). Breast cancer patients with higher levels
of VEGF expression have increased intratumoral vascularization and a worse prognosis (Toi M. et
al., 1996). Experiments with monoclonal Abs against VEGF, or genetic inactivation of VEGF (or
VEGFR-2), lead to dramatic decreases in angiogenesis and neovascularization in several different
forms of cancer (Ferrara N. et al., 1996). In addition to the endovascular stimulation attributed to
VEGF, it can also increase vascular permeability (Kevil C.G et al., 1998), explaining the leaky blood
vessels observed in tumors. Indeed, due to its pleiotropic effects in tumor angiogenesis,
inactivation of VEGF/VEGFR2 signaling has been extensively attempted as a therapeutic approach.
At present, inhibitors of the VEGF pathway are the most clinically advanced, and bevacizumab, a
humanized variant of a murine anti-VEGF-A monoclonal antibody that was used in early proof-of-
concept studies, is an FDA-approved antiangiogenic treatment for cancer therapy (Ferrara N. et al,
2005). Several strategies to inhibit VEGF/VEGFR2 signaling are being generated (Fig. 5). These
include monoclonal antibodies targeting VEGF-A (a) or the VEGF receptor (b) and chimeric soluble
receptors such as the 'VEGF-trap' (domain 3 of VEGFR-2 fused to a Fc fragment of an antibody) (c).
Additional extracellular inhibitors are aptamers that bind the heparin-binding domain of VEGF¢s
(pegaptanib) (d). A variety of small-molecule VEGFRTK inhibitors that inhibit ligand-dependent
receptor autophosphorylation of VEGFR-2 are being tested (e). Additional strategies to inhibit

VEGEF signaling include antisense and siRNA targeting VEGF-A or its receptors.

EC

Fig. 5 Schematic representation of the different methods

employed for the VEGF /VEGFR2 pathway inhibition. (Ferrara N.

etal., 2005).

13
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2. THE EXTRACELLULAR MATRIX

The cells of the microenviroment are embedded in a supporting network of ECM constituents that
include collagens, elastin, proteoglycans and various glycoproteins. The importance of the ECM
relies on the fact that it does not constitute a mere structural scaffold but it also elicits profound
influences on cell behavior, affecting cell growth, differentiation, motility and viability (Bissell M.J.
et al., 2005). These effects are further magnified by the intrinsic property of the ECM molecules to
function as reservoirs of growth factors, cytokines, matrix metalloproteinases and processing
enzymes (Sternlicht M.D.et al., 2001). The relative availability of these elements increases once

the ECM rearranges during wound healing or tumor progression.

Several studies taking into account the role of components of the microenvironment indeed
established that the ECM plays an important role in tumor vascularization (Wernert N., 1997).
Cancer cells per se accumulate over time numerous mutations thus acquiring the ability to be self-
sufficient in growth signaling, insensitive to antigrowth signals, unresponsive to apoptotic events
and capable of limitless replication (Hanahan D., 2000). Although all of these neoplastic properties
are necessary for tumor development, they are not sufficient to give rise to clinically relevant
cancers unless the tumor is able to recruit its own blood supply. During the different stages of
tumor angiogenesis, temporal and spatial regulation of ECM remodeling events allows for local
changes in net matrix deposition or degradation, which in turn contributes to the control of EC
growth, migration and differentiation. In this context discovering the roles played by novel ECM
proteins in vascularization is a crucial step in the process of creating new treatments for

pathological angiogenesis.

14
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2.1 ROLE OF ECM MOLECULES IN ANGIOGENESIS

The ECM is composed of a network of glycosaminoglycans (GAGs) and of fibrous proteins.

GAGs are carbohydrate polymers that form proteoglycans and are involved in both keeping the
ECM and surrounding cells hydrated and trapping and storing growth factors. Therefore, GAG
molecules may employ a variety of regulatory effects on the accessibility of angiogenic factors
(Rouet V. et al., 2005) including their degradation through the activation of proteolytic enzymes
and the consequent release of growth factors such as VEGF. Heparan sulfate glycosaminoglycans
(HSGAGS) are a diverse family of GAGs that include the syndecans, glypicans, perlecan and agrins.
Members of this group of proteins play a key role in the modulation of angiogenesis. EC-bound
HSGAGs have the ability to either inhibit or promote neovascularization by mediating signaling

through VEGF receptors (lozzo R.V. et al., 2001) or bFGF (Walker A. et al., 1994).

Major ECM fibrous proteins that promote angiogenesis include collagen, laminin and fibronectin.
Collagen IV and laminin are the predominant proteins of the basal lamina that provide structural
support for ECs and separate them from the adjacent perivascular cells. The majority of ECM
proteins mediate angiogenesis through arginine-glycine-aspartic acid (RGD) motifs which bind to
integrins that mediate outside-in and inside-out signaling. Induction of angiogenesis and
remodelling of the ECM is characterized by increased permeability and cytoskeletal and cell-to-cell
contact changes, which results in newly formed focal contacts mediated primarily by integrins.
Fibronectin is produced by both activated endothelial and smooth muscle cells; levels of
fibronectin are augmented during angiogenesis by the delivery of fibronectin from the circulation
due to the increased vascular permeability. Fibronectin is one of the ECM molecules containing
the RGD motif that binds to integrin asB;, an integrin receptor markedly up-regulated during
angiogenesis. The collagen integrin receptors a:f; and a,B; also play a positive role during
angiogenesis. Furthermore, a; chain-derived laminin peptides were demonstrated to mediate

angiogenesis in vitro (Malinda K.M. et al., 1999).

Interestingly the matrix remodeling occurring during angiogenesis, besides offering a path for ECs
to move through and inducing the release of growth factors, produces an additional effect which
further increases the complex regulations of this phenomenon. In fact, matrix degradation
prompts the release of ECM cryptic sites that may have different properties on angiogenesis

respect to the entire molecules. Indeed, the cleavage of collagen XVIIl and the a3, a, and as chains
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of collagen IV release the angiogenic inhibitors endostatin, arrestin, canstatin and tumstatin,

respectively (Kalluri R., 2003).

Another group of ECM proteins which have been recently demonstrated to play an important role
in angiogenesis are a disintegrin and metalloproteinases (ADAMs) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTs). Besides the presence of
thrombospondin (TSP) motifs on these proteases, while the ADAMs are associated with the
membrane, the ADAMTs are secreted proteins (Dunn J.R. et al., 2006). These molecules belong to
a family related to MMPs and many of them have been found to regulate angiogenesis directly or
through expression of MMPs. ADAM-17 has been reported to play a key role in angiogenesis: the
inhibition of ADAM-17 not only alters the EC’s morphology but it also decreased their proliferation
leaving apoptosis unchanged. ADAMTS1 and ADAMTSS instead contain the thrombospondin anti-
angiogenic domain (TSR1). Both these proteins inhibit EC proliferation and suppress growth factor

induced vascularization (Vazquez F. et al., 1999).

2.1.1 THE ECM MOLECULES IN TUMOR ANGIOGENESIS

Many ECM proteins surrounding the vasculature have pro-angiogenic properties capable of
promoting EC survival, proliferation, migration, and tube formation (Sottile J., 2004). Indeed ECM
display intrinsic properties that affect angiogenesis; the most studied molecules in this context are

listed below:

- Fibronectin is a fairly ubiquitous and abundant ECM protein that becomes assembled into
fibrils at the cell surface. Fibronectin is necessary for vasculogenesis, as the fibronectin-null
mice die before birth due to defects of the mesoderm, neural tube, and vascular bed (Linask
KK. et al., 1988). An alternatively-spliced form of fibronectin that contains an extra B domain
has been found in fetal and neoplastic tissues but not in normal adult tissues. In situ
hybridization analyses performed on malignant astrocytoma samples have revealed that this
isoform is synthesized by vascular cells (Castellani P. et al., 2002) and its expression appears
to be a precise diagnostic marker of the highest grade of glioma or glioblastoma. These
findings are consistent with those obtained using other types of tumors in which this isoform

has been shown to be a marker of angiogenesis (Santimaria M. et al., 2003).
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Osteopontin is expressed by several stromal cells and also by ECs; it contains an RGD
sequence that promotes cell attachment and migration through the interaction with
multiple integrins. Osteopontin overexpression has been correlated with increased
angiogenesis and in vivo tumor growth (Hirama M. et al., 2003). The pro-angiogenic function
of osteopontin, at least in part, can be attributed to its ability to promote VEGF-directed
dermal microvascular EC migration (Senger DR. et al., 1996) and to increase MMP-2 levels in
an RGD-dependent manner (Teti A. et al., 1998). Additionally, osteopontin-bound integrin
o33 inhibits the NF-kB dependent EC apoptosis (Cooper CR. et al., 2002).

Tenascin-C is a glycoprotein composed of six subunits covalently associated at their amino-
terminus by disulfide bonds. Different human tenascin-C isoforms are generated by
alternative splicing of one transcript which is aberrantly regulated in neoplastic tissues
(Jones P.L. et al., 2000). It is expressed around angiogenic vessels in many tumors and there
is evidence that it promotes and regulates angiogenesis in vitro and in vivo. For instance the
treatment of glioma patients with Abs directed against Tenascin-C induced a significant

inhibition of tumor angiogenesis.

Heparan sulphate proteoglycans (HSPGs) are necessary for stable binding of the
proangiogenic growth factor bFGF to its receptor (Ornitz D.M. et al., 1992). HSPGs consist of
a core protein with attached heparan sulphate (HS) glycosamminoglycan side chains.
Alterations in HS glycosamminoglycan in breast carcinoma have been shown to result in an

increase in bFGF binding and receptor complex assembly.

Perlecanis a HSPG deposited along blood vessels BM and it is thought to mediate structural
interactions between collagen type IV and laminin networks through its interaction with
entactin/nidogen (lozzo R.V., 2005; Mongiat M. et al., 2003). Intact perlecan is thought to be
a proangiogenic HSPG as its expression is altered during embryonic vasculogenesis and in
neoplasia (Zhou Z. et al., 2004); perlecan-null mice show severe and sometimes fatal
vascular and chondrogenic defects (Costell M. et al., 1999); antisense targeting of perlecan
blocks tumor growth and angiogenesis in vivo (Sharma B. et al., 1998); increased perlecan
expression stimulates angiogenesis (Jiang X. et al., 2003). Tumor cell-secreted perlecan
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promotes EC sprouting and proliferation, thereby promoting angiogenesis (Jiang X. et al.,
2004). This property may also depend on the characteristic of perlecan to organize and
structurally support the newly deposited ECM of angiogenic vessels. Interestingly a
degradation product of perlecan, called endorepellin, exerts an opposite effect (Mongiat M.

et al., 2003).

- Transmembrane chondroitin sulphate proteoglycan NG2 is another protein involved in
tumor angiogenesis. This molecule has been shown to promote EC spreading and migration
as well as proliferation of microvascular ECs in response to PDGF stimulation (Ozerdem U. et
al., 2003). An additional proangiogenic mechanism by which NG2 promotes angiogenesis
includes its ability to bind and sequester angiostatin, thus blocking its antiangiogenic

function (Chekenya M. et al., 2002).

On the contrary, several ECM molecules have been reported to counteract the sprouting of new

blood vessels:

- Thrombospondin-1 (TSP-1) and thrombospondin-2 (TSP-2) have been shown to be potent
inhibitors of angiogenesis (Teng-nan L.T.N.et al., 2003). Accordingly, their expression in
tumor tissues is often inversely correlated with angiogenesis (Adams J.C. et al., 2004;
Armstrong L.C. et al., 2003). The mechanisms by which they can inhibit angiogenesis include
the induction of EC apoptosis by the binding of TSP-1, and potentially TSP-2, to CD36 on
microvessel ECs, thereby inducing Fas ligand (FasL) expression (Nor J.E. et al., 2000; Jimenez
B. et al., 2000); the clearance of MMP-2 through the association of TSP-2 with MMP-2, the
internalization of this complex and its lysosomal degradation (Armstrong L.C. et al., 2002;
Rodriguez-Manzaneque JC. et al., 2001); the inhibition of EC proliferation (Armstrong LC. et
al., 2002).

- Angiostatin, the cleavage product of plasminogen, is another well-known anti-angiogenic
molecule, the only not-ECM protein among the molecules described above. Angiostatin
inhibits EC proliferation and motility and down-regulates the levels of cyclin-dependent
kinase 5 (cdk5), a cdk absent in quiescent ECs whose expression is induced following bFGF
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treatment (Sharma M.R. et al., 2004). Angiostatin also acts by upregulating the mRNA levels

of FasL and reducing the level of c-Flip which activates the extrinsic apoptotic pathway.

As mentioned above cryptic fragments originated from ECM degradation represent an important

contribution to the anti-angiogenic molecules; below the most known active fragments are listed:

- Endostatin is a specific and potent anti-angiogenic factor generated from the proteolytic
cleavage of collagen XVIII by matrix metalloproteinases, elastases or cathepsins (Kim H.S. et
al., 2009). Endostatin is strong angiogenic inhibitor impairing EC proliferation and migration.
It halts EC division blocking the cells in the G1 phase of the cell cycle and the treatment of EC
with this molecule induces a cell-specific apoptotic death (Dhanabal M. et al., 1999). These
properties have provided clues for the development of an anti-tumor strategy with proven

therapeutic effectiveness in numerous models of neoplasia (Folkam J. et al., 2006).

- Vastatin derived from the NC1 domain of the a; chain of collagen VIIl. Endostatin and
vastatin display similar potency in inhibiting EC proliferation, although the two molecules

share only about 12% sequence homology (Xu R. et al., 2001).

- Restin is a fragment of the a; chain of collagen XV. Restin inhibits EC migration and
angiogenesis, though it differs from endostatin in its ability to inhibit angiogenesis induced
by VEGF or FGF-2, in its affinity for binding partners in the ECM, and localization (Sasaki T.et
al., 2002).

- Tumstatin is a 28-kDa fragment derived from the C-terminal NC1 domain of the as chain of
type IV collagen. Tumstatin is anti-proliferative and pro-apoptotic for ECs, but also exerts an
immunomodulating effect and anti-proliferative activity on tumor cells. These activities are
mostly mediated by a,Bs and aspB; integrins (Sudhakar A. et al,2008). This fragment binds
ayBs integrin, resulting in the inhibition of FAK activation; it inhibits CAP-dependent protein
translation via phosphatidylinositol-3 kinase (PI3K)/Akt/mTOR and 4E-BP1, causing in EC
apoptosis (Sudhakar A. et al, 2003).
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Arrestin is a 26-kDa fragment from the NC1 domain of the a; chain of type IV collagen. It
inhibits EC proliferation and migration through mechanisms involving cell surface

proteoglycans and a;B;integrin on ECs (Mundel T.M. et al., 2008).

Endorepellin derives from the C-terminal module of perlecan, a ubiquitous basement
membrane heparan sulfate proteoglycan (Mongiat M. et al., 2003). It has high homology
with the G-domain of the long arm of laminin-1. Endorepellin binds to several extracellular
matrix proteins, growth factors, and receptors (Bix G. et al., 2005). It affects EC functions
relevant to angiogenesis by interacting with the a,B; integrin as well as VEGFR1 and VEGFR2,

leading to transcriptional repression of VEGF production (Goyal A. et al., 2011).

Pigment epithelial-derived factor (PEDF) was initially identified as an anti-angiogenic protein
whose expression associates with a decreased microvessel density and suppression of tumor
growth in a number of tumors, including glioma as well as prostate carcinoma and
melanoma (Abe R. et al., 2004). Accordingly, an increased microvessel density is found in
tissues from PEDF deficient mice (Doll J.A. et al., 2003), while it blocks the growth factor-
promoted neovascularization in rat cornea angiogenesis assays. The mechanism whereby
PEDF acts to inhibit angiogenesis is probably associated, at least in part, with its ability to
bind collagen and to potentially interfere with the interaction of collagen with the cell
(Meyer C. et al., 2002). Additional mechanisms likely include the induction of the expression
of Fas on the EC surface and the down-regulation of VEGF mRNA levels (Takenaka K. et al.,

2005).
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3. THE EMILIN/MULTIMERIN PROTEIN FAMILY

EMILINs are a family of ECM glycoproteins whose distinguishing feature is the presence of a
cysteine-rich EMI domain at the N-terminus; in addition most of the members of this family also
display a gClg-like domain at the C-terminus (Doliana R. et al., 2000; Mongiat M. et al., 2000).
These glycoproteins can be clustered into three main groups on the basis of the arrangement of

the major protein domains (Braghetta P. et al., 2004).

The first is characterized by the presence of the EMI domain at the N-terminus followed by a
coiled-coil region and by a gC1g domain at the C-terminus, and it includes EMILIN1 (Doliana R. et
al., 2000), EMILIN2 (Doliana R. et al., 2001), MULTIMERIN1 (Hayward C.P. et al., 1991) and
MULTIMERINZ (Christian S. et al.,2001) (Fig. 6).

EMI COILED-COIL unave  gC1q
I ! v v v v Trecion I
73-75aa 594-640aa 90-140aa 120-140aa

EMILIN1

Pro rc 3 \ wdfl
EMILIN2 %-—E- : K. ) tgand e

MMRN1

Arg rich
MMRN2 PRMR

Fig. 6 Schematic representation of the first group of EMILIN/MULTIMERIN family members. (EMI) EMI

domain; Coiled-coil region; (C1q) gCl1qg-like domain; (PR) prolin-rich domain; (RR) arginine-rich domain; (EG)

region with partial similarity with EGF domain (Colombatti A. et al., 2011).
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The second group comprises only one gene named EMILIN3 displaying a structure similar to the
first group except for the lack of the gC1q domain (Leimeister C. et al., 2002); EMILIN3 presents a
different pattern expression from other EMILIN/Multimerin proteins and is able to function as an

extracellular regulator of the activity of TGF-f ligands (Schiavinato A. et al., 2012).

The third cluster includes two genes, Emul and Emu2, which share only the presence of EMI
domain at N-terminus with the previous group but, since most of the sequence is collagenous,
display a completely different structure compared to the other members (Leimeister C. et al.,

2002).

3.1 EMILIN1

EMILIN1 is the archetype molecule of the family and it was originally identified during the
attempts to isolate elastic tissue-specific glycoproteins. These efforts led to the isolation of a 115
kDa glycoprotein from the heterogeneous fraction of newborn chick aorta extracts. The
glycoprotein was next demonstrated to specifically localize at the interface between the
amorphous elastin surface and microfibrilshence the acronym (Elastin Microfibril Interface
Located protelN) (Bressan G. et al., 1993). EMILIN1 is highly expressed at the level of large blood
vessel wall and in the connective tissue of a wide array of organs (Colombatti A. et al., 1985).
During mouse development, EMILIN1 mRNA is expressed along the blood vessels, perineural
mesenchyme and somites at 8.5 days (Braghetta P. et al.,, 2002). Intense labeling is identified in
the mesenchymal component of many organs including lung and liver and in different
mesenchymal condensations such as limb bud and branchial arches. At late gestation times
staining is widely distributed in the interstitial connective tissue and in smooth muscle cell-rich
tissues. After birth, the EMILIN1 mRNA expression levels decline with the age increase. EMILIN1
was demonstrated to be involved in multiple functions. As an ECM component EMILIN1 has
adhesive and migratory properties for different cell types. It is a ligand for the asf; integrin and
the interaction occurs through the gClql domain (Spessotto P. et al.,2003). EMILIN1-deficient
animals display an hypertensive phenotype likely due to a decreased diameter of the arteries
which is significantly narrower in EMILIN1-null mice compared to the wild type mice. The
molecular mechanism underlying this outcome relies on the binding of EMILIN1 to the immature

form of the pro-TGF- via the EMI domain, thus preventing TGF-B maturation by furin-convertases
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(Raman M. et al., 2006). EMILIN1 is also highly expressed along the lymphatic vessels and it was
demonstrated to be an important constituent regulating the structure and function of lymphatic
vessels, as well as lymphangiogenesis (Danussi C. et al., 2008). In fact EMILIN1 deficiency results in
hyperplasia and enlargement of the superficial and visceral lymphatic vessels which often display
an irregular pattern. EMILIN1 deficiency also lead to a significant reduction of anchoring filaments,
and this correlates with the functional defects observed, such as mild lymphedema, an enhanced
lymph leakage and a highly significant decrease of lymph drainage. EMILIN1-deficient mice also
develop larger lymphangiomas if compared to wild type mice (Danussi C. et al., 2008). EMILIN1
deficiency causes skin and lymphatic vessel hyperplasia and structural anomalies in lymphatic
vasculature. An EMILIN1-negative microenvironment promotes tumor cell proliferation as well as

dissemination to lymph nodes (Danussi C. et.al., 2012).

3.2 EMILIN2

EMILIN2 was identified following a yeast two-hybrid screen, using the gC1g1l domain of EMILIN1 as
bait (Doliana R. et al., 2001). The protein is secreted extracellularly and was demonstrated to be
deposited in the ECM with a meshwork pattern. In the mouse embryos EMILIN2 mRNA expression
is more restricted compared with that of EMILIN1; early expression includes somites, neural tube
and mesenchyme of branchial arches, limb buds, intervertebral disks and perineural tissue. Weak
staining is also found in mesenchymal cells of most organs, including lung, liver, intestine and
bladder at the beginning of organogenesis. The strongest EMILIN2 expression was detected in the
heart, starting at E8.5 and reaching the highest levels at E11.5. The labeling was restricted to the
myocardium, while the endocardium was negative. Unlike other members of the family, staining
for EMILIN2 was found in the central nervous system. In the adult tissues, EMILIN2 mRNA
amplification was most evident in spleen and uterus and weak in kidney and gut (Braghetta P. et
al., 2004). Moreover, EMILIN2 was found to be one of the major basilar membrane components in
the cochlea (Amma L.L. et al., 2003). At the fanctional level, EMILIN2 was found to significantly
impair tumor growth inducing tumor cell apoptotic death. EMILIN2 was demonstrated to adopt a
totally different mechanism from other ECM proteins that promote cell death; in fact it bears the
unique property to directly interact with and activate death receptors, in particular DR4. The

activation of the extrinsic apoptotic pathway leads to a dramatic decrease of tumor cell viability
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and to anti-tumorigenic properties as demonstrated by in vitro and in vivo studies (Mongiat M. et
al., 2007). EMILIN2 stimulated blood vessel development and displayed a pro-angiogenic effect
(Mongiat M. et al., 2010) in particular, blocking with specific antibody or silencing, EMILIN2
expression reduced EC proliferation (Bronisz A. et al., 2012). EMILIN2 represents a negative
regulator of tumor development: the gene is frequently methylated in breast, lung and colorectal
tumors and this suppression correlates with poorer clinical outcome and increased lymph node

metastasis in breast cancer patients (Hill V.K. et al., 2010).

3.3 MULTIMERIN1

MULTIMERIN1 (MMRN1) is a soluble S-S linked homopolymer stored in platelets, megakaryocytes,
and ECs and deposited in ECM (Hayward C.P., 1997; Adam F. et al., 2005). It supports the adhesion
of platelets, neutrophils, and ECs via integrin a,B3 and a;,B3 (Adam F. et al., 2005). It binds to
collagen and it is able to enhance von Willebrand factor-dependent platelet adhesion to collagen
thus supporting thrombus formation. MMRN1 has a high affinity for factor V (Jeimi S.B. et al.,
2008) and this facilitates the co-storage in platelet a-granules. When MMRNL1 is released from
platelets during platelet activation, it regulates thrombin formation limiting thrombus formation.
This protein is playing an important homeostatic control in platelets aggregation and its
consequences. Unfortunately, all these multiple functions have not been assigned to any of the
domains of MMRN1 apart from cell adhesion that depends on an RGD sequence at the N-terminus

(Adam F. et al., 2005).
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3.4 MULTIMERIN2

MULTIMERIN2 (MMRN?2) also known as EndoGlyx-1, was identified during a screening for new
antigenic markers of the vascular endothelium, using a monoclonal antibody (mAb) H572 raised

against the human umbilical vein EC (Sanz-Moncasi MP. et al., 1994) (Fig. 7).

MMRN2 VE- cadherin
4 . o
'.'6: 9
E .
N
) \-‘%‘.“&p
mAb H572 + mAb TEA-1

Fig.7 Immunohistochemical staining of MMRN2 on human blood vessels. Sections of normal breast tissue
stained with the H572 mAb detecting MMRN2 or with TEA-1 mAb detecting VE-Cadherin (Christian S. et al.,
2001).

Unlike other members of the family, MMRN2 is characterized by a short cluster of charged amino
acids (10 out of 27 residues) located between the coiled-coil region and the Clg-like domain. The
basic amino acids are arranged in a sequence similar to that of the consensus motifs responsible
for the ionic interactions with glucosaminoglycans, such as heparin and heparan sulfate (Hileman
RE. et al., 1998) and are also found in heparin binding proteins such as the von Willebrand factor
(Sobel M. et al., 1992). In an extensive immunohistochemical survey of normal human fetal and
adult tissues as well as human cancer tissues, MMRN2 was found to be exclusively expressed at
the blood vessel endothelium level. Notably, these include capillaries, veins, arterioles, and
muscular arteries, but interestingly no immunoreactivity was observed in the sinusoidal
endothelial cells of the spleen and liver. In neoplastic tissues MMRN2 was consistently found to be
deposited along tumor capillaries and, in certain tumors, in the “hot spots” of neoangiogenesis
(Sanz-Moncasi MP. et al., 1994). The staining pattern revealed a uniform cell surface and
cytoplasmic distribution of the antigen and, in some cases, an accentuated immunoreactivity at
the abluminal side of the EC layer. Prior to this investigation, the function of this molecule has
remained elusive. Given its specific deposition along the blood vessels we have hypothesized that
it could play an important role in the regulation of EC homeostasis and in the angiogenetic

processes and the results from these investigation are reported in this thesis.
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1. Cell Lines

The HT1080 cell line was obtained from ATCC and cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS) (GIBCO BRL). HUVEC (Human Umbilical Vein
Endothelial Cells) were isolated from the human umbilical cord vein. Cells were cultured in M199
medium (GIBCO) supplemented with 20% FBS, 1% Penicillin-Streptomycin, 50 mg/ml heparin
(SIGMA) and bovine brain extract (0,5%). Cells were grown in flasks pre-coated with 1% porcine
skin gelatin. 293-EBNA (Epstein-Barr Nuclear Antigen) cells were a gift from Rupert Timpl and
cultured in DMEM, 10% FBS. All cells were maintained al 37°C in a humidified 5% CO, atmosphere.

2. Isolation of HUVEC cells

HUVEC were obtained from human umbilical cord veins according to Jaffe method (Jaffe EA. et al.,
1973). A sterile technique was utilized during all the required manipulations. Briefly, both ends of
the cord were cut off and the vein was perfused with a Phosphate Buffer Saline (PBS) solution
containing 50 mg/ml gentamycin and 250 ng/ml fungizone to wash out the blood. Then one end of
the cord was tightly clamped and a 0,25% Collagenase A (Roche) solution pre-warmed at 37°C was
injected in the vein to facilitate EC detachment. After 20 minutes of incubation at room
temperature, the collagenase solution was flushed out from the cord and the vein was washed
with M199 medium. The collected cells were then centrifuged for 10 min at 500g, resuspended in

M199 complete medium and seeded onto gelatin-coated flasks.

3. Antibodies and other reagents

The anti-MMRN2 polyclonal antibody was obtained upon immunization of a rabbit with 150 mg of
a recombinant MMRN2 fragment corresponding to the N-terminal gC1lq domain preceded by the
proline-rich domain. The antibody was affinity purified from the rabbit serum by means of the
CNBr-activated Sepharose 4B resin (Amersham, GE-Healthcare, Milan, Italy). The anti-FLAG and
anti-SMA antibodies, the FLAG peptide, and the anti-FLAG M2 affinity gel were from Sigma-Aldrich
(Milan, Italy). The secondary horse radish peroxidase (hrp)-conjugated antibodies were from
Amersham (GE-Healthcare, Milan, Italy). The secondary antibodies conjugated with Alexa Fluor

680 and 488 and TO-PRO-3 were from Invitrogen. The Ni-NTA agarose was from QIAGEN (Milan,
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Italy). BD Adeno-X™ Rapid Titer Kit was from BD Biosciences (Milan, Italy). The AngioKit was from
TCS CellWorks (Buckingham, UK). The anti-mouse anti-CD31 antibody and Matrigel were from BD
Biosciences. Anti-VEGFR2 and anti phospho-VEGFR2 (Tyr1175) and (Tyr1214), anti-FAK and anti-
phospho-FAK (Tyr576/577), anti-p38 and anti-phospho-p38, anti-B-actin antibodies were from Cell
Signaling Technology Inc. (Danvers, MA, USA).The anti-VEGF-A antibody was from Sigma-Aldrich
(Milan, Italy). Anti-VEGF-B and anti-PIGF were from Santa Cruz Biotechology Inc. (California, USA).
The hypoxyprobe-1 was from HPI, Inc. (Burlington, MA, USA). The in situ Cell Death Detection
Fluorescein Kit was purchased from Roche Diagnostics S.p.a. (Milan, Italy). The Gv39M antibody
recognizing the VEGFR2-bound VEGF-A (Brekken et al., 1998) was a kind gift from Dr. R. Brekken
(UT Southwestern Medical Center, Dallas, TX, USA).

4. Cell transfection, expression and purification of recombinant proteins

Human MMRN2 cDNA was retro-transcribed from total RNA extracted from HUVEC cells and
cloned into pCEP-Pu vector containing the sequence of the BM40 signal peptide. The MMRN2
coding sequence has been divided into two parts; the first one, corresponding to N-terminal
region, was cloned using the restriction enzymes Pme | and Not I, the second, corresponding to
the C-terminal region of the molecule, using Not | and Xho I. The following oligonucleotides were

used:

Forward: 5'-GGGTTTAAACGGACTACAAGGACGACGATGACAAGGCTGCTTCCAGTACTAGCCTC-

3’,containing the Pme I site and a FLAG sequence.
Reverse: 5’-GTGCAGCTGGCGCACCTCGT-3’, containing the Not I site.
Forward: 5'-GACGAGGTGGGCGCGCTGAA-3’, containing the Not / site.

Reverse: 5'-CGGGATCCATGGTGATGGTGATGATGGGTCTTAAACATCAGGAAGC-3’, containing the

Xhol site and an His-tag sequence.
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For the generation of the MMRN2 deletion mutants, the MMRN2 coding sequence was divided in
different fragments: Al (aa residues 24 to 134), A2 (aa residues 135 to 949) and A3 (aa residues
369 to 949). The fragments were cloned into pCEP-Pu vector using the following oligonucleotides

and restriction enzymes:

MMRN2 fragments Oligo sequence Restriction enzyme | Tag sequence
Al Forward 5"-CTAGCTAGCCCATCATCACCATCACCATGCTTCCAGTACTAGCCTC-3" Nhe His
A1 Reverse 5-ATAGTTTAGCGGCCGCTCAAAAGCTCCTCCAGATGGG-3' Notl
A2 Forward 5"-CTACGTAGCCCATCATCACACCATCACCATTCCTTGGAGCAGCTGCTG-3" Nhe His
A2 Reverse 5'-ATAGTTTAGCGGCCGCTCAGAGGTTGAGCTCCAGGAG-3’ Notl
A3  Forward 5"-GCGACAGCTGTCCATCATCACCATCACCATGGGACCAATGGCAGTCTGGTG-3' pshAl His
A3 Reverse 5'-CGGGATCCGTCGTGGCTGGGCTCCAG-3’ BamHI
A1-2 Forward 5"-CTAGCTAGCCCATCATCACCATCACCATGCTTCCAGTACTAGCCTC-3' Nhe His
A1-2 Reverse 5"-ATAGTTTAGCGGCCGCTCAGAGGTTGAGCTCCAGGAG-3’ Notl

293-EBNA cells were transfected by electroporation with the different pCEP-Pu constructs and
selected in the presence of 0,5 mg/ml of puromycin and 250 mg/ml of G418. Positive clones were
isolated and the expression analyzed by Western blotting. To this purpose when the clones
reached sub-confluency, the medium was replaced with serum-free DMEM. After 24-48 hours
conditioned media were collected and equilibrated with a buffer containing 50 mM NaH,PQ,4, 150
mM NacCl, 10 mM imidazole. The proteins were purified by means of the Ni-NTA resin and eluted
with the elution buffer (50 mM NaH,PQ4, 300 mM NaCl, 250 mM imidazole). The different
fractions were analyzed by SDS-PAGE followed by Coomassie blue staining or Western Blot.

Protein fractions were then dialyzed in PBS and concentrated using polyethylene glycol (PEG).

In addition the MMRN2 cDNA was sub-cloned into pcDNA3.1/Myc-His vector by Hind Ill and Xho |

restriction and HT1080 cells were stably transfected by calcium phosphate transfection.
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5. Recombinant adenovirus

For MMRN2 over-expression, tetracycline-inducible recombinant adenoviruses were constructed
according to the manufacturer’s instructions using the Adeno-X Tet-On Expression System 2
(Clontech Laboratories, Milan Italy). HUVEC were co-transduced with a regulatory virus Adeno-X
Tet-On and the MMRN2 recombinant virus at a specific multiplicity of infection ratio (400 : 160).

Doxycycline was employed at a final concentration of 0.5 mg/ml.

For the down-regulation of endogenous MMRN2, the Knockout RNAi System was used (Clontech).

The targeted sequences were:

SiRNA 1: 50-GAGGAACCTCTCAGAGCTGCACATGACCA-30;
SiRNA 2: 50-GGATGAGATCAAGGAACTGTACTCCGAAT-30;
SiRNA 3: 50-CCTCATCAAGTACGTGAAGGACTGCAATT-30;

SiRNA 4: 50-GCAGACAGTGAAGTTCAACACCACATACA-30.

6. MTT and TUNEL assays

Cell proliferation was evaluated using MTT assay. Cells were transduced (or not) with the
adenoviruses, as previously described, or treated with the indicated molecules and 72 hours later
cell viability was analyzed. The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, a tetrazole) reagent was added to the cells at a final concentration of 0,3 mg/ml and
incubated for 4 hours at 37°C in complete medium. MTT is processed into to purple formazan
crystals by the mitochondria of living cells. The medium was then discarded and the crystals
solubilized with dimethyl sulfoxide (DMSO). The reduced form of the colorimetric substrate was
then quantified at the spectrophotometer at 560 nm.

For the TUNEL assay ECs adhered on coverslips were transduced or not with the adenovirus
carrying the MMRN2 sequence and after 72 hours the apoptotic rate was determined using the
ApopTag Fluorescein In Situ Oligo Ligation Apoptosis Detection Kit (CHEMICON International,
Temecula, CA), according to the manufacturer’s instructions. The percentage of apoptotic cells

was evaluated through the counting of positive cells versus the total number of cells.
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7. Cell migration, haptotaxis, scratch test

EC migration in response to ECM substrates was assessed by fluorescence assisted transmigration
invasion and motility assay (FATIMA) (Spessotto P. et al., book chapter 2009). The procedure is
based on the use of Transwell-like inserts carrying fluorescence shielding porous polyethylene
terephthalate (PET) membranes (polycarbonate-like material with 8 um pores) provided by the
HTS FluoroblokTM inserts (Becton- Dickinson, Falcon, Milan, Italy). For the migration tests, the HTS
Fluoroblok membranes were coated on the upper side with 10 pg/ml of MMRN2 or type | collagen
used as control, in the presence of 0,1M bicarbonate buffer at 4°C overnight. The next day the
membranes were saturated with 1% BSA in PBS for 2 hours at room temperature. Cells were
labeled with Dil (Molecular Probes) for 20 minutes at 37°C before being seeded on the Fluoroblok
upper chamber and then incubated at 37°C for the indicated times. Migratory behavior of the cells
towards the FBS chemotactic stimulus in the bottom plate was then monitored at different time-
intervals by independent fluorescence detection from the top (corresponding to non-
transmigrated cells) and bottom (corresponding to transmigrated cells) side of the membrane
using the computer-interfaced GENios Plus instrument (TECAN Italia S.r.L.).

Haptotaxis was assessed by plating the molecules on the underside of the membranes.

To study the migratory response of HUVEC cells in presence of the MMRN2 fragments regular
transwells were employed. The transwell membranes carrying 8 um pores were coated on the
upper side with 10 pg/ml of MMRN2 or the A1, A1-2 and A3 fragments in the presence of 0,1M
bicarbonate buffer at 4°C overnight. Also in this case type | collagen was used as a control. The
next day the membranes were saturated with 1% BSA in PBS for 1 hour at room temperature. Cells
were placed on the top layer of the permeable membrane in serum free M199 medium containing
0,1% BSA and 10 pg/ml of MMRN2 or either the A1, A1-2 and A3 purified fragments, or type |
collagen. In the bottom chamber VEGF-A (10 pg/ml) was added to the medium as migratory
stimulus. Following an overnight incubation, the migrated cells were stained with Crystal violet for
30 minutes and counted.

For the scratch test ECs were seeded in a 24-multiwell dish and allowed to grow until they reached
confluency. Cells were then starved overnight and the day after a scratch wound across each well
was made using a sterile pipet tip. Cells were washed to remove any loosely held cells and then
incubated with medium containing 0,5 % serum in the presence of 10 pug/ml of purified MMRN2 or

PBS as a control. The open gap was then inspected over time with the microscope. Time course
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analysis was carried out by means of the LEICA AF6000 Imaging System (LEICA, Wetzlar, Germany)

until some of the well displayed the closure of the wounded area.

8. Matrigel tube formation assay

The Tube Formation Assay is based on the ability of ECs to form three dimensional capillary-like
tubular structures when cultured on a gel of basement membrane extract. Matrigel (BD,
Bioscience) was thawed at 4°C overnight; 300 ul were quickly added to each well of a 48-multiwell
dish using cold pipettes and was allowed to solidify for 30 min at 37°C. Once solid, 4x10* HUVEC
cells were resuspended in medium containing 0,5% serum and 10 pg/ml of purified MMRN2 or
type | collagen used as a control and then seeded in each well. Tube formation was monitored for
24 hours. Time course analysis was carried out by means of a microscope associated with a

camera (LEICA STP 6000).

To evaluate tube formation in a more complex environment, the TCS CellWorks AngioKit was used.
This kit provides a co-culture of human ECs among other stromal cells embedded in a culture
matrix. In this environment ECs initially form small islands and then begin to proliferate and
migrate to form threadlike tubule structures. The co-coltures were treated for 11 days with
purified recombinant MMRN2 at different concentrations, or PBS as control. At the end of the
treatment cells were fixed and stained with the anti-CD31 antibody provided with the kit. Vessels

density was calculated by means of an Image Tool software.

9. 3D in vitro angiogenesis assay

For the 3D in vitro experiments we have set up a previously described angiogenesis assay (Nakatsu
M. N. et.al , 2007). Briefly, 4 x 10 HUVEC cells per cytodex microcarrier were employed. HUVEC
cells were incubated with the beads for 4 hours at 37°C, shaking every 20 minutes. After the
incubation time, the coated beads were transferred into a flask containing complete medium and
were incubated overnight at 37°C. The next day the coated beads were embedded into a fibrin gel
with or without MMRN2 (5 pg/ml). Normal Human Dermal Fibroblasts (NHDF) were layered on top
of the gel after resuspension in medium containing or not MMRN2. The NHDF provide the
required soluble factors that promote EC sprouting from the surface of the beads. After 7 days,

vessels were formed and could be observed under phase-contrast and time-lapse microscopy.
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Spheroids were fixed with 4% (w/v) paraformaldehyde for 15 minutes at room temperature and

stained with the anti-CD31 antibody (vessels) and with SYTOX (nuclei).

10. CAM assay

CAM assays were performed as previously described (Mongiat M. et al., 2003). Twenty eggs were
used for each point. A square window was opened in the egg’s shell and 150 ng of VEGF-A or bFGF
with or without 150 ng of MMRN2 were allowed to be absorbed by the sponges (Gelfoam, Upjohn
Company, Kalamazoo, MlI, USA). PBS or full-length MMRN2 used as a control. After 4 days the
CAMs were fixed with Bowen and pictures were taken at the Stereo Microscope (Leica

Microsystems GmbH). The vessels directed toward the sponge were evaluated by counting.

11. RTK array

Analysis of Tyrosine Kinase Receptors (RTKs) activation following treatment of ECs with MMRN2
was evaluated using the Human Phospho-Receptor Tyrosine Kinase kit (R&D Systems). This tool
consists of 42 different antibodies recognizing phosphorylated human RTKs spotted in duplicate
on nitrocellulose membranes. For this analysis HUVEC cells were incubated with conditioned
media from HUVEC cells transduced with the MMRN2 or the control adenoviral vectors (collected
72 h post transduction). The incubation was conducted for 30’. Following incubation, the cells
were lysed and the lysates diluted to a final volume of 1,5 ml with the provided buffer. Cell lysates
were deposited over the array and incubated overnight at 4°C. A pan hrp-conjugated anti-
phospho-tyrosine antibody was then used to detect phosphorylated tyrosines by
chemiluminescence. The spots were revealed by exposure to X-ray films and spots’ intensity was
evaluated with the Image Tool software (University of Texas Health Science Center, San Antonio,

TX, USA).

12. Preparation of cell lysates and Western Blotting analysis

To analyze the degradation of MMRN2 following an angiogenic stimulus, HUVEC cells were
incubated with VEGF-A (100 ng/ml) for different times in the presence or not of GM6001 (4 ug/ml)
and then lysed in cold HNTG buffer (0,1% TrytonX100, 20mM HEPES pH 7.5, 10% glycerol, 150 mM
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NaCl) containing a protease inhibitors cocktail (Roche) and 1 mM sodium orthovanadate. After
incubation on ice for 20 min, the lysates were centrifuged at max speed for 20 min at 4°C and the
supernatants recovered.

For the phosphorylation studies, HUVEC cells were treated with VEGF-A (15ng/ml) with or without
MMRN2 (5 ug/ml) for different intervals of time. The cells were then lysed in a cold specific buffer
(21mM CacCly, 1mM MgCl,, 15mM Tris-HCl pH 7.2, 150mM NaCl, 1% TrytonX100, 0,1% SDS, 0,1% Na
Deoxycholate) containing 25 mM NaF, 1 mM DTT, 1 mM NasVO,4 and the protease inhibitors
cocktail (Roche).The samples were then treated as described above.

For the Western blot analyses proteins were resolved in 4-20% Criterion Precast Gels (Bio-Rad
Laboratories) and transferred onto Hybond-ECL nitrocellulose membranes (Amersham, GE-
Healthcare). Membranes were blocked with 5% dry milk in TBS-T (100mM Tris-HCI pH 7.5, 0,9%
NaCl, 0,1% Tween 20) and probed with the appropriate antibodies. The blots were finally
developed using ECL (Western blotting detection, Amersham Biosciences) and exposed to X-ray
films. Alternatively the Odyssey infrared imaging system was used (Li-COR Biosciences, Lincoln, NE,

USA).

13. Radioligand displacement studies, ELISA

For the displacement of HUVEC-bound **’I-VEGF-A (Perkin Elmer, Milan, Italy), 2 x 10° HUVEC cells

were used per point. Cells were incubated with 70 pM 125

I-VEGF-A and increasing concentrations
of cold-VEGF-A or recombinant full-length MMRN2, incubated on ice for 1 h, collected, and counts
obtained with the Wizard 2 GAMMA Counter (Perkin Elmer). In alternative, the recombinant
VEGFR2 Fc chimera (R&D Systems, Inc., Milan, Italy) was used and coated on ELISA plates (10
ng/well). Bound **I-VEGF-A was rescued using 2M NaOH at 50°C and type | collagen was used as a

control.

For the ELISA tests, 0.5 pg of MMRN2 or of the VEGFR2 chimera were used to coat the plates, BSA
was used as a control. The wells were blocked with 2% BSA and incubated with soluble VEGF-A
(100 ng/well) for 1 h at 37°C. In other ELISA test the wells were also incubated with soluble VEGF-B
or PIGF. Binding was verified using the specific anti-cytokine antibodies; the ABTS substrate was

added and absorbance at 405 nm detected with a spectrophotometer (TECAN, Milan, Italy).
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14. In vivo experiments

For the in vivo experiments ten female athymic nude mice (Harlan S.r.I, Milan, Italy) were injected
subcutaneously with one million of HT1080 cells stably transfected with pcDNA3.1 vector carrying
the MMRN2 coding sequence or with the empty vector. The left flanks of each mouse were
injected with control cells, while the right flanks with cells expressing MMRN2. Two MMRN2
clones were used (clone 4 and 9) for a total number of 20 mice. Tumor growth was monitored
over time and tumor size measured with a caliper. The tumor volumes were calculated with the
following formula: (TT x length x width?)/6. After 19 days the animals were sacrificed and the
tumors excised. In all the cases a portion of the tumor was lysed with HNTG buffer and the ectopic

expression of human MMRN2 was confirmed by Western blot analysis using a specific antibody.

15. Immunohistochemistry analyses of the tumor sections

For the immunohistochemical analyses, tumors were included in the Optimal Cutting Temperature
compound (OCT) and frozen. For microvessel density analysis, 7 um thick sections were obtained
and stained with anti-mouse CD31 and/or a-SMA antibodies. For the co-localization analyses,
sections from mock and MMRN2-transfected tumors were stained with anti-human MMRN2 and
Gv39M antibodies. Images were acquired with a Leica TCS SP2 confocal system (Leica
Microsystems Heidelberg, Mannheim, Germany), using the Leica Confocal Software (LCS). Vessels
density was calculated by means of the Image Tool software. Alternatively five mice injected in
both flanks as above were treated with 60 mg/kg of pimonidazole HCl 45 minutes prior being
killed and sections were stained with the PAb2627 (hypoxyprobe-1, CHEMICON, Temacula, CA,

USA) according to the manufacturer instructions.

16. Immunofluorescence analysis of ECs, aortic ring and retina immunostainings

HUVEC cells were grown on cover glass slides placed in a 24 multi-well plate, treated 20 minutes
with VEGF-A (10 ng/ml) and MMRN2 (5 pg/ml) at 37°C and then fixed with 4% (w/v)
paraformaldehyde for 15 minutes at room temperature. The cells were then permeabilized with a
PBS solution containing 1% BSA, 0,2% TRITON X-100 for 5 minutes at room temperature, saturated
with blocking buffer (PBS-2% BSA) for 1 hour and incubated overnight at 4°C with the a-VEGFR2
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antibody. The antibody incubation was followed by actin staining with phalloidin for 1 hour at
room temperature. Slides were finally mounted in Mowiol containing 2,5% (w/v) of 1,4-
diazabicyclo-(2,2,2)-octane (DABCO). Images were acquired with a confocal system (Leica

Microsystems).

The aortic assays were performed as previously described (Baker M et al., 2012). Aortic rings were
isolated from C57/BL6 mice and cultivated for 8 days on rat type | collagen containing 30 ng/ml of
VEGF-A to induce the sprouting of new vessels. The rings were fixed in 4% (w/v)
paraformaldehyde, permeabilized with a PBS solution containing 0,25% TRITON X-100 for 15
minutes at room temperature, blocked with PBS-1%BSA buffer 90 minutes at room temperature.
The rings were whole mounted and stained with the anti-VEGFR2 and anti-MMRN2 antibodies; the
nuclei with TO-PRO-3. Slides were mounted in Mowiol with 2,5% DABCO and images were

acquired with a confocal system (Leica Microsystems).

Retinas were isolated as previously described (Pitulescu M. et. al., 2010) either from adult or P3
C57/BL6 pups. The retinas were fixed in 4% (w/v) paraformaldehyde for 2 hours at 4°C and
saturated overnight at 4°C with the blocking buffer (PBS-1% BSA-0,3% TRITON X-100). The next
day the retinas were incubated overnight at 4°C with the anti-MMRN2 antibody and with isolectin
B. After incubation the retinas were washed with PBS 5 times for 20 minutes, incubated with the
secondary antibody for 2 hours at room temperature, washed 4 times for 20 minutes and
incubated with TO-PRO-3 for 15 minutes at room temperature. Finally the samples were mounted
using Mowiol with 2,5% DABCO. Images were acquired with a confocal system (Leica

Microsystems).
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1. MMRN2 IMPAIRS TUMOR ANGIOGENESIS AND GROWTH

As mentioned above, the ECM glycoprotein MMRN2 is specifically deposited along the blood
vessels in tight contact with ECs, being present also in the luminal side. Nevertheless, since its
discovery, the function of this molecule has remained elusive. Given is specific localization and its
close proximity to ECs we have hypothesized an involvement of this molecule in the regulation of
EC function. To assess this hypothesis we have first tested the ability of ECs to adhere to MMRN2.
We have found that indeed ECs specifically bind to MMRN2 even though the interaction strength
is lower compared to that exerted by type | collagen, and was not integrin dependent. Thus based
on its localization and on the specific interaction with ECs we have thought to further investigate
the role of this molecule in regulating ECs and in angiogenesis, with particular interest in tumor

angiogenesis, and these investigations will be the subject of the first part of the present thesis.

1.1 MMRN2 DOES NOT AFFECT EC VIABILITY OR THEIR APOPTOTIC RATE

To assess the role of MMRN2 in regulating ECs we next verified if the treatment with MMRN2
could affect EC viability. To this end HUVEC cells were seeded on 48 well plates and challenged
with purified recombinant MMRN2 or type | collagen (Coll 1) using increasing protein
concentrations (from 0,6 pg/ml to 10 pg/ml). Following the incubation with the recombinant
molecules, EC viability was evaluated by MTT assays. The results indicate that MMRN2 does not
significantly affect HUVEC cell viability (Fig. 1a). To corroborate these results we also performed
MTT assays on HUVEC cells trasduced with an inducible MMRN2 adenoviral vector and cultured
the cells with or without doxycycline. Also in these conditions, despite the protein was
overexpressed in the culture medium at high concentration, MMRN2 did not alter the

proliferation of ECs (Fig. 1b).
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Fig. 1 ECs viability is not affected by MMRN2 treatment. a) MTT assay performed on HUVEC cells treated
with increasing concentrations of recombinant MMRN2 or type | collagen (Coll I) as a control. b) MTT assay
performed on EC transduced with the MMRN2 adenoviral construct in the presence or absence of
doxycycline (DOX+ and DOX-, respectively). The values reported represent the mean + SD of three

independent experiments.

Subsequently we also verified whether MMRN2 could affect the viability of ECs. For this purpose
HUVEC were treated with 10 pg/ml of recombinant MMRN2 or type | collagen and DNA
fragmentation was evaluated by TUNEL assays. As shown in Fig. 2a, the apoptotic rate of HUVEC
cells treated with MMRN2 was comparable to that observed following type | collagen treatment.
This indicates that EC survival is not affected by the presence of MMRN2. A similar outcome was
observed following transduction of HUVEC cells with the MMRN2 adenoviral construct and

incubation of the cells in the presence or absence of doxycycline (Fig. 2b).

a b
100 100
w
-% 80 2 80
£ 60 2 60
2 40 2 40
< <
< 20 2 20
0 0
N QL3 . x
N > & &

Fig. 2 MMRN2 does not alter the apoptotic rate of ECs. a) TUNEL assay performed on HUVEC cells treated
with 10 pg/ml of MMRN2 or type | collagen (coll 1). b) TUNEL assay performed on HUVEC cells transduced
with the MMRN2 adenoviral construct and incubated with or without doxycycline (DOX+ or DOX-,

respectively). The values reported represent the mean + SD of three independent experiments.
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1.2 MMRN2 IMPAIRS EC MOTILITY AND TUBULOGENESIS

Another important feature of the angiogenic process is the migration of ECs to form new vessel
sprouts. In order to verify whether MMRN2 affected ECs migration, we analyzed the chemotactic
response of ECs to soluble factors in the culture medium. HUVEC cells were fluorescently labelled
and let migrate towards a VEGF-A stimulus (50 ng/ml) in culture plate inserts (Transwell)
previously coated with 10 pg/ml of MMRN2 or type | collagen. Fluorescence measurements at
different time intervals revealed that MMRN2, unlike type | collagen, induced a significant
reduction of the ECs migration rate (Fig. 3a). As a consequence, the down-regulation of MMRN2
expression by a specific siRNA construct led to an increased motility of HUVEC cells towards the
VEGF-A stimulus (Fig. 3b).

In addition, to assess whether MMRN2 could function as a chemoattractant or chemorepulsant for
ECs, we set up an haptotactic response assay. For this purpose, MMRN2 or type | collagen were
coated on the underside of the Transwells” membranes and fluorescently labelled HUVEC cells
were seeded on the upper side of the plate inserts. The EC movement was monitored at different
time points by independent fluorescence detection from the top and bottom side of the
membranes and the results indicate that MMRN2 does not serve as an aptotactic stimulus for ECs
(Fig. 3c).

Furthermore, we also tested the effect of MMRN2 on ECs in a scratch test analysis: HUVEC cells
were seeded on 24-multiwell plates, allowed to grow to confluency and scratch wounds were
made using a sterile pipette tip. Cells were treated with 10 ug/ml purified MMRN2 or type |
collagen and their movement across the area was monitored by time lapse analysis. ECs incubated
with type | collagen migrated throughout the scratched area and succeeded in restoring the
monolayer, on the contrary in presence of MMRN2 ECs failed to efficiently migrate and close the

wounded area (Fig. 3d).
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Fig. 3 MMRN?2 significantly reduces ECs motility. a) Analysis of HUVEC cell migration toward a VEGF-A
stimulus (50 ng/ml) through MMRN2 or type | collagen (coll 1) coated on the transwell’ membranes
(*P<0,009). b) Migration of HUVEC cells through type | collagen-coated transwells (coll I) toward a VEGF-A
stimulus, following transduction with the control (AANEG) or with the MMRN2 (Ad siRNA 4 MMRN2) siRNA
adenoviral constructs (*P<0,02). c) Haptotaxis assay performed on HUVEC cells let migrate towards a
MMRN2 or type | collagen (coll 1) stimulus previously coated on the underside of the transwell
membranes (*P<0,04). d) Representative images of the scratch assay performed on HUVEC cells treated
with 10 pg/ml purified MMRN2 or type | collagen (coll I). The edge of the moving cells is highlighted by

dashed lines.
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The differentiation and reorganization of ECs to form tubules is a central step of the angiogenic
process. Hence we investigated whether MMRN2 could also play a role in this phenomenon. To
this end, a tube formation assay was performed seeding HUVEC cells on pre-gelified matrigel
matrix containing either purified MMRN2 or type | collagen and images were captured over time
by time-lapse microscopy. MMRN2 impaired the ability of ECs to form tubules on Matrigel and the
cells failed to organize functional tubule connections. On the contrary in the presence of type |

collagen a complete vessel network was formed (Fig. 4a).
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Fig 4. MMRN2 inhibits tubulogenesis. a) Representative images of HUVEC cells reorganization to form
tubules on Matrigel in presence of 10 ug/ml recombinant MMRN2 or type | collagen (coll ). b-c-d)
Quantitative analysis of the percentage of the area covered by the vessels, the vessels’ length, and
branching of the tube formation in the presence of type | collagen (coll I) or MMRN2, respectively; the
analysis from three independent experiments was performed by the WinTube software (Wimasis GmbH,

Germany), (* p £0.0001).
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The effect of MMRN2 on tubule formation was also assessed in a more sophisticated setting using
the AngioKit, consisting of a co-culture of fibroblast and ECs in a culture matrix. The co-cultures
were challenged for eleven days with increasing concentration (from 5 pg/ml to 10 ug/ml) of
recombinant MMRN2 or an equal volume of PBS as a control. The reorganization of ECs to form
tubules was then evaluated by CD31 staining. The cultures treated with MMRN2 presented a
significant reduction of the vessel area compared to the PBS control (Fig. 5). In addition, the
negative effect on the tubule structures was dose dependent since the increase of MMRN2
concentration led to a progressive reduction of tubule formation, which was on the contrary

improved by VEGF, used as a positive control.

gg —VEGF
23 == \IMRN2
2 €20
S 310
2@ o PBS
8 5-10
= 7-20
-30
& & &
L L0
MR

Fig. 5 MMRN2 affects tubule formation in a co-culture experimental setting. Evaluation of the vascular
density following treatment of the cell co-coltures provided by the AngioKit with VEGF (10 ng/ml) or with
increasing concentrations of MMRN2 or equal volumes of PBS. VEGF was used as a positive control and
vessel density was calculated using the Image Tool Software. The data represent the percentage of

variation of the vascular density using the values obtained with the PBS vehicle as a reference.
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1.3 MMRN2 INHIBITS THE VEGF-A-INDUCED ANGIOGENESIS IN VIVO

In order to verify whether MMRN2 could exert anti-angiogenetic effects in vivo, we performed the
chicken embryo chorioallantoic membrane (CAM) assay, an extensively used model for studying
neovascularization. The assay was performed by placing a sponge containing 50 ng of VEGF-A or
bFGF with or without 150 ng of MMRN2 over the CAM through a square window open in the egg’s
shell. After four days of incubation, angiogenesis was evaluated by counting of the newly formed
vessels directed towards the sponge in a spoke-weel fashion; the development of novel vessels
prompted by the VEGF-A stimulus was significantly impaired in the presence of MMRN2. On the
contrary, MMRN2 did not significantly affect the bFGF-induced angiogenesis, suggesting that the
effect of MMRN2 depended on an impingement of the VEGF-A signaling (Fig. 6a-b).
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Fig. 6 MMRN2 impairs the development of new vessels in vivo. a) Representative pictures of the CAM
assays performed using sponges (white asterisk) containing VEGF-A or bFGF with or without MMRN2. PBS
or MMRN2 without stimulus were used as a control. b) Quantification of the new vessels directed toward
the sponges containing or not VEGF-A or bFGF (V and F, respectively) of the above experiment. Twenty eggs
were used for each point and the values represent mean * s.e. of three independent experiments

(*P=0.01).
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1.4 MMRN2 DOWN-REGULATES VEGFR2 ACTIVATION BY BINDING VEGF-A

In order to better understand the molecular mechanisms involved in the down-regulation of EC
function elicited by MMRN2, we first chose a broad approach and analyzed the activation of an
array of receptor tyrosine kinases (RTK) on the EC surface. To this end HUVEC cells were treated
with conditioned media containing or not MMRN2 and the effects were assessed by means of a
commercially available RTK array. As shown in Fig. 7a-b, the treatment with MMRN2 led to a
major decrease of VEGFR2 activation, supporting our hypothesis of an involvement of the VEGF-A

signaling in the MMRN2-driven anti-angiogenic effects.
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Fig. 7 MMRN2 significantly reduces VEGFR2 activation. a) Image of the RTK array analysis following
incubation with lysates from HUVEC cells challenged with conditioned media containing or not MMRN2
(MMRN2 and CNTRL, respectively). The spots corresponding to VEGFR2 are highlighted by an arrow. b)
Quantitative analysis of the spots corresponding to VEGFR2 phosphorylation as assessed with the Imaging

Tool software.

Given that VEGFR2 is one of the most important receptors regulating neoangiogenesis, we thought
to better investigate the role of MMRN2 in the regulation of this important signaling pathway.
Thus, HUVEC cells were incubated for different time intervals with VEGF-A (15 ng/ml) in presence
or not of MMRN2 (5 pg/ml) and VEGFR2 phosphorylation was analyzed by Western blot analysis. A
monoclonal antibody directed against the Y-1175 phosphorylation site, which is known to be

implicated in EC migration, was used in these studies. As shown in Fig. 8, MMRN2 specifically
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blocked the VEGF-A-driven VEGFR2 phosphorylation and this effect was accompanied by a

significant down-regulation of FAK phosphorylation.
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Fig. 8 MMRN2 down-regulates VEGFR2 and FAK phosphorylation. Western blot analysis of VEGFR2 and
FAK activation following treatment of HUVEC with VEGF-A with or without MMRN2 for different intervals of
time in minutes. Both the total and the phosphorylated forms of VEGFR2 and FAK were analyzed. Actin was

used as a normalizer of protein loading.

We next verified whether the down-regulation of VEGFR2 phosphorylation was caused by an
interference of MMRN2 with the VEGF-A/VEGFR2 interaction on the EC surface. To this aim, we
performed radio-ligand displacement studies following incubation of HUVEC cells with 125_VEGF-A
and challenged with increasing concentrations of cold VEGF-A or MMRN2. MMRN2 induced a
considerable displacement of radio-labelled VEGF-A, indicating that this molecule interferes with
the VEGF-A-VEGFR binding (Fig. 9a). To verify if this effect did not require other molecules present
on the EC surface, we have performed a similar experiment in a cell-free setting, using the
recombinant extracellular domain of VEGFR2 immobilized on plastic. In this case the displacement
was even stronger, comparable to that obtained with VEGF-A; on the contrary, type | collagen did

not displace VEGF-A from its receptor (Fig. 9b).
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Fig. 9 MMRN2 affects VEGF-A/VEGFR2 interaction on EC surface. a) Graph representing the displacement
of I-VEGF-A from the EC surface challenging the cells with increasing concentrations of cold VEGF-A or
MMRN2. Values are expressed as the percentage referred to the bound '*I-VEGF-A to VEGFR2 in the
absence of cold VEGF-A or MMRN2 and are the mean t s.e. of three independent experiments. b) Graph
representing the displacement of '’I-VEGFA from recombinant VEGFR2 immobilized on plastic. Type |

collagen (coll 1) was used as a control. The experiment was performed as above and the values represent

the mean t s.e. of three independent experiments.
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In order to confirm the specificity of MMRN2 in negatively affecting the VEGF-A/VEGFR2
interaction, we performed ELISA tests by coating the plates with recombinant VEGFR2, incubating
with soluble VEGF-A and challenging with type | collagen or MMRN2 and also in this case we found
that MMRN2 significantly displaced VEGA-A from its receptor (Fig. 10a). Next we questioned
whether this effect could occur through a direct binding of VEGF-A to MMRN2. To address this
guestion MMRN2 was immobilized on plastic and incubated with soluble VEGF-A; the ELISA test

indicated that indeed the two molecules interacted (Fig. 10b).
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Fig. 10 MMRN?2 interferes with the VEGF-A/VEGFR2 interaction by binding VEGF-A. a) Graph representing
ELISA test performed following the coating of recombinant VEGFR2 (0,5 ug/well) on 96 well plates and
treatment with soluble VEGF-A (50 ng/well) in presence or not of type | collagen (coll I) or MMRN2 (150
ng/well). The experiment was repeated three times in triplicates; (¥*P<0.017). b) Graph representing the
absorbance detected following an ELISA test performed on immobilized MMRN2 (0,5ug/well) or BSA to
which soluble VEGF-A was added (100ng/well). Values represent the mean * s.e. of three independent

experiments; (*P=0.0002).
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1.5 MMRN2 HALTS THE IN VIVO TUMOR GROWTH AND TUMOR ANGIOGENESIS

Given the strong anti-angiogenic effect exerted by MMRN2 in vitro, we hypothesized that this
molecule could also play a role in tumor angiogenesis and, as a consequence, affect tumor growth.
To verify this hypothesis HT1080 cells were stably transfected with the MMRN2 pcDNA construct
and the efficient expression of the molecule was verified by Western blot analysis. In order to
evaluate if the putative effect on tumor growth was dose dependent (the highly expressing clone 4
(cl 4) and clone 9 (cl 9) characterized by a lower expression of MMRN2) we chose two different
clones characterized by different protein expression levels (Fig. 11a). Control mock transfected
HT1080 cells were injected in the left flank of ten nude mice, while the MMRN2 over-expressing
cells were injected in the right flank. Tumor growth was monitored and the sizes measured with a
caliper. After 19 days the animals were sacrificed and tumors excised. In presence of MMRN2 a
striking inhibition of tumor growth was observed. Moreover the anti-tumor effect of MMRN2 was
stronger when using the high-expressing clone, indicating that the effect was dose-dependent (Fig.

11b-c).
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Fig. 11 MMRN2 negatively affects the in vivo tumor growth. a) Western blot analysis of the two HT1080
clones stably expressing MMRN2 (M cl4 and M cl9). A mock transfected clone was used as a control. b-c)
Graphs representing the tumor volumes obtained following the injection of two HT1080 transfected clones
over-expressing MMRN2 (M cl4 and M cl9) and the mock transfected cells (mock), used as a control. Ten
animals were used for this experiment and the data represent the mean * s.e. of three independent

experiments (*P<0.003 for M cl4) (*P<0.04 for M cl9).
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In order to verify if the anti-tumorigenic effect of MMRN2 could be exclusively associated with the
inhibition of angiogenesis or could also depend on a direct effect on tumor cells, we checked the
proliferation and apoptotic rate of HT1080 cells challenged with MMRN2. To this end, HT1080
clones over-expressing MMRN2 were seeded on 48-well plates and after 24 or 48 hours the
number of cells was evaluated by MTT assays. The viability of MMRN2 over-expressing clones was
comparable to that of the mock transfected cells (Fig. 12a). Next the clones were plated on
coverslips and after 48 hours of incubation the apoptotic rate assessed by TUNEL assays. The
number of TUNEL-positive nuclei of the clones over-expressing MMRN2 was comparable to that of

the mock transfected cells (Fig. 12b).
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Fig. 12 MMRN2 does not affect HT1080 cell proliferation or their apoptotic rate. a) Graph representing
the MTT assays and b) TUNEL assays performed using the M. cl4 and M. cl.9 clones over-expressing
MMRN2 or the mock transfected cells. The values reported represent the mean = s.e. of three independent

experiments.

Since all these data indicated that the significant decrease of tumor development induced by
MMRN2 could not be associated to a direct action of this molecule on cancer cells, we verified
whether the lack of tumor growth was due to a reduced intra-tumor angiogenesis. In order to
confirm this hypothesis 7 mm cryosections were obtained from the excised tumors. The
cryosections were stained with the anti-mouse CD31 monoclonal antibody to specifically detect
the blood vessels and the vascular density as well as the vessel length which were evaluated from

the images of five independent fields. A striking reduction of the vessel density and of the length
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of the vessels was observed in MMRN2 over-expressing tumors compared to the control tumors

(Fig. 13a—b).
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Fig. 13 MMRN2 impairs intratumoral angiogenesis. a) Representative immunofluorescence images of
tumor cryosections from tumors generated using mock or MMRN2 transfected HT1080 cells following
staining with the anti-CD31 antibody to evaluate the blood vessels. Nuclei were stained with the TO-PRO-3
dye, scale bars: 75 mm. b) Graph representing the quantitative analysis of the vascular density (*P=0.0009)
and of the vessel length (*P=0.02) within the tumor cryosections, as obtained by means of the Image Tool

software.

Moreover tumor sections from the same tumors were stained with anti-CD31 and the anti-a-SMA
antibodies to detect ECs and pericytes, respectively. The vessels from the MMRN2-positive tumors

were less mature displaying a decreased pericyte content (Fig. 14a-b).
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Fig. 14 a) MMRN2-positive tumors are less mature. Representative images of the immunofluorescence
analysis using anti-CD31 (ECs) and the anti-a-SMA (pericytes) antibodies on tumor sections from mock and

MMRN2-transfected HT1080 cells. Nuclei were stained with the TO-PRO-3 dye, scale bars: 75 mm. b) Graph
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representing the quantification of the co-localization of the anti-CD31 and the anti-a-SMA staining obtained

from the immunofluorescences from mock and MMRN2-overexpressing tumors (*P=0.006).

In order to corroborate the finding that MMRN2 halted in vivo tumor angiogenesis, we verified the
presence or absence of hypoxic areas on tumor sections from mock and MMRN2-transfected
HT1080 cells using the hypoxyprobe-1 detection system. Despite their size, which was significantly
inferior compared to the control tumors, the tumors derived from MMRN2-transfected cells

displayed extended hypoxic regions (Fig. 15a-b).
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Fig. 15 Tumor expressing MMRN2 present extended hypoxic areas. a) Representative images of the tumor

hypoxic areas as detected with the hypoxyprobe-1 on tumor sections from mock and MMRN2-transfected
HT1080 cells, scale bars: 500 mm. b) High magnification images of the tumor hypoxic areas detected as

above. Nuclei are stained with TO-PRO-3 dye, scale bars: 75 um.
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To verify whether in the tumor microenviroment MMRN2 could be associated with VEGF-
A/VEGFR2 axis, we analyzed the localization of VEGF-A bound to VEGFR2 on tumor section from
mock and MMRN2-transfected HT1080 cells.

To this end we used the anti-CD31 antibody as marker of blood vessels and the Gv39M antibody
specifically recognizing the VEGFR2-bound VEGF-A. The Gv39M antibody revealed a diffuse

staining in the tumors expressing MMRN2, also in areas distant from the CD31-positive blood

vessels (Fig. 16a-b).
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bound VEGF

Fig. 16 VEGF-A co-localizes with MMRN2. a) Representative pictures of the immunofluorescence analysis
of blood vessels (a-CD31) in mock and MMRN2-positive tumors using the Gv39M antibody to detect
bound-VEGF-A (b-VEGF). Nuclei are stained with the TO-PRO-3 dye, scale bars: 75 mm. b) Graph

representing the quantitative analysis of VEGF-A staining (pixel area) from mock and MMRN2-positive

tumors (*P=0.008).

53

Tesi di dottorato di Roberta Colladel, discussa presso I'Universita degli Studi di Udine



Results

Next, we performed an ELISA test coating recombinant VEGFR2 or MMRN2 (5 pg/ml) and
incubating with soluble VEGF; the binding was detected by the primary antibody Gv39M. We
demonstrated that the Gv39M antibody also detected the MMRN2-bound VEGF-A (Fig. 17a). In
addition we carried out an immunofluorescence analysis on the mock and MMRN2-positive tumor
sections using the polyclonal anti-human MMRN2 affinity purified antibody (a-hMMRN2) and the
Gv39M antibody. The antibodies revealed that the VEGFR2-bound VEGF-A mainly co-localized with
recombinant MMRN2 produced by the transfected HT1080 cells (Fig. 17b), suggesting that
MMRN2 may function by sequestering VEGF-A and preventing VEGF-A/VEGFR2 interaction.
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Fig. 17 Sequestration of VEGF-A by MMRN2 in the tumor microenviroment. a) Graph representing the
ELISA test performed following the coating of recombinant VEGFR2 and MMRN2 (0,5 pg/well) on 96 well
and incubation with soluble VEGF-A (100ng/well). The detection of the VEGFR2-bound VEGF-A was
achieved by means of the Gv39M antibody. (*P < 0.0039). b) Representative images of the
immunofluorescence staining performed on mock and MMRN2-positive tumor sections using the a-

hMMRN2 and the Gv39M antibody. Nuclei are stained with TO-PRO-3 dye. Scale bars: 75 um.
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2. ROLE OF MMRN2 IN BLOOD VESSEL FORMATION AND HOMEOSTASIS

The data reported above and recently published (Lorenzon E. et al., 2012) prompted us to further
study the involvement of MMRN2 in the regulation of VEGF signaling and in general in the

regulation of blood vessel formation and homeostasis.

In the second part of this thesis | will report new preliminary data generated with the aim of

addressing a number of questions that, in part, still remain open:

1. Is MMRN2 involved in the regulation of other specific VEGFR2 phosphorylation sites or other
downstream molecules of VEGF-A/VEGFR2 pathway?

2. Can MMRN2 bind to other member of the VEGF family or other growth factor involved in

angiogenesis?
3. Which is the region of the molecule responsible for these effects?

4. Must MMRN2 be degraded to allow an efficient sprouting of ECs?

2.1 MMRN2 BLOCKS THE VEGF-A-DRIVEN VEGFR2 PHOSPHORYLATION AT Y1214

First we have questioned whether the presence of MMRN2 affected VEGFR2 activation through
the phosphorylation of other tyrosine residues in the intracellular region. In particular, given the
major influence of MMRN2 in EC migration, we have analyzed the phosphorylation of Y1214, a key
site regulating the activation of different molecules involved in cell migration, actin remodeling
and vascular permeability (Lamalice L. et al., 2004). To this end, HUVEC cells were incubated with
VEGF-A (10 ng/ml) and MMRN2 (5 pg/ml) for 2, 4, 8 and 16 minutes. Cells were lysed and the
Y1214 phosphorylation assessed by Western blot using a specific antibody. As shown in Fig. 18, we
have found that MMRN2 down-regulates also the VEGFR2 receptor phosphorylation at Try1214.
Accordingly the down-modulation of VEGFR2 phosphorylation was accompanied by a strong
inhibition of the phosphorylation of p38, a molecule downstream of the VEGF-A/VEGFR2 pathway

involved in the regulation of cell migration (Fig. 18).
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Fig. 18 MMRN2 down-regulates the phosphorylation of VEGFR2 at Y1214 and of p38. Western blot
analysis of the phosphorylation of VEGFR2 at Y1214 and of p38 following treatment of HUVEC cells with
VEGF-A with or without MMRN2 for different time intervals expressed in minutes. Both the total and the
phosphorylated forms of VEGFR2 and p38 were analyzed with specific antibodies. Actin was used as a

normalizer of protein loading.

2.2 MMRN2 DOES NOT BIND VEGF-B AND PIGF

We have next evaluated whether the binding of MMRN2 was specific for VEGF-A or if the molecule
could also bind to other members of the VEGF family. In particular we have evaluated the binding
of VEGF-B and PIGF to MMRN2 by means of ELISA assays. 96 well plates were coated with
recombinant MMRN2 (0,5 pg/well) and incubated with soluble VEGF-B and PIGF (150 ng/well) and
their binding assessed with specific antibodies. Our preliminary data indicate that the binding is
specific for VEGF-A since VEGF-B and PIGF did not lead to any specific signal in the ELISA tests
(Fig.19).
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Fig. 19 MMRN2 does not interact with other members of the VEGF family. Graphs representing the
absorbance detected following ELISA test following immobilization of MMRN2 (0,5ug/well) or BSA
incubation with soluble VEGF-B and PIGF (150ng/well).

2.3 THE N-TERMINAL REGION OF MMRN2 RETAINS THE WHOLE MOLECULE ANTI-
MIGRATORY EFFECTS

In order to discover the region of MMRN2 responsible for the anti-angiogenic effects, we have
generated a series of deletion mutants. In particular we have generated the fragments: Al (aa
residues 24 to 134), A2 (aa residues 135 to 949) and A3 (aa residues 369 to 949) (Fig. 20a). These
fragments were expressed in 293-EBNA cells and we have verified the expression of the molecules
by Western blot analysis (data not shown). Since the expression of the fragment A2 failed, we

have generated a new fragment identified as A1-2 encompassing both the Al and the A2 regions.

The recombinant fragments were then tested for their ability to inhibit EC migration. For this
purpose type | collagen and MMRN2, which served as positive and negative controls respectively,
and the different mutants (A1, A1-2 and A3) were coated at equimolar concentrations (37,5 nM)
on the upperside of the Transwell membranes. HUVEC cells were then placed on the top of the
inserts’ membranes and the cells let migrate towards the VEGF-A stimulus (10 ng/ml). As shown in
Fig. 20b, the A1 and A1-2 fragments were able to significantly inhibit EC migration similarly to the

effect exerted by the whole molecule.
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Fig. 20 The region of MMRN2 included between Al and A1-2 fragments reduces EC migration. a)
Schematic representation of the MMRN2 deletion mutants. b) Images representing the migration test
toward a VEGF-A stimulus performed using HUVEC cells following transwell’s membranes coating with type

I (coll 1), MMRN2 or the different mutants (A1, A1-2 and A3).
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2.4 MMRN2 AFFECTS VEGFR2 DISTRIBUTION ON THE EC SURFACE

Another mechanisms modulating EC function during angiogenesis is the regulation of the
availability of the VEGFR2 receptor on the EC surface. We thus questioned whether MMRN2 could
also modulate the exposure of VEGFR2 at the EC plasma membrane. For this purpose we have
treated HUVEC cells with recombinant MMRN2 (5 pg/ml) following stimulation with VEGF-A (10
ng/ml) for 20 minutes and performed an immunofluorescence analysis for VEGFR2 and actin stress
fibers distribution. As shown in Fig. 21, the presence of MMRN2 led to a decreased amount of
thick stress fibers, structures involved in cell motility. Furthermore MMRN2 also led to an
impairment of VEGFR2 expression on the EC surface, the majority of which was present in peri-

nuclear structures similarly to the control cells.

VEGFR2 10 VEGFR2

VEGFR2 VEGFR2

Fig. 21 MMRN2 affects the availability of VEGFR2 on the EC surface. Images representing the
immunofluorescence analysis of HUVEC treated with VEGF-A (V) MMRN2 (M) or both (V+M) for 20 min and
stained with phalloidin (Ph) and the anti-VEGFR2 antibody. Nuclei were stained with TO-PRO-3. Scale bar:
23.8 um.
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2.5 MMRN2 IMPAIRS THE SPROUTING OF NEW VESSELS IN A 3D CONTEXT

To further investigate on the role of MMRN2 in angiogenesis we have set up a recently described
test to verify the development of novel sprouts in a 3D context. This assay will serve for future
experiments to simply assess the development on new vessels in a more sophisticated setting in
which easily manipulate the expression of different molecules/factors and simultaneously include
other cell types involved in vessel formation, such as smooth muscle cells and pericytes. To set up
the 3D in vitro angiogenesis assay, HUVEC cells were coated onto cytodex microcarriers and
embedded into a fribrin gel with or without recombinant MMRN2 (5 pg/ml or NT). The gel was
then overlayed with Normal Human Dermal Fibroblasts (NHDF). The plates containing the
spheroids were then incubated for 7 days. Following the incubation the structures were fixed and
stained with anti-CD31 antibody. As shown in Fig. 22, while control spheroids developed
numerous and long vessels’ sprouts, spheroids treated with MMRN2 failed to form novel vessels,
confirming that the over-expression of this molecule significantly impairs angiogenesis also in this

experimental setting.
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Fig. 22 Recombinant MMRN2 induces a striking reduction of the vessels’ sprouts in a 3D setting. a)
Representative images obtained following a 3D in vitro angiogenesis assay using HUVEC cells coated onto

cytodex microcarriers and embedded into a fribrin gel with or without (NT) MMRN2. Spheroids were
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stained with a-CD31 (vessels) and SYTOX (nuclei). b) Graphs representing the evaluation of the number
(*P=0,04) and the length (*P=0,01) of the sprouts as assessed by the Volocity 3D software. Values represent

the mean + s.d. of three independent experiments.

Taken together, the experimental evidences that we have so far generated suggest that MMRN2
may represent a key molecule that stabilizes blood vessels following their formation. Once
deposited, MMRN2 may be conceived as an homeostatic molecule that, unless degraded,
obstructs the formation of new vessels. To try to address this question, we have recently set up

both in vitro and in vivo studies, in this last case exploiting the C57BL/6 mouse model.

2.6 MMRN2 MAY BE DEGRADED FOLLOWING A VEGF-A STIMULUS

It is known that the angiogenic stimulus induces the activation of several proteases that degrade

the ECM and allow the movement of ECs to form new vessels (Iruela-Arispe M.L. et al., 2009).

To verify if MMRN2 is a target molecule for degradation in this context we treated HUVEC cells
with VEGF-A (100 ng/ml) for different time interval in the presence or not of metalloproteinases
inhibitors, and analyzed the putative decrease of the full-length MMRN2 by Western blot analysis.
Our preliminary results indicate that, indeed, the treatment with VEGF-A significantly reduces the
levels of the full-length MMRN2, as detected by Western blot analysis (Fig. 23). Interestingly, this
decrease is abolished by the presence of the metalloproteinase inhibitor GM6001, indicating that
the decreased levels of MMRN2 are due to protein degradation rather than impaired synthesis.
Further experiments will be necessary to verify this finding and identify the putative cleavage

site(s).
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Fig. 23 MMRN2 is degraded following an angiogenic stimulus. Western blot analysis of MMRN2 expression
following treatment of HUVEC cells with VEGF-A with or without metalloproteinases inhibitors (INHB) for
different time intervals expressed in hours (h). A specific polyclonal antibody was used to detect the

MMRN2 band. Actin was used as a normalizer of protein loading.

Based on these preliminary results, it is conceivable to hypothesize that MMRN2 may be
deposited at the late stages of blood vessel formation to stabilize the newly formed structures.
Only in the presence of a strong angiogenic stimulus the protein could be degraded to allow new
blood vessel formation. In order to address this point we have recently started to take advantage

of the mouse aortic ring and retina models.

In particular aortic rings from wild type C57BL/6 mice were isolated and cultivated on rat type |
collagen containing VEGF-A to induce the sprouting of new vessels. The rings were whole mounted
and stained with the anti-VEGFR2 and anti-MMRN2 antibody. As indicated in Fig. 24, the tips of
the newly formed vessels display a faint staining for MMRN2, suggesting that the tips of the
sprouting ECs are devoid of MMRN2 to allow an efficient migration of these cells to form new
blood vessels. On the contrary, the formed vessels more adjacent to the ring are already

surrounded by MMRN2.
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MMRN2

Fig. 24 New vessel sprouts are devoid of MMRN2. Representative image of the immunofluorescence
analysis of whole mounted aortic rings from C57BL/6 mice cultivated on rat type | collagen in the presence
of VEGF-A. The rings were stained with a-MMRN2 and a-VEGFR2 antibodies and the nuclei with TO-PRO-3.
The lack of MMRN2 expression along the tips of the newly vessels is indicated by an asterisk. Scale bar: 150

pum.

These findings are in accordance with the preliminary results so far collected with the staining
performed of the retinas collected from C57/BL6 pups or adult animals. In fact, while the vessels
of the retinas from adult animals display a strong staining for MMRN2, retinas from P3 pups
display only a faint staining mostly localized adjacent to the stock cells. Similarly to what observed

in the aortic ring assays the tip cells do not display staining for MMRN2 (Fig. 25).

Fig. 25 MMRN2 may be deposited only in the late stages of blood vessels formation. Images of the
immunofluorescence analysis performed on the whole mounted retinas from P3 C57BL/6 pups (a) and

adult mice (b) stained with anti-MMRN2 (green) antibody and with isolectin B for vessels (red).
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Taken together, the results presented in the last session of this thesis suggest that MMRN2 can be
considered an homeostatic molecule that maintains the blood vessel integrity: it is deposited in the last

stages of blood vessel development and must be degraded to allow an efficient sprouting of novel vessels.
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The subject of investigation of my PhD program was to identify the putative role of the ECM
protein MMRN2 in the regulation of the angiogenic processes. | mainly focused on two different
aspects: first, the effect of MMRN2 in modulating ECs behavior and hence the formation of new
vessels, in particular in the context of tumor growth; second, the possible role of this protein in

maintaining blood vessels’ homeostasis. These two aspects will be discussed separately.

1. Role of MMRNZ2 in the regulation of ECs behavior and angiogenesis.

The strategic deposition of this molecule along the blood vessels and in tight association with ECs
(Christian S.et al., 2001) prompted us to hypothesize that MMRN2 could affect EC behavior and

therefore play a key role in the regulation of angiogenesis.

The manipulation of MMRN2 expression in HUVEC cells did not affect their proliferation or their
apoptotic rate. By contrast, MMRN2 significantly impaired ECs motility. This effect reflected on a
significant impairment of the development of new blood vessels in a number of in vitro, ex vivo
and in vivo tests that we have performed, including tubulogenesis on matrigel, aortic ring assays

and CAM assays.

These striking effects prompted us to investigate on the molecular mechanisms underlying the
anti-angiogenic properties of MMRN2. For this purpose we carried out a broad analysis of the
activation of an array of RTKs present on the EC surface and found that the over-expression of
MMRN2 induced a prominent down-regulation of VEGFR1 and VEGFR2. Since VEGFR2 accounts for
most of the VEGF-A effects on adult ECs (Waltenberger J. et al., 1994), we have subsequently
concentrated our investigations on the role of MMRN2 in the regulation of VEGFR2 activation.
Specifically we have demonstrated that MMRN2 acted by down-regulating the phosphorylation of
Tyr1175, which is well known to be also implicated in the regulation of EC migration (Holmguvist K.
et al., 2004). In addition, the treatment of HUVEC cells with MMRN2 reduced the phosphorylation
of FAK, a molecule known to be down-stream of VEGFR2 signaling which plays a leading role in
focal adhesion turnover and cell migration (Abedi H. et al., 1997). Taken together, these
biochemical data supported the finding that MMRN2 mainly affected the motility of ECs and are in

line with our in vitro and in vivo findings.
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The reason why MMRN2 did not alter the proliferation of EC exclusively affecting their migratory
potential, remains unclear. This property is unique, in fact most of the ECM molecules that alter
VEGFR2 activation also impinge on EC proliferation (Kupprion et al., 1998). Our hypothesis is that
this outcome may depend on a simultaneous activation of other molecules affecting cell
proliferation in a positive way. This hypothesis is supported by the fact that, unlike that of FAK, the
phosphorylation of Erk 1/2 is not altered by the manipulation of MMRN2 expression (data not
shown). The complex and multiple regulations that may be exerted by MMRN2, not only on ECs
but also on other cell types including smooth muscle cells and pericytes, are likely given the

complex multi-domain arrangement of this molecule.

To shed light on the possible mechanisms by which MMRN2 could impair VEGFR2 activation, we
verified if MMRN2 could act by sequestering the ligand for this receptor by radioligand
displacement assays. MMRN2 indeed displaced **’I-VEGF-A from the EC surface and also from the
recombinant extracellular region of VEGFR2 in solid phase assays, suggesting that the MMRN2-
driven down-regulation of VEGFR2 signaling could likely depend on an impairment of the VEGF-
A/VEGFR2 interaction. The interference of MMRN2 with the VEGF-A/VEGFR2 complex was due to
the direct binding of VEGF-A to MMRNZ2, as demonstrated by ELISA assay. This finding is relevant
since, given the tight contact of MMRN2 with ECs, MMRN2 may attain a high pericellular
concentration and thus represent an important competitor for the binding of VEGF-A to VEGFR2.
In truth, the relatively low density of this receptor on the cell surface (710.000-25.000
molecules/cell) (Hotz B.et al., 2010) fits with this hypothesis. Thus, the fact that MMRN2 exerted
anti-angiogenic effects also in experimental settings where the addition of VEGF-A was not
required, could depend on the blockade of endogenous VEGF-A released by the ECs (Roccaro A.M.
et al.,, 2006). In fact, for instance, the sprouting of novel vessels in aortic ring assays is highly
dependent on endogenously released VEGF-A (Ligresti G. et al., 2011). Nonetheless, it cannot be
excluded that MMRN2 may affect other molecular pathways or also act on different cell types,

when present in the experimental setting.

The promising results obtained in vitro and ex vivo, prompted us to evaluate whether the dramatic
decrease of blood vessel formation induced by MMRN2 could reflect on an impairment of tumor
growth in vivo. The over-expression of MMRN2 by a sarcoma cell line induced a remarkable
decrease of tumor growth when injected in nude mice, in most cases leading to an almost
complete regression of the tumor masses. This outcome could have been due to an impingement

of the blood supply as our in vitro and ex vivo data suggested, but also on a direct tumor-
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suppressive effect on cancer cells. This second possibility was ruled out by the fact that the ectopic
over-expression of MMRN2 did not affect the tumor cell proliferation or viability, reinforcing the
likelihood that MMRN2 acted in an indirect way by limiting the development of new vessel to
support tumor growth. This hypothesis was corroborated by the analysis of the tumor sections:
tumors derived from MMRN2 over-expressing cells displayed a substantial reduction of the blood
vessel density suggesting that the lack of an efficient tumor vascularization accounted for the
reduced tumor growth. In accordance with these findings, the tumors derived from MMRN2-
transfected cells were characterized by extensive hypoxic areas. Furthermore, these tumors
displayed a decreased pericyte coverage, thus the reduced maturity of these vessels likely implies
a diminished efficiency of these vessels in transporting oxygen and nutrients to support tumor
growth. These results in addition to support our results pinpointing MMRN2 as a key regulator of
tumor-associated angiogenesis, also suggest that this molecule may also affect the recruitment of

pericytes.

The pivotal role of the VEGF-A/MMRN2 interaction in impairing the VEGF-A/VEGFR2 axis in vivo
and tumor angiogenesis was corroborated by the use of the Gv39M antibody which recognizes
only the VEGFR2-bound VEGF-A. Staining of the tumor sections with the Gv39M antibody
demonstrated that MMRN2 and VEGF-A co-localized in vivo. More importantly in solid phase
assays the antibody was able to recognize not only the VEGFR2-bound VEGF-A, but also the
MMRN2-bound VEGF-A. This outcome suggests that the binding to MMRN2 is specific and leads to
a conformational change of VEGF-A that allows the recognition by the Gv39M antibody, similarly
to what occurs following the VEGFR2/VEGF-A interaction. These results indicated that the
sequestration of VEGF-A by MMRN2 in tumor microenviroment may prevent the interaction with
VEGFR2 leading to a decreased intra-tumoral angiogenesis and consequent impaired tumor

growth.

Interestingly, database analysis of MMRN2 expression (www.oncomine.org) indicates that this
molecule is differentially expressed in many types of tumors such as brain, breast, kidney and
sarcomas, if compared with the normal counterpart. Many of these tumors are highly dependent
on angiogenesis. Thus it is conceivable that the dysregulation of MMRN2 expression, through the

impingement of the intra-tumoral vascularization, might have an impact on tumor progression.

Taken together these findings are in line with the knowledge that angiogenesis is indispensable for

tumor growth (Folkman J.et al., 1971). Based on this hypothesis a novel therapeutic approach
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aimed at eradicating tumor vasculature has been proposed to improve patients’ survival. Dr. Judah
Folkman has been a pioneer in this field of research and for the first time in 1971 he hypothesized
the possibility to halt tumor growth developing a new class of drugs: the inhibitors of
angiogenesis. Many antiangiogenic therapies have been developed ever since and some of them
have entered the clinical practice. However, the use of an antiangiogenic treatment as a single
drug has been found to have little or no efficacy (Ribatti D., 2010). For this reason antiangiogenic
drugs are exclusively used in combination with conventional chemotherapy. Moreover
antiangiogenic drugs have not produced enduring efficacy in terms of either tumor decrease or
dormancy or long-term survival; rather, the common result is a delayed tumor progression
followed by a period of clinical benefit, which is suggestive of an emergent resistance to the
therapy (Paez-Ribes M. et al., 2009). It is therefore necessary to develop new tools to block tumor
angiogenesis. In this context the ECM is a direct source of angiogenesis regulatory factors, both
stimulators and inhibitors. Major endogenous inhibitors of angiogenesis are matrix molecules or
matrix-derived fragments (Bellotti D. et al., 2011). Considering the inhibitory role exerted by
MMRN2 in vessel development, we can hypothesize that this molecule, or its putative region
responsible for the antiangiogenic effects, may represent a potentially novel and powerful tool for

the development of new anti-angiogenic drugs to be employed for cancer treatment.

2. Putative role of MMRN2 in the maintenance of blood vessel integrity

The finding that MMRN2 is an antiangiogenic molecule has given rise to many questions. How
does MMRN?2 affect EC motility rather than proliferation? Does MMRN2 bind other members of
the VEGF family? Which is the region of the molecule responsible for its effects? Must MMRN2 be

degraded to allow an efficient sprouting of ECs?

We have so far generated preliminary unpublished results have begun to address some of these

questions.

Fist we have verified that MMRN2 reduces also the phosphorylation of Tyr1214 on VEGFR2. This
result further reinforces our finding indicating that MMRN2 mostly impairs EC motility, in fact this

Tyr1214 is a key site regulating cell migration, actin remodeling and vascular permeability
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(Lamalice L. et al., 2004). Accordingly, the down-modulation of Tyr1214 phosphorylation was
accompanied by the inactivation of p38, a molecule required for the remodeling of the
cytoskeleton occurring to drive actin-based motility (Huttenlocher A. et. al., 1995). Thus the
inactivation of p38 by may block actin polymerization and reorganization into stress fibers

hampering EC motility.

To verify if MMRN2 could bind other members of the VEGF family, we carried out a series of
sandwich ELISA test. So far we excluded an interaction with VEGF-B and PIGF, however we will also
test other important growth factors as VEGF-C and VEGF-D, which are known to bind VEGFR2 and
VEGFR3 (Tammela T.et al., 2005); a possible binding to these factors may further explain the

potent anti-angiogenic properties of MMRN2.

In order to dissect the discrete MMRN2 region responsible for the interaction with VEGF-A and for
the consequent antiangiogenic effects, we generated a series of deletion mutants of MMRN2
which were tested in migration assays. We found that the region included between Al and Al-2
fragments were able to significantly inhibit EC motility similarly to the effect exerted by the whole
protein. In order to find an efficient tool to be employed in cancer therapy, we will further dissect
this region creating a peptide library of overlapping fragments and evaluate their anti-angiogenic

effects.

More recently we have identified a possible mechanism by which MMRN2 may impair VEGFR2
activation: the treatment with MMRN2 induced a reduction of the VEGFR2 from EC plasma
membrane. Indeed despite the VEGF-A stimulus VEGFR2 remained mainly perinuclear in the
presence of MMRN2 and thus not available for the binding with its ligand. This finding opens the
possibility that MMRN2 may regulate VEGFR2 activation not only though the binding to VEGF-A
but also affecting the availability of the receptor on the EC surface. This finding is particularly
interesting since a putative therapeutic use of this molecule/fragment may allow a simultaneous
blockage of both the ligand and the receptor. In addition, following the treatment, ECs showed a
decrease of the actin stress fibers, corroborating the findings that MMRN2 regulates ECs migration

by inhibiting VEGFR2 pathway.

Taken together these results support the hypothesis that MMRN2 may function as an homeostatic
molecule; once deposited MMRN2 may stabilize the blood vessels counteracting the sprouting of
new vessels. In this scenario, only a strong angiogenic stimulus and the consequent activation of

metalloproteinases by ECs may allow the destruction of this molecule and an efficient sprouting of
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novel vessels. This hypothesis is supported by our results generated both in vitro, where we
observed a significant decrease of MMRN2 following treatment of EC with VEGF-A, as well as in ex
vivo tests; indeed the tips of the newly form vessels departing from aortic rings embedded in type
| collagen matrices are devoid of MMRNZ2. In accordance with these findings also the developing
retinas from P3 pups display a weak MMRN2 deposition as opposed to retinas from adult mice,
suggesting that MMRN2 may be deposited only in the final stages of blood vessel development

contributing to their stabilization.

In conclusion, with these findings we provided preliminary evidences suggesting that MMRN2 may
represent a novel key homeostatic molecule indispensable for the maintenance of blood vessel
integrity. In this view MMRN2 may function as a ‘biological barrier’ keeping ECs in a steady-state
condition; in this case only the decrease of the MMRN2 protein levels likely due to the activation

of proteases may allow an efficient sprouting out ECs to form new blood vessels.
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ORIGINAL ARTICLE

MULTIMERIN2 impairs tumor angiogenesis and growth by interfering

with VEGF-A/VEGFR2 pathway

E Lorenzon'*, R Colladel', E Andreuzzi'?, S Marastoni', F Todaro', M Schiappacassi',

G Ligresti’, A Colombatti"* and M Mongiat'

!Experimental Oncology Division 2, CRO-IRCCS, Aviano, Italy; >MATI Center of Excellence, University of Udine, Udine, Italy
and *Department of Pathology, University of Washington, Seattle, WA, USA

MULTIMERIN2 (MMRN?2), also known as Endoglyx-1,
is an extracellular matrix glycoprotein whose function has
so far remained elusive. Given its specific localization in
tight association with the endothelium we hypothesized
that this protein could modulate neo-angiogenesis. By
multiple assays we showed that MMRN?2 significantly
impaired endothelial cell (EC) migration and organization
of a functional vessel network. The interaction of ECs
with MMRN?2 induced a striking impairment of VEGFR1
and VEGFR2 activation. We focused our attention on
VEGFR2, a chief regulator of angiogenesis, and clari-
fied that MMRN2 interfered with the VEGF/VEGFR2
axis through a direct binding with VEGF-A. This novel
interaction was assessed in several assays and the affinity
was estimated (Kd ~50nm). We next questioned whether
the anti-angiogenic properties of MMRN2 could impair
tumor growth. Although overexpression of MMRN2 by
HT1080 cells did not affect their growth and apoptotic
rate in vitro, it remarkably affected their growth in vivo.
In fact, MMRN2-positive cells failed to efficiently grow
and form well-vascularized tumors; a similar outcome was
observed following treatment of established tumors with a
MMRN?2 adenoviral construct. Tumor-section immunos-
taining revealed a strong co-localization of VEGF-A with
the ectopically expressed MMRN2. These novel findings
suggest that VEGF may be sequestered by MMRN2 and
be less available for the engagement to the receptors.
Taken together these results highlight MMRN2 as a
crucial player in the regulation of EC function, neo-
angiogenesis and hence tumor growth. We hypothesize
that secreted and deposited MMRN2 may function as a
homeostatic barrier halting the sprouting of novel vessels,
and suggest that these studies may embody the potential
for the development of novel tools for cancer treatment.
Oncogene (2012) 31, 3136-3147; doi:10.1038/onc.2011.487;
published online 24 October 2011
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Introduction

The development of new blood vessels is of vital
importance for normal growth and development, as
well as for pathological conditions such as tumor
development. Solid tumors do not grow beyond the size
of 1-2 mm unless the homeostatic balance between pro-
and anti-angiogenic molecules is altered, and the
formation of new blood vessels is induced. The newly
formed vessels provide the oxygen and the nutrients
necessary for the relentless growth and expansion of the
tumor, and favor invasion and metastasis (Folkman,
1971). In the latest years it has become clear that the
different cellular and acellular components of the tumor
microenvironment are pivotal regulators of tumor
development (Hu and Polyak, 2008; Joyce and Pollard,
2009). Indeed, the tumor represents a functional tissue
interconnected with the microenvironment. The cellular
components are surrounded by and intermingled with a
complex network of extracellular matrix (ECM) mole-
cules that sustain and favor communication between the
cells and the external milieu. One key role of the ECM
that has gained prominent recognition is the regulation
of tumor angiogenesis (Cheresh and Stupack, 2008; Nyberg
et al., 2008). During blood vessel sprouts, endothelial cells
(ECs) must not only coordinate cytoskeletal changes to
move through the tissues but also secrete proteolytic
enzymes to promote matrix degradation that favors
invasion and affect angiogenesis (Carmeliet, 2000; Nyberg
et al., 2008; Campbell et al., 2010). Several ECM molecules
or degradation products have been reported to negatively
(Boehm et al., 1997; Lawler, 2002; Mongiat et al., 2003)
or positively (Hirama et al., 2003; Mongiat et al., 2010;
Ventura et al., 2010) affect angiogenesis.

VEGF-A is expressed by most types of tumors (Ferrara,
2002), and is a regulator of vascular development that
binds VEGFR1 and VEGFR?2 receptor tyrosine kinases
(RTKs) expressed on the EC membrane (Mustonen and
Alitalo, 1995; Olsson et al., 2006). VEGFR1 is impor-
tant for the recruitment of hematopoietic precursors
and migration of monocytes and macrophages, and
VEGFR?2 is required for EC function and accounts for
most of the VEGF-A-mediated downstream signaling
occurring during angiogenesis. In particular, tyrosine
1175 (Tyr''"®) and tyrosine 951 (Tyr®*') phosphorylation
have been shown to be primarily implicated in the regu-
lation of EC migration (Olsson et al., 2006). VEGF-A
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binds to a number of ECM molecules (Kupprion et al.,
1998; Gengrinovitch et al., 1999; Sahni and Francis, 2000;
Wijelath er al., 2002; Greenaway et al., 2007; Zoeller
et al., 2009) and ECM-bound VEGF-A either prolongs
(Hutchings et al., 2003; Chen et al., 2010) or impairs
VEGFR?2 activation (Kupprion et al., 1998; Sun et al.,
2009), thus affecting EC proliferation to a great extent.

MULTIMERIN2 (MMRN?2), also known as Endo-
Glyx-1, is an ECM member of the EDEN (EMI Domain
ENdowed) protein family (Braghetta et al., 2004) associ-
ated with a high molecular weight glycoprotein complex
(Christian et al., 2001). The molecule displays a pan-
endothelial expression pattern both in normal and tumoral
vasculature, including hot spots of neovascularization in
some tumors (Sanz-Moncasi et al., 1994; Christian et al.,
2001; Huber et al., 2006, Koperek et al., 2007). It is speci-
fically deposited along the blood vessels in tight juxta-
position with ECs and is also present in the luminal side
of the vessels (Christian ez al., 2001), however, its function
has thus far remained obscure. Here, we show evidence
that MMRN2 contributes to the maintenance of blood
vessels’ homeostasis, and that its overexpression affects EC
migration and tumor angiogenesis. MMRN?2 interferes
with the VEGF-A/VEGFR?2 axis by VEGF-A sequestra-
tion, thus leading to a striking decrease of tumor growth.

Results

The adhesion of ECs to MM RN?2 did not affect their
viability or their apoptotic rate

Given that MMRN2 is specifically deposited only in the
blood vessels we wondered whether this molecule was
secreted exclusively by ECs or also by smooth muscle
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cells. Western blot analysis performed on human umbe-
lical vein endothelial cells (HUVEC) and pulmonary
smooth muscle cells indicated that MMRN?2 is produced
only by ECs (Supplementary Figure 1a, top). In addition,
among several MMRN2-negative tumor cell lines (not
shown), no MMRN2 expression was detected in the
sarcoma (HT1080) and carcinoma (HeLa) tumor cell lines.
In order to analyze its putative effects on ECs behavior we
have either used purified recombinant MMRN2
(Figure la, left) or induced its overexpression in ECs
through adenoviral transduction (Figure la, bottom,
Supplementary Figure la, bottom). As previously demon-
strated (Christian et al., 2001), the purified recombinant
molecule barely entered a 4-12% polyacrylamide gel
under non-reducing conditions (Figure la, right). Alter-
natively, endogenous expression was downregulated by
specific siRNA sequences, construct 4 giving the highest
downregulation, which was optimal at 72 h post transduc-
tion (Supplementary Figure 1b and Figure 2d). In
accordance with the fact that MMRN2 is located in tight
contact with the endothelium (Christian et al., 2001), ECs
adhered to MMRN?2 even though the interaction was
weaker compared with the adhesion to type I collagen,
and was Ca** and Mg>* independent (Figures 1b and c).
Furthermore, EC adhesion on MMRN2 was not affected
by a number of anti-integrin blocking antibodies, includ-
ing anti-o;, anti-oy, anti-o, and anti-f; (data not shown).
MMRN2 did not affect the regular EC proliferation or
their apoptotic rate (Figures 1d—g). Similarly the down-
regulation of endogenous MMRN2 by RNA interference
did not change the percentage of cells undergoing
apoptosis nor their proliferative potential, a further
indication that this molecule does not alter the normal
EC growth (Supplementary Figure 1c).
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Figure 1 MMRN?2 is a substrate for ECs and does not alter their viability or the apoptotic rate. Left panel: SDS-PAGE analysis of
two fractions of recombinant His-tagged MMRN2 (rMMRN2) or media from mock-transfected cells (mock). Right panel: Western
blot analysis of the conditioned media from HUVEC cells transduced with the MMRN2 adenoviral construct and cultured with or
without doxycycline (DOX + and DOX—, respectively). Actin was used as a normalizer of protein loading (a). Adhesion assay
(CAFCA, see Materials and methods) performed with HUVEC cells adhered on type I collagen (Coll I), MMRN2 or BSA using two
centrifugal forces (spin of 46 or 12 g) (b). Adhesion assay in the absence of Ca®>* and Mg>* (*P=0.003) (¢). MTT assay performed on
HUVEC cells treated with increasing concentrations of Coll I or MMRN2 (d). MTT assay performed on HUVEC cells transduced
with the MMRN2 adenoviral construct and cultured with or without doxycycline (DOX + and DOX—, respectively) (e). TUNEL
assay performed on HUVEC cells treated with 10 pg/ml of Coll I or MMRN?2 (f). TUNEL assay performed on HUVEC cells
transduced with the MMRN?2 adenoviral construct and cultured with or without doxycycline (DOX + and DOX~—, respectively) (g).

Tesi di dottorato di Roberta Colladel, discussa-pressettniversita-degh-Studidi-Udine

3137

Oncogene



MULTIMERIN2 impairs tumor angiogenesis and growth
E Lorenzon et al

3138
a 600

500
400
300
200
100

0

—o—coll |
—o— MMRN2

Migrated cells/field

o Q

1 2 3 4 5 6 7
time (h)

—o—coll |
—o— MMRN2

% Migration

(7]

MMRN2 coll

t=0

t=8

t=12

t=16

MMRN2

-

coll |

t=0

t=8

t=12

time (h)

d Ad NEG Ad siRNA 4

KDa MMRN2

160 [0 s o o MMRN2

43 :-— — I actin
0 24 48 72 24 48 72
time (h)

e -

350 —o— Ad NEG * *
o 300 { —e— Ad siRNA 4 MMRN2 .
& 250
]
© 200 -
(3]
® 150 -
®
‘c_i, 100 -
= 50 -

0 - .
0 2 4 6
time (hrs)

Figure 2  MMRN?2 impinges EC motility and tubulogenesis. Analysis of HUVEC cell migration towards a VEGF-A stimulus (50 ng/
ml) through type I collagen (Coll I) or MMRN2 coated on the upper side of the transwell membranes (* P<0.009) (a). Haptotaxis of
HUVEC cells towards Coll I or MMRN2 coated on the lower side of the transwell membranes (* P<0.04) (b). Representative pictures
of the scratch test performed using HUVEC cells challenged with 10 pg/ml of Coll I or MMRN2. The edge of the moving cells is
highlighted by dashed lines (¢). Western blot analysis of MMRN?2 expression by HUVEC cells following transduction with the empty
or the MMRN2 siRNA adenoviral construct 4 (Ad NEG and Ad siRNA 4 MMRN?2, respectively). Actin was used as a normalizer of
protein loading (d). Migration test of HUVEC cells through Coll I-coated transwells toward a VEGF-A stimulus, following
transduction with the control or MMRN2 siRNA adenoviral constructs (Ad NEG and Ad siRNA 4 MMRN2) (*P<0.02) (e).
Representative pictures of the Matrigel tubulogenesis test following treatment with 10 pg/ml of Coll I or of MMRN2 (f).

MMRN? significantly reduced EC motility and inhibited
tubule sprouting

The ECs’ migration towards a VEGF-A stimulus was
significantly impaired by MMRN2 (Figure 2a) and,
differently from type I collagen, the molecule did not
promote haptotactic migration of ECs (Figure 2b).
These results were also corroborated by the scratch test

analysis, wherein ECs treated with MMRN?2 failed to
efficiently close the wound (Figure 2c and Supplementary
Figure 1d). Accordingly, the downregulation of endogenous
MMRN?2 led to an increased migration of ECs towards the
VEGF-A stimulus (Figures 2d and e). Finally, MMRN2
significantly inhibited tubulogenesis induced by Matrigel
(Figure 2f and Supplementary Figures le—g).
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Figure 3 MMRN2 inhibits in vitro and in vivo angiogenesis. Graph representing the evaluation of the vascular density following treatment
of the cells” co-culture from the AngioKit with VEGF-A (10 ng/ml) or with increasing concentrations of MMRN2 (5-10 pg/ml) (a).
Representative pictures of CAM assays performed using sponges (white asterisk) containing 50 ng of VEGF-A or bFGF with or without
150 ng of MMRN2. Phosphate-buffered saline or MMRN2 without stimulus were used as a control (b). Quantification of the newly
formed vessels directed toward the sponge by following or not the stimulus with VEGF-A or bFGF (V and F, respectively) of the
experiment above. Twenty eggs were used for each point and the values represent mean + s.e. of three independent experiments (¥*P =0.01)
(c). Representative pictures of the aortic ring assay. Aortas were challenged with phosphate-buffered saline (CNTRL) or 10 pg/ml of
MMRN?2 (d). Evaluation of the number of vessels sprouting from the aortas. Four aortas per group were used (*P<0.002) (e).

MMRN? impaired VEGF-A-induced angiogenesis in Vivo
and VEGFR?2 activation by sequestering VEGF-A
We next verified the capability of MMRN?2 to affect
angiogenesis in a fibroblast/EC co-culture system and
found that MMRN2 consistently impaired the forma-
tion of microvessels in a dose-dependent manner
(Figure 3a). The putative anti-angiogenic activity was
subsequently tested in vivo. The ‘spoke-wheel-like’ blood
vessel development toward the sponge containing
VEGF-A in chorioallantoic membrane (CAM) assays
was significantly impaired in the presence of MMRN2
(P=0.01, Figures 3b and c). On the contrary, the
decreased blood vessel formation toward a basic
fibroblast growth factor (bFGF) stimulus was not
significant, suggesting that the effect might specifically
involve VEGF-A signaling; moreover, MMRN?2 per se
did not significantly affect angiogenesis in this assay
(Figures 3b and c¢). The anti-angiogenic effect was
further confirmed in aortic ring assays; the presence of
the molecule dramatically decreased the number of
vessels sprouting from the aortas (P<0.002, Figures 3d
and e).

In order to shed light on the molecular mechanisms
triggered by MMRN?2 that are responsible for the

Tesi di dottorato di Roberta Colladel, discussa-presse-ttn#

regulation of EC function, we have challenged HUVEC
cells with conditioned media containing or not contain-
ing MMRN2 and analyzed receptor tyrosine kinase
activation with a specific array. The treatment with
MMRN2 led to a major decrease of VEGFR2 and
VEGFRI1 activation (Figures 4a and b and Supplemen-
tary Figure 2a), supporting our hypothesis of an
involvement of the VEGF-A signaling in the
MMRN2-driven anti-angiogenic effects. Given that
VEGFR2 is one of the most important receptors
regulating neoangiogenesis, HUVEC cells were incu-
bated with VEGF-A alone or with MMRN2 for
different time intervals and VEGFR2 phosphorylation
was assessed by a specific antibody. MMRN?2 specifi-
cally blocked VEGF-A-driven VEGFR2 phosphoryla-
tion (Figure 4c) and this effect was accompanied by a
significant downregulation of FAK phosphorylation
(Figure 4c and Supplementary Figure 2b).

We next verified whether the downregulation of
VEGFR2 phosphorylation was caused by an interfer-
ence of MMRN2 with the VEGF-A/VEGFR2 interac-
tion on the EC surface. To this end, displacement
experiments following incubation of HUVEC cells with
'»[-VEGF-A challenged with increasing concentrations
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Figure 4 MMRN2 downregulates VEGFR?2 activation by binding VEGF-A. RTK array membrane from HUVEC cells challenged
with conditioned media containing or not MMRN2 (MMRN2 and CNTRL, respectively). The spots corresponding to VEGFR2 are
indicated by an arrow (a). Quantitative evaluation of the spots corresponding to VEGFR2 phosphorylation (b). Western blot analysis
of VEGFR2 and FAK activation following treatment of HUVEC cells with 15 ng/ml of VEGF-A with or without 5 pg/ml of MMRN2
for different lengths of time in minutes. Both the total and the phosphorylated forms of VEGFR2 and FAK were analyzed. Actin was
used as a normalizer of protein loading (c¢). Displacement of '*I-VEGF-A from the HUVEC cells’ surface with increasing
concentrations of cold-VEGF-A or MMRN2. Values are expressed as the percentage referred to the bound '*I-VEGF-A in the
absence of cold VEGF-A or MMRN?2 and represent the mean + s.e. of three independent experiments (d). Displacement of '*I-VEGF-
A from recombinant VEGFR2 immobilized on plastic. Type I collagen (Coll I) was used as a control. The experiment was performed
as above and the values represent the mean * s.e. of three independent experiments (e). Absorbance detected following an ELISA test
with immobilized MMRN2 or BSA incubated with soluble VEGF-A. Values represent the meants.e. of three independent
experiments (¥ P =0.0002) (f). Sensogram expressed in RU obtained from the surface plasmon resonance analysis of different amounts
of VEGF-A (the nm concentrations are indicated) interacting with immobilized MMRN2 to a density of 2160 RU. The values of the
curves represent the mean of three replicates (g).

of cold VEGF-A or MMRN2 were performed. MMRN2
induced a considerable displacement of radiolabelled
VEGF-A, indicating that this molecule interfered with
the VEGF-A-VEGFR binding (Figure 4d). To verify if
this effect did not require other molecules present on the
EC surface we have performed a similar experiment
using the recombinant extracellular domain of VEGFR2.
In this case the displacement was even stronger, compa-
rable to that obtained with VEGF-A; on the contrary,
type I collagen did not displace VEGF-A from its
receptor (Figure 4e). The specificity of MMRN2 in

interfering with the VEGF-A/VEGFR2 interaction was
corroborated in ELISA tests following coating of plates
with recombinant VEGFR2, incubation with soluble
VEGF-A and challenging with type I collagen or MMRN2
(Supplementary Figure 2c). Next, through an ELISA
test using soluble VEGF-A and immobilized MMRN2,
we confirmed that MMRN2 directly interacted with
VEGF-A (Figure 4f). The strength of the MMRN2/
VEGF-A interaction was further confirmed by surface
plasmon resonance analysis (Kd ~ 50 nm; Figure 4g and
Supplementary Figure 2d).
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MMRN? negatively affected tumor angiogenesis and
growth

To verify whether MMRN?2 could affect tumor angio-
genesis and tumor growth in vivo we injected stably
transfected HT1080 cells in nude mice. Two stable
clones were chosen with slightly different expression
levels (Supplementary Figure 3a). Strikingly, the ectopic
secretion of MMRN2 led to an almost complete
blockage of tumor growth (Figures 5a and b and
Supplementary Figures 3b and c¢). The anti-tumor effect
of MMRN2 was even more prominent when using the
high-expressing clone 4, the mean of the tumor volumes
obtained with clone 9 being more than threefold those
obtained with clone 4. The MMRN?2 effect was so
strong that with this approach only two tumors could be
excised for further analysis. The ectopic expression of
MMRN2 by HTI1080 cells, which do not normally
express this molecule, did not alter their viability or their
apoptotic rate, indicating that MMRN2 did not affect
tumor cell behavior (Figures 5¢ and d). The effect had
thus to be indirect and, given our compelling evidences
establishing a negative role of MMRN2 in the regula-
tion of angiogenesis, we verified whether the lack of
tumor growth was because of reduced intra-tumor
angiogenesis. Compared with the controls, the vascular
density and overall length of the vessels were signifi-
cantly lower in the MMRN2-transfected cell tumors
(Figures 5e and f). Moreover, the vessels from the
MMRN2-positive tumors were less mature and thus
likely less efficient in providing oxygen and nutrients to
the growing tumors (Figures 5g and h). Accordingly,
and unlike the controls, the tumors derived from
MMRN2-transfected cells displayed extended hypoxic
regions, despite their size, which was much smaller
(Figure 6a and Supplementary Figure 3d). To corrobo-
rate the limited data obtained with the use of HT1080-
transfected cells, where only two tumors were available
for the analysis, and to verify whether MMRN2 could
be effective also on established tumors, we treated
growing tumors with the MMRN?2 adenoviral construct.
Also with this approach, the reduction of tumor growth
was consistent, even though less striking compared with
that observed with the use of the MMRN2 stably
transfected cells (Figure 6b). In this case we could
recover all the tumors for further analysis which
suggested that, despite the fact that the vessels’ length
was similarly reduced, the partial effect could likely
depend on a less efficient reduction of the blood vessel
density compared with that obtained with the trans-
fected cells (Figures 6¢c and d). The expression of
VEGF-A by the tumors from mock and MMRN2-
transfected HT1080 cells was confirmed by RT-PCR
and western blot on tumor cell lysates, and by
immunofluorescence on frozen sections (Supplementary
Figures 3e, f and g). Next, we demonstrated that the
Gv39M antibody specifically recognizing the VEGFR2-
bound VEGF-A also detected the MMRN2-bound
VEGF-A (Supplementary Figure 3h). The Gv39M
antibody revealed a diffuse staining in the MMRN2-
overexpressing tumors, also in areas distant from the
CD31-positive blood vessels (Figures 6e and f). Here the

MULTIMERIN2 impairs tumor angiogenesis and growth
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staining mainly co-localized with recombinant MMRN2
produced by the transfected HT1080 cells (Supplemen-
tary Figure 3i), again suggesting that MMRN2 may
function by sequestering VEGF-A and preventing
VEGF-A/VEGFR2 interaction.

Discussion

Despite its discovery dates to the nineties, before this
study the function of MMRN2 has been fully obscure.
Our investigation was driven by the hypothesis that its
specific localization along the blood vessels and the
intimate contact with ECs (Christian et al., 2001) could
affect their behavior and hence play an important role in
the regulation of angiogenesis.

Here we provided evidence that MMRN2 was
secreted by ECs and did not affect their proliferation
or their apoptotic rate, whereas it significantly impaired
their motility. The MMRN2-dependent inhibition of EC
motility was not likely mediated by integrins because
adhesion of EC was independent of Mg?* and Ca’*,
and was unaffected by integrin-blocking antibodies. The
development of new blood vessels was negatively
affected by MMRN2 in all the tests that we have
carried out both in vitro, including tubule formation and
co-culture systems, as well as in in/ex vivo CAM and
aortic ring assays. The negative effect of MMRN2 in
regulating angiogenesis may likely depend on the
endogenous VEGF-A released by ECs when not added
directly in the various tests (Roccaro et al., 2006), for
instance the sprouting of novel vessels in aortic ring
assays is highly dependent on endogenously released
VEGF-A (Ligresti et al., 2011). Although the inhibition
of EC motility was directly linked to MMRN2, it cannot
be excluded that the striking effects in halting angiogen-
esis in vivo may also depend on its influence on other cell
types that may be responsible for an amplification of the
anti-angiogenic effects of this molecule (Anghelina et al.,
2006; Nicosia, 2009).

The interaction of MMRN2 with ECs led to the
downregulation of two RTKs present on the ECs’
surface, VEGFR1 and VEGFR2. VEGFR2 accounts
for most of the VEGF-A effects on adult ECs
(Waltenberger et al., 1994) and its phosphorylation in
presence of MMRN2 was significantly impaired. The
reduced phosphorylation of Tyr''”, which is known to
be implicated in the regulation of EC migration
(Holmgqyvist et al., 2004), and the impaired phosphoryla-
tion of FAK were both in agreement with the biological
findings. The inhibition of this pathway by MMRN?2
was likely dependent on the interference with the
VEGF-A/VEGFR2 axis, as demonstrated by the
significant displacement of '’I-VEGF-A from the EC
surface and from recombinant VEGFR2. The incom-
plete displacement of the EC-bound VEGF-A, in
addition to its interaction with heparin sulfate proteo-
glycans, was probably also the consequence of a lower
affinity of this interaction (~ 50 nm), compared with that
of VEGFRI1 (~10-20pwm) (de Vries et al., 1992) and of
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Figure 5 MMRN?2 halts in vivo tumor growth and tumor angiogenesis. Tumor growth curves obtained following subcutaneous injection
of mock or MMRN2 HT1080-transfected cells clone 4 (M. cl 4). Ten animals were used and the data represent the mean + s.e. of three
independent experiments (* P <0.003) (a). Tumor growth curve obtained as above using the MMRN?2 clone 9 (M. cl 9) (*P<0.04) (b).
MTT assay performed on mock or MMRN2-transfected HT1080 cells. The mock and MMRN2 clones (mock, M. cl 4 and M. cl 9)
were analyzed for viability after 48 h in culture (¢). TUNEL assay performed on the same cells as above (d). Representative pictures of
the immunofluorescence analysis of the intratumoral vessels performed on the tumor cryosections from mock or MM RN2-transfected
cells, following staining with the anti-CD31 antibody. Nuclei were stained with the TO-PRO-3 dye, scale bars: 75 pm (e). Evaluation of
the vascular density as assessed by means of the Image tool software, (left, * P =0.0009). Values represent the mean + s.e. of the vessels’
pixel areas of at least five fields. Evaluation of the length of the intratumoral vessels from mock or MMRN2 tumor cryosections.
The mean of the values is indicated by red bars (right, * P =0.02) (f). Representative pictures of the immunofluorescence analysis using
anti-CD31 (for ECs) and the anti-a-SMA (for pericytes) antibodies on tumor sections from mock and MMRN2-transfected HT1080
cells. Nuclei are stained with the TO-PRO-3 dye, scale bars: 75 um (g). Quantification of the co-localization of the anti-CD31 and the
anti-o-SMA staining obtained from the immunofluorescences from mock and MMRN2-overexpressing tumors (¥ P =0.006) (h).
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Figure 6 MMRN?2 overexpressing tumors lack an efficient mature vasculature. Representative pictures of the tumor hypoxic areas as
detected by means of the hypoxyprobe-1 on tumor sections from mock and MMRN2-transfected HT1080 cells, scale bars: 500 pm (a).
Evaluation of the tumor volumes following intra-tumoral injection of MMRN2 adenoviral particles in established tumors with or
without doxycycline (DOX + and DOX-, respectively). Ten mice per group were used and the days of the injections are indicated by
an arrow (¥*P<0.005) (b). Representative pictures of the immunofluorescence analysis of the vessels from the tumor cryosections
following treatment of the tumors with adenoviral particles. Nuclei are stained with the TO-PRO-3 dye, scale bars: 75um (c).
Mean + s.e. of the vascular density expressed in pixel areas (left, * P<0.0001). Evaluation of the length of the vessels from the same
tumors as above. The mean of the values is indicated by red bars (left, *P=0.002) (d). Representative pictures of the
immunofluorescence analysis of blood vessels (¢-CD31) in mock and MMRN2-positive tumors using the Gv39M antibody to detect
bound-VEGF-A (b-VEGF). Nuclei are stained with the TO-PRO-3 dye, scale bars: 75um (e). Quantitative analysis of VEGF-A
staining (pixel area) from mock and MMRN2-positive tumors (¥* P =0.008) (f).

VEGFR2 (~75-125pm) (Terman et al., 1992) for
VEGF-A. The interference of MMRN2 with the
VEGF-A/VEFGR interaction was because of a direct
binding of VEGF-A to MMRN2, as indicated by both
ELISA and surface plasmon resonance analysis. It is
reasonable to assume that MMRN2, because of its
deposition and localization in tight contact with ECs,
may attain a high pericellular concentration and thus
represent an important competitor for the binding of
VEGF-A to VEGFR2. This hypothesis, also in view of

the relatively low density of this receptor on the cell
surface (~ 10000-25000 molecules/cell) (Hotz et al.,
2010), is very likely. The reason why MMRN2 impaired
only EC motility remains at the moment elusive, but
may depend on a simultaneous activation of other
pathways mainly affecting cell proliferation. This
hypothesis is supported by the fact that, unlike FAK,
Erk 1/2 phosphorylation does not vary in the presence
of MMRN2 (data not shown). This effect is unique for
MMRN?2, as most ECM molecules that bind VEGF-A

Tesi di dottorato di Roberta Colladel, discussapresse+Universita-degh-Studi-di-bdine

uuuuuu

Oncogene



MULTIMERIN2 impairs tumor angiogenesis and growth
E Lorenzon et al

also affect cell proliferation (Kupprion et al., 1998;
Sahni and Francis, 2000).

Our biological results and the elucidation of the
molecular mechanisms responsible for the MMRN2
anti-angiogenic activity were consistent with the out-
come of the tumor growth studies. The MMRN2-
transfected cells were per se not affected in their
apoptotic nor proliferation rate by the ectopic expres-
sion of the molecule, but they almost failed to develop
tumors when injected into nude mice. The finding that
the MMRN2-positive tumors displayed a significantly
lower vascular density suggested that the anti-tumor
effects could likely be due to indirect effects hinging on a
reduced blood supply, and a consequent depletion of
oxygen and nutrients indispensable for tumor growth.
The result was similar in tumors treated with MMRN?2
adenoviral particles. Here, despite the limitations
inherent to the inefficient and incomplete transduction
of the tumor cells in vivo and the low number of
injections performed, a less pronounced reduction of the
blood vessel density was obtained as opposed to the
higher reduction observed with the use of stably
transfected cells. This represented a further indication
of an indirect, angiogenic-dependent anti-tumoral role
of MMRN2. The effect on vascular density was further
exacerbated by the fact that tumor vessels from
MMRN?2 overexpressing tumors were less mature and
thus less efficient, suggesting that MMRN2 may also
affect pericyte recruitment. The use of the Gv3i9M
antibody recognizing only the VEGFR2-bound VEGF-
A granted further support to our hypothesis of an
interference of MMRN2 with the VEGF-A/VEGFR2
axis; VEGF-A co-localized with MMRN?2 produced by
the transfected HT1080 cells in vivo, corroborating the
results obtained through the ELISA tests, which
indicated that the antibody also recognized the
MMRN2-bound VEGF-A. This latter result indicated
that the sequestration of VEGF-A by MMRN2 may
prevent the interaction with VEGFR2 leading to a
decreased intra-tumoral angiogenesis and consequent
impaired tumor growth. Interestingly, database analysis
for MMRN2 (www.oncomine.org) indicates that this
molecule is differentially expressed in many types of
tumors such as brain, breast, kidney and sarcomas if
compared with the normal counterpart. Many of these
tumors are highly angiogenesis dependent and it is
conceivable that the dysregulation of MMRN2 expres-
sion might have an impact on tumor progression
affecting the intra-tumoral vascularization.

In conclusion, with this study we provided evidence
that MMRN2 may represent a novel key homeostatic
molecule indispensable for the maintenance of blood
vessel integrity. These findings were coherent with the
hypothesis that MMRN2 may function as a ‘biological
barrier’ keeping ECs in a steady-state condition and that
the downregulation of endogenous MMRN?2 or even the
possible degradation by yet unidentified specific pro-
tease(s) could determine efficient sprouting and differ-
entiation of ECs to form novel blood vessels. Our results
provide further evidence of the intricate interplay of
ECM molecules and cells within the tumor microenvir-
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onment, and open the possibility for the development of
new anti-angiogenic drugs useful for cancer treatment.

Materials and methods

Cell lines

Human embryonic kidney cells (HEK 293, ATCC CRL-1573,
Milan, Italy) were grown in Dulbecco’s modified Eagle
medium (Cambrex Bio Science, Milan, Italy) containing
10% fetal bovine serum and 1% penicillin—streptomycin.
293-EBNA (Epstein-Barr Nuclear Antigen) cells were a gift
from Rupert Timpl. The HT1080 and HeLa cell lines were
from ATCC, and cultured in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum. Pulmonary artery
smooth muscle cells (PASMC) were from Lonza Ltd (Visp,
Switzerland) and cultured in the provided medium. HUVEC
cells were isolated from human umbilical cord veins as
previously described (Jaffe et al., 1973). Cells were cultured
in Medium 199 (GIBCO, Invitrogen, Milan, Italy) supple-
mented with 20% fetal bovine serum, 1% penicillin—strepto-
mycin, 50 pg/ml heparin and bovine brain extract (0.5%).

Antibodies and other reagents

The anti-MMRN2 polyclonal antibody was obtained upon
immunization of a rabbit with 150pg of a recombinant
MMRN?2 fragment corresponding to the N-terminal gClq
domain preceded by the proline-rich domain. The Nael and
Xhol restriction fragment from the full-length pcDNA construct
(see below) was sub-cloned into the pQE-30 vector, expressed in
bacteria and purified by means of the Ni-NTA resin, and
exclusively used for immunization purposes in the present work.
The antibody was affinity purified from the rabbit serum by
means of the CNBr-activated Sepharose 4B resin (Amersham,
GE-Healthcare, Milan, Italy). The anti-FLAG and «-SMA
antibodies, the FLAG peptide, and the anti-FLAG M2 affinity
gel were from Sigma-Aldrich (Milan, Italy). The secondary horse
radish peroxidase-conjugated antibodies were from Amersham.
The secondary antibodies conjugated with Alexa Fluor 680 were
from Invitrogen. The Ni-NTA agarose was from QIAGEN
(Milan, Italy). BD Adeno-X Rapid Titer Kit was from BD
Biosciences (Milan, Italy). The AngioKit was from TCS
CellWorks (Buckingham, UK). The anti-mouse anti-CD31
antibody and Matrigel were from BD Biosciences. Anti-
VEGFR2 and anti phospho-VEGFR2 (Tyr''”®), anti-FAK and
anti-phospho-FAK (Tyr’*”"), and anti-VEGF-A were from
Cell Signaling Technology Inc. (Danvers, MA, USA). The
hypoxyprobe-1 was from HPI, Inc. (Burlington, MA, USA).
The in situ Cell Death Detection Fluorescein Kit was purchased
from Roche Diagnostics S.p.a. (Milan, Italy). The Gv39M
antibody recognizing the VEGFR2-bound VEGF-A (Brekken
et al., 1998) was a kind gift from Dr R Brekken (UT
Southwestern Medical Center, Dallas, TX, USA).

Cell transfection, expression and purification of recombinant
proteins

Human MMRN2 cDNA was retro-transcribed from total
RNA extracted from HUVEC cells and cloned into pCEP-Pu
vector. The forward oligonucleotide for the MMRN?2 5’ region
was: 5-GGGTTTAAACGGACTACAAGGACGACGATGA
CAAGGCTGCTTCCAGTACTAGCCTC-3' and the reverse:
5-GTGCAGCTGGCGCACCTCGT-3'. For the 3’ region,
forward: -GACGAGGTGGGCGCGCTGAA-3' and reverse:
5-CGGGATCCATGGTGATGGTGATGATGGGTCTTAA
ACATCAGGAAGC-3'. The MMRN2 ¢cDNA was then sub-



cloned into pcDNA3.1/Myc-His vector by HindlIl and Xhol
restriction. 293-EBNA cells were transfected by electropora-
tion with the pCEP-Pu construct and selected with 0.5 pg/ml of
puromycin and 250 pg/ml of G418.

Recombinant adenovirus

For MMRN2 overexpression, tetracycline-inducible recombi-
nant adenoviruses were constructed according to the manu-
facturer’s instructions using the Adeno-X Tet-On Expression
System 2 (Clontech Laboratories, Milan Italy). HUVEC cells
were co-transduced with a regulatory virus Adeno-X Tet-On
and the MMRN2 recombinant virus at a specific multiplicity
of infection ratio (800:320). Doxycyline was employed at a
final concentration of 0.5 pg/ml.

For the endogenous MMRN2 downregulation, the Knock-
out RNAI System was used (Clontech). The targeted sequences
were: siRNA 1: 5-GAGGAACCTCTCAGAGCTGCACAT
GACCA-3; siRNA 2: Y-GGATGAGATCAAGGAACTGT
ACTCCGAAT-3’; siRNA 3: ¥-CCTCATCAAGTACGTGA
AGGACTGCAATT-3; siRNA 4: Y-GCAGACAGTGAAG
TTCAACACCACATACA-3.

Western blotting analysis and immunohistochemistry

Cells were lysed in cold HNTG buffer (1% Triton X-100, 20 mm
HEPES pH 7.5, 10% glycerol, 150mm NaCl) containing a
protease inhibitors cocktail (Roche Diagnaostics S.p.a., Milan,
Italy) and 1 mm sodium orthovanadate. Proteins were resolved in
4-20% Criterion Precast Gels (Bio-Rad Laboratories, S.r.l.,
Milan, Italy) and transferred onto Hybond-ECL nitrocellulose
membranes (GE-Healthcare). The blots were developed using
ECL (GE-Healthcare) and exposed to X-ray films. Alternatively
the Odyssey infrared imaging system was used (Li-COR
Biosciences, Lincoln, NE, USA). For immunohistochemistry,
tumors were included in optimal cutting temperature compound
(OCT) and frozen. Sections of 7um thickness were made and
stained with anti-mouse CD31 and/or «-SMA antibodies. Images
were acquired with a Leica TCS SP2 confocal system (Leica
Microsystems GmbH, Milan, Italy). Alternatively five mice
injected in both flanks as above were treated with 60 mg/kg of
pimonidazole HCl 45min prior being killed and sections were
stained with the PADb2627 (hypoxyprobe-1, CHEMICON,
Temacula, CA, USA) according to the manufacturer instructions.

Radioligand displacement studies, ELISA and Surface Plasmon
Resonance analysis. For the displacement of HUVEC-bound
'I-VEGF-A (Perkin Elmer, Milan, Italy), 2 x 100 HUVEC
cells were used per point. Cells were incubated with 70 pm
'2[-VEGF-A and increasing concentrations of cold-VEGF-A
or recombinant full-length MMRN2, incubated on ice for 1h,
collected, and counts obtained with the Wizard 2 GAMMA
Counter (Perkin Elmer). In alternative, the recombinant
VEGFR2 Fc chimera (R&D Systems, Inc., Milan, Italy)
was used and coated on ELISA plates (10 ng/well). Bound
'2I-VEGF-A was rescued using 2M NaOH at 50 °C and type I
collagen was used as a control. For the ELISA tests, 0.5pug
of MMRN2 or bovine serum albumin (BSA) were coated,
blocked with 2% BSA and incubated with soluble VEGF-A
(100 ng/well) for 1h at 37°C. Binding was verified with the
anti-VEGF-A antibody; the ABTS substrate was added and
absorbance at 405nm detected with a spectrophotometer
(TECAN, Milan, Italy). For BIAcore analysis MMRN2 was
immobilized onto CM5-dextran matrix chip from BlIAcore
Life Sciences (GE Healthcare) using amine coupling to a
density of 2160 resonance units (RU); 37 ng/ul of MMRN?2 in
acetate pH =4 was used. Different concentrations of VEGF 45
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were injected as analyte and the kinetics of the interaction
detected by means of the BIAcore X-100 instrument.

MTT and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assays

Following over- or downregulation of MMRN2 expression or
treatment with the recombinant protein, 0.3 mg/ml of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
reagent was added and cells were incubated at 37 °C for 4h.
Absorbance at 560 nm was detected following solubilization of
crystals with dimethyl sulfoxide. The apoptotic rate was deter-
mined using the ApopTag Fluorescein in situ Oligo Ligation
Apoptosis Detection Kit (CHEMICON International).

RTK array

RTK activation was evaluated using the Human Phospho-RTK
Array Kit (R&D Systems). HUVEC cells were incubated for
30min with the conditioned media from HUVEC cells
transduced with the MMRN2 or control adenoviral vectors
(collected 72 h post transduction), the experiment was performed
according to the manufacturer’s instructions and spots’ intensity
was evaluated with the Image Tool software (University of
Texas Health Science Center, San Antonio, TX, USA).

Cell adhesion, migration, haptotaxis, scratch test and tube
formation assays
Centrifugal Assay for Fluorescence-based Cell Adhesion was
performed as previously described (Spessotto et al., 2000). The
miniplates were coated with 10 pg/ml full-length MMRN?2 or
type I collagen and saturated with 1% denatured BSA. The
units were centrifuged upside down for Smin at 12 or 46 g and
the fluorescence was measured using the GENios Plus
instrument (TECAN). Fluorescence-Assisted Transmigration
Invasion and Motility Assay was performed as previously
described (Spessotto et al., 2000). The transwell membranes
were coated with 10 pg/ml of MMRN?2 or type I collagen and
blocked with 1% BSA. Cells were labeled with Dil (Molecular
Probes, Invitrogen) and were let to migrate toward a VEGF-A
stimulus (50 ng/ml). Migration was monitored using the
computer-interfaced GENios Plus instrument. In alternative,
migrated cells were estimated by counting following hematox-
ylin and eosin staining. Haptotaxis was assessed by plating the
molecules on the underside of the membranes. For scratch test
analysis, confluent cells were starved overnight and a scratch
wound was made using a sterile pipette tip. Cells were washed
and incubated with medium containing 0.5% serum in the
presence of 10pg/ml of MMRN2 or type I collagen. Time
course analysis was carried out by means of the LEICA
AF6000 Imaging System (LEICA, Wetzlar, Germany).
Matrigel tube formation assays were performed as pre-
viously described (Mongiat et al., 2003). HUVEC cells were
resuspended in medium containing 0.5% serum and 10 pg/ml
of purified full-length MMRN?2 or type I collagen. When using
the TCS CellWorks AngioKit, co-cultures were treated for 11
days with MMRN2 or phosphate-buffered saline. Cells were
fixed and stained using the anti-CD31 antibody and the DAB
substrate was provided. Vessel density was calculated by
means of the Image Tool software.

CAM and aortic ring assays

CAM assays were performed as previously described (Mongiat
et al., 2003). Fifty nanograms of VEGF-A or bFGF with or
without 150 ng of MMRN?2 was allowed to be absorbed by the
sponges (Gelfoam, Upjohn Company, Kalamazoo, MI, USA).
Phosphate-buffered saline or full-length MMRN2 only was
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used as a control. Twenty eggs each were used. After 4 days the
CAMs were fixed and pictures were taken at the Stereo
Microscope (Leica Microsystems GmbH). The vessels directed
toward the sponge were evaluated by counting.

The aortic ring assays were performed as previously
described (Aplin et al., 2008). Rat thoracic aortas were
dissected and cultured with or without 10 pg/ml of full-length
MMRN2. Angiogenesis was measured by counting the
number of neovessels over time.

In vivo tumor growth experiments

Ten female athymic nude mice (Harlan S.r.I, Milan, Italy) were
subcutaneously injected with 1 x 10° HT1080 cells stably
transfected with the MMRN2 pcDNA3.1 vector (right flanks)
or the empty vector (left flanks). Two MMRN2 clones were
used (clone 4 and 9) for a total number of 20 mice. Tumor
growth was monitored, and after 19 days the animals were
killed and tumors excised. Only two small MMRN2 over-
expressing tumors grew and were available for immunohisto-
chemical analysis. Alternatively, 1 x 10° HT1080 cells were
subcutaneously injected into 10 female athymic nude mice and
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